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Editorial on the Research Topic
Metabolomics and Ethnopharmacology in the Development of Herbal and Traditional Medicine

Herbal and traditional medicines are again gaining popularity around the world for the management
of a variety of health problems. As the use of herbal/traditional medicines and other botanical
products grows and more new products are introduced to the market, new and efficient methods to
assess safety and efficacy become a major concern for researchers in drug development. It is
important to understand the composition, safety, effectiveness, drug-drug or drug-food interactions,
and also the possible side effects of traditionally used herbal medicines. The safety and efficacy data
for herbal and traditional medicines are presently insufficient to meet the requirements for their
worldwide use.

Traditional medicines are derived from local and empirical knowledge often transmitted orally
and have been developed over generations. The traditional healers of Indian AYUSH (Ayurveda,
Yoga, Naturopathy, Unani, Siddha, Sowa-Rigpa, and Homeopathy), traditional Chinese medicine
(TCM), and other traditional systems of medicine mainly emphasize on holistic approaches with a
focus on therapeutic practice and outcomes.

Metabolomics and the metabolomic profiling of herbal medicines and medicinal plants have
provided new avenues of research in drug development. Metabolomic approaches allow the
simultaneous identification of thousands of metabolites present in medicinal plants or herbal
medicines. Furthermore, these support the mechanistic understanding of the concept of
multicomponent multitarget effects and polypharmacology as well as the holistic approaches of
treatments as per the AYUSH and other traditional systems of medicine. Synergistic effects are often
claimed in experimental and clinical studies using multicomponent herbal preparations.
Incorporating omics technologies into the assessment of the mode of action of herbal and
traditional medicine will help in rationalizing the biological effects by unfolding the possible
mechanism of synergistic actions. Such tools will allow us to explore the possibilities of
standardization of multi-component extracts and formulations, for dereplication, and prediction
of toxicity and safety of herbal preparations. Such a system biology approach should include network
pharmacology assessments as well.

Metabolomics is one of the techniques used to identify targeted and untargeted metabolites for
scientific validation and the development of herbal and traditional medicine, especially by using
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high-throughput screening methods. The probability of
repetition or working on numerous samples with similar
active metabolites is one of the challenges of natural product-
based drug development. To overcome these challenges, various
“dereplication” methods have been developed. A metabolomic
technique combined with a suitable biostatistical method has the
ability to facilitate the fast analysis of composite data generated by
high-throughput screening.

The scope of this special issue on ethnopharmacology and
metabolomics is to focus on the quality, safety, and efficacy of
traditional, specially AYUSH, and herbal medicines with more
emphasis on metabolomic studies using hyphenated techniques.
This issue contains four review articles and 29 research articles by
different research groups around the globe on related topics.

Fu et al. studied the active constituents and mechanism of
action of the Fuzheng Huayu formula (FZHY), which is a
traditional Chinese medicine used for liver fibrosis. The main
active components of FZHY are salvianolic acid B, schisantherin
A, and amygdalin, which significantly improve the condition of
CCl4- and BDL-induced fibrotic liver in rats and mice. In
addition to this, the formulation inhibits the activation of
hepatic stellate cells by inactivating notch signaling. The
authors conclude that the results provide promising scientific
evidence for further investigations with the ultimate goal to bring
the formula into clinical research as a potential candidate for liver
fibrosis.

Dendrobium officinale Kimura & Migo (Orchidaceae)
polysaccharide is used in Chinese medicine for liver protection
and hypoglycemic action. Qu et al. studied the in vitro and in vivo
effects of D. officinale polysaccharides in insulin resistance and
abnormal lipid metabolism. The results of the study proved that
this traditional medicine may serve as a potential therapeutic
agent for obesity-related insulin resistance and lipid metabolism.

Kulyal and group studied the variability in secondary
metabolites across five cultivars of Curcuma longa L. and two
cultivars of C. aromatica Salisb. The analysis was carried out on
rhizomes and essential oils using gas chromatography-mass
spectrometry (GC-MS) and liquid chromatography-mass
spectrometry (LC-MS) methods. Among many compounds
detected by the authors, 28 compounds were common in all
seven cultivars and 39 new metabolites were detected from all
seven species.

The work of Yan et al. includes the effect of Huanglong granule
(HL Granule) in acute asthma and the possible underlying
mechanism of action on mice. Changes in lipid composition
were identified using UHPLC-Q-exactive Orbitrap MS with a
focus on pulmonary lipid homeostasis. In positive and negative
ion modes, a total of 304 and 167 lipids, respectively, were
identified in lung tissues, with 162 and 109 lipids significantly
elevated in the model group. The authors observed that the HL
Granules reversed 104 and 73 lipids, respectively, with a statistical
difference (false discovery rate <0.05). It was concluded that lipid
homeostasis plays an important role in asthma, and HL Granule
might be further investigated and developed as an adjuvant
therapy for acute asthma.

The effect of Lysimachia candida Lindl. on fatty liver disease in
rats was investigated by Kamboj et al. The majority of the
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metabolites found in both control and treatment groups were
related to lipid metabolism. Treatment with L. candida extract
improved the control of lipid metabolism and reversed the
metabolic syndrome phenotype in rats.

Zhao et al. investigated the mechanism of a traditional Chinese
medicine, Erchen decoction. The composition and function of gut
microbiota in obesity and its relation with lipid metabolism
disorders were investigated. The underlying mechanism of
obesity due to changes in the composition of gut microbiota
was also studied by the authors. The Erchen decoction reduced
body weight, improved insulin resistance and lipid metabolism,
and reduced the concentration of free fatty acids released from
white adipose tissue due to excessive lipolysis in rats. This study
supports the hypothesis that the basis for treatment of obesity lies
in changes in gut microbiota.

According to Liu et al., the traditional Chinese medicine
Ramulus mori (Sangzhi) alkaloid (SZ-A) tablets improved the
overall metabolic profile in mice, including glucose metabolism
with enhanced insulin response, and also improved lipid
metabolism, which was collectively linked to the modulation
of gut microbiota.

Sharma et al. worked on three different dosage forms of
Guduchi stem, ie., Tinospora cardifolia (Willd.) Miers, by
adopting the Ayurvedic pharmaceutical process of Bhavana
(levigation). The findings of this study indicated the
effectiveness of Svarasa Bhavita Guduchi Churna and Kwatha
Bhavita Guduchi Churna in the treatment of diabetes mellitus.
This study provides scientific support to Ayurvedic claims that
the Bhavana process has pharmaceutico-therapeutic significance
in Ayurvedic drug development.

Zahiruddin et al. used response surface methodology to
optimize the ratio of aqueous extracts of Phyllanthus emblica
L., Piper nigrum L., Withania somnifera (L.) Dunal, and T.
cordifolia (Willd.) Miers for the development of a combination
formulation. The developed polyherbal formulation showed
significant immunomodulatory activity on cyclophosphamide-
induced immunosuppressed mice. The metabolomic study
showed more than 180 metabolites, identified through LC-MS
in the optimized combination. Polyherbal combination treatment
significantly (p < 0.01) enhanced the subsets of immune cells such
as NK cells, B cells, CD4 cells, and CD8 cells.

Berberis aristata DC. and Nigella sativa L. are plants
traditionally used for several diseases. Mazhar et al. describe a
method of standardization of B. aristata and N. sativa and
investigated their anticancer activity in a 7,12-dimethylbenz
[a]Janthracene (DMBA)-induced mouse model. Molecular
docking was carried out for the marker compounds of both
plants with metabolomic studies of essential oils using
GC-MS. The study showed that the extracts of N. sativa and
B. aristata, as well as their marker compounds, showed an
antitumor activity and had no harmful effects on female mice.
Furthermore, they protected against DMBA-induced tumor in a
mouse model.

Sigesbeckia orientalis L. (syn.: Siegesbeckia orientalis L.) (SO) is
aremedy in TCM used to reduce the symptoms of joint disorders.
It is a toxic herb, but it is hypothesized that by processing,
according to TCM theory, its toxicity can be lowered. Jiang
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and co-authors demonstrated using metabolomics that the raw
SO causes pulmonary toxicity and that by processing with rice
wine its toxicity is reduced. This supports the classical SO
processing theory with scientific evidence.

Anadenanthera colubrina (Vell.) Brenan, a plant with
antifungal and anti-inflammatory properties, was studied by
Maia et al. for its antifungal activity against Candida albicans,
C. glabrata, C. tropicalis, and C. dubliniensis using the broth
microdilution method. Antifungal activity was assessed in terms
of antibiofilm effects, proteolytic enzyme activities, viability
assays, gene expression, and cytokine expressions. The extract
showed a significant antifungal activity against different Candida
strains with low toxic effects to the host cells.

Salunkhe et al. formulated two formulations of spray-dried
alcoholic extracts from three different herbs, namely, Trigonella
foenum-graecum L, Momordica charantia L, and Cinnamomum
verum J. Presl. The oral bioavailability and pharmacokinetic
profile of the formulations were evaluated in terms of their
markers diosgenin, charantin, and hydroxychalcone in male
Wistar rats. Maximum oral bioavailability was found for
charantin, followed by diosgenin and then hydroxychalcone. A
significant increase in bioavailability of all the markers was
observed after the addition of piperine.

Supercritical fluid extraction is one of the extraction methods
with the advantages of short extraction time and high purity of
extracts. Mishra et al. described the metabolite profile of
supercritical CO, extracts of the Indian variety of
Ophiocordyceps sinensis, earlier known as Cordyceps sinensis,
using high-performance thin-layer chromatography and
GC-MS, followed by chemometric analysis. The extract was
found effective against Escherichia coli and Salmonella typhi by
the generation of reactive oxygen species and can be utilized in
mycotherapeutics for multiple bioeffects.

Wang et al. explored the dose-effect/toxicity relationships
between the high and low doses of the lower polar fraction of
Bupleuri Radix (root of Bupleurum chinense DC) and its
mechanism using liver metabolomics in chronic unpredictable
mild stress (CUMS) rats. The median toxicity dose and effective
safe dose of Bupleuri Radix which caused liver injury at a high
dose and psychiatric diseases at a low dose were calculated.

Tene et al. investigated the cardioprotective effect of
Dillenia pentagyna Roxb. (DP) against doxorubicin (Dox)-
induced cardiotoxicity in vitro as well as in vivo. The finding
suggested that the phenol-rich extract/fractions of DP helped in
alleviating Dox-induced cardiotoxicity. The LC-quadrupole
time-of-flight electrospray ionization MS analysis of bioactive
extract/fractions indicated that polyphenols like gallic acid,
syringic acid, and sinapic acid could be responsible for the
potent cardioprotective effect due to their antioxidant
properties.

Erukainure et al. investigated the cardioprotective
mechanisms of a traditional medicinal plant of South Africa,
Turbina oblongata (E. Mey. ex Choisy) A. Meeuse. The results
indicated that such plant has the potential to mitigate lipotoxicity
and control dysregulated cardio-metabolic activities due to its
antioxidant potential and suppressive effects on angiotensin-
converting enzyme, lipase, and acetyl cholinesterase enzymes.

Editorial: Metabolomics and Traditional Medicine

Mahuang decoction (MHD) is a well-known traditional
Chinese  medicine;  its  protective  effect  against
lipopolysaccharide and D-galactosamine (LPS/D-GalN)-
induced acute liver failure (ALF) in a mouse model was
reported by Liao and his co-workers. The MHD showed a
protective effect by regulating the tricarboxylic acid cycle and
amino  acid  metabolism.  Ultra-performance  liquid
chromatography (UPLC)-MS was undertaken for metabolomic
studies, and it revealed that, in serum samples, 36 metabolites
were identified as contributing to LPS/D-GalN-induced ALF,
whereas 27 among them were ameliorated on the
administration of MHD.

Erukainure et al. worked on the tetrahydrocannabinol-rich
extract of Cannabis sativa L. in the context of neurodegenerative
disorders. The extract was found to improve glucose intake and to
suppress oxidative stress and cholinergic dysfunction as well as to
modulate purinergic and gluconeogenic activity in the brain
tissues of rats. The in silico analysis revealed that the
constituents of the extract can pass through the blood-brain
barrier, whereas the GC-MS analysis confirmed the presence of
tetrahydrocannabinol in the plant extract.

Safoof-e-Pathar phori (SPP) is a poly-herbomineral
formulation, which has been used traditionally for urolithiasis
as per the Unani Pharmacopoeia of India. Ahmad et al.
investigated the traditional claim pre-clinically. The study
involved the oral administration of SPP at low and high doses.
They significantly (p < 0.001) reduced urinary calcium, serum
creatinine, blood urea, and lipid peroxidation in urolithiatic
Wistar rats. The long-term oral toxicity study showed that
SPP was safe in Wistar rats for up to 3 months. The study
provides scientific evidence in support of traditional claims for
SPP as an anti-urolithiatic formulation.

Luo et al. used high-throughput metabolomic analysis to
identify the biomarkers and pathways that would reveal the
therapeutic action and mechanism of andrographolide against
lung cancer using UPLC-time-of-flight MS. The findings suggest
that 11 metabolism pathways are regulated by andrographolides
in cancer. The network pharmacology revealed the involvement
of 570 proteins. Amino acid metabolism and arachidonic acid
metabolism pathways are the potential target pathways for
andrographolide in this model of lung cancer.

Kumar et al. investigated the neuroprotective effect of piperine
on streptozotocin-induced hyperglycemia and also observed the
gene expression in diabetic rats. Piperine leads not only to a
significant improvement in memory but also to a significant
reduction in the expression of specific Alzheimer’s disease-related
genes, like BACEl, PSEN1, APAF1, CASPASE3, and
CATALASE.

Radix Bupleuri (RB) and Radix paeoniae Alba (RPA) are
components of a well-known herb combination used clinically
to treat depression. Chen et al. developed a novel and efficient
technique for analyzing the impact of the combination of RB and
RPA in in vivo behaviors by combining multi-component
pharmacokinetics with metabolomics. The finding of the study
suggested that the combination can increase the bioavailability of
6 components in RPA and 5 in RB and also boost neuroprotective
and anti-inflammatory effects.
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Tiwari et al. used chromatographically standardized extracts
of Clerodendrum serratum (L.) Moon (Verbenaceae) for assessing
its anti-inflammatory and anti-arthritic activities. Scientific
evidence for the ethnomedicinal use of the plant in arthritis is
thereby provided.

Nandanwadkar et al. used the inductive coupled plasma-
optical emission spectroscopy technique to carry out multi-
elemental assessments of phyto-pigments. They also used a
chromatographic technique to evaluate their biotherapeutic
potential. The screening for heavy metals and micro- and
macro-minerals was undertaken using routine quality control
and the safety profile of food additives and contaminants.

Lin et al. focused on two traditional Chinese medicine
[Acanthopanax senticosus (Rupr. and Maxim.) Harms and
Gastrodia elata Blume] for the treatment of stroke and
cerebrovascular diseases. Using transcriptomic and metabolomic
studies together, the authors hypothesized that both drugs can be
used for the treatment of cerebrovascular diseases. Six metabolites
and six genes were found to be significantly altered. The
therapeutic effect of the extracts in cerebrovascular diseases was
found to be related to the regulation of the phenylalanine and
pyrimidine metabolic pathways.

Pseudevernia furfuracea (L.) is an epiphytic lichen used in
Indian spice mixtures, curries, and food preparations as a
preservative. Goel et al. attempted to find the optimal
extraction method for polyphenol- and flavonoid-enriched
extracts of P. furfuracea. Scanning electron microscopy and
high-performance liquid chromatography were used to analyze
and compare the effect of pre-processing conditions on the
extraction method. Ultra-high-performance liquid
chromatography-diode array detector MS was used to study
the metabolomic profile of the lichen extracts. After mixing
and grinding the raw material by using Soxhlet, it was found
that 70% methanol extract was the most effective for extracting a
combination of polyphenolic and flavonoidal-rich metabolites.
The work also suggested P. furfuracea as a potent antioxidant.

Sing et al. suggested a system for grading Andrographis
paniculata (Burm. F) raw ground samples using near-infrared
reflectance (NIR) spectroscopy and support vector machine
(SVM) classifier based on the content of the marker,
andrographolide. The estimation accuracy based on extracts
was marginally higher than that based on powder leaf samples.
However, it had no effect on the samples’ grading pattern. The
finding of the study suggested that combining the NIR-based
estimate of powdered leaf samples with an SVM classifier can be a
low-cost solution for grading the samples rapidly.

Mou et al. summarized the structural types, pharmacological
activities, and mechanisms of Dendrobium alkaloids as well as
the suggested biogenetic pathways of dendrobine, which is an
important sesquiterpene alkaloid.

Tawfeek et al. provided a comprehensive overview of the
phytochemistry, traditional use, and pharmacology of plant
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extracts and constituents from the genus Salix (willows).
They also demonstrated its ability to reduce inflammatory
pathways and hypothesized that they could be useful in
cancer prevention and therapy as well as other chronic
diseases.

Bhatt et al. explored the Indian system of medicines for
possible male and female contraceptives. The review
concluded that the Indian system of medicine offers highly
promising opportunities with potential analytical, biological,
technological, and clinical advances collectively integrated
with therapeutic rationale based on Ayurvedic principles.

Nille et al. provided information on a traditional plant,
Avartaki [Senna auriculata (L.) Roxb.], and its wide usefulness
in the Ayurveda and Siddha systems of medicine for the
treatment of numerous diseases. The ethnomedicinal,
phytochemical, pharmacological, and toxicological features of
the plant were discussed in this review article, with more focus
on therapeutic significance in diabetes.

Opverall, this special issue provides an insight into the role
of metabolomics and ethnopharmacology in the development
of herbal and traditional medicine. It provides the readers
with a plethora of generally up-to-date information to
support their understanding of these rapidly evolving areas
of metabolomics. There is still an enormous scope to work on
the metabolomics and network pharmacology of traditional
medicine for a better understanding of the molecular
mechanism of pharmacological actions by identifying
metabolites through dereplication and to provide data for
scientific validation of traditional claims.
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Tetrahydrocannabinol-Rich Extracts
From Cannabis Sativa L. Improve
Glucose Consumption and Modulate
Metabolic Complications Linked to
Neurodegenerative Diseases in
Isolated Rat Brains

Ochuko L. Erukainure’, Motlalepula G. Matsabisa*, Veronica F. Salau? and
Md. Shahidul Islam?

' Department of Pharmacology, School of Clinical Medicine, Faculty of Health Sciences, University of the Free State, Bloemfontein,
South Africa, QDepan‘ment of Biochemistry, School of Life Sciences, University of KwaZulu-Natal, Durban, South Africa

Reduced brain glucose consumption arising from impaired glucose uptake and utilization
has been linked to the pathogenesis and complications of neurodegenerative diseases.
The ability of Cannabis sativa L. tetrahydrocannabinol (THC)-rich extracts to stimulate brain
glucose uptake and utilization as well as its modulatory effect on gluconeogenesis,
antioxidative, purinergic and cholinergic activities were investigated in isolated rats’
brains. C. sativa leaves were sequentially extracted to vyield the hexane and
dichloromethane extracts. The extracts were incubated at 37°C with freshly harvested
brains in the presence of glucose for 2 h. The control consisted of incubation without the
extracts, while brains without the extracts and glucose served as the normal control.
Metformin was used as the standard drug. C. sativa extracts caused a significant (o < 0.05)
increase in brain glucose uptake, with concomitant elevation of glutathione level,
superoxide dismutase, catalase, and ecto-nucleoside triphosphate
diphosphohydrolase activities compared to the controls. Incubation with C. sativa
extracts also led to depletion in malondialdehyde and nitric oxide levels,
acetylcholinesterase, butyrylcholinesterase, glucose 6-phosphatase and fructose-1,6-
biphosphatase activities. GC-MS analysis of the extracts revealed the presence of
THC. In silico analysis predicted THC to be permeable across the blood-brain-barrier.
THC was also predicted to have an oral LDsq and toxicity class values of 482 mg/kg and 4
respectively. These results indicate that C. sativa improves glucose consumption with
concomitant suppression of oxidative stress and cholinergic dysfunction, and modulation
of purinergic and gluconeogenic activities in brain tissues

Keywords: brain glucose consumption, Cannabis sativa, neurodegenerative diseases, tetrahydrocannabinol 3,
carbohydrate metabolism
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INTRODUCTION

The brain’s dependence on glucose for energy generation is well
documented. Brain glucose homeostasis has also been reported to
be important for neuronal generation and maintenance,
regulation of neurotransmitter, cognitive function and synaptic
plasticity (Neumann et al.,, 2008). Glucose transporters aid in
transporting glucose across the blood brain barrier (BBB) from
the blood stream to the brain. Altered glucose homeostasis in the
central nervous system (CNS) has been reported in most
neurodegenerative diseases such as Alzheimer’s and Parkinson
diseases (An et al, 2018). This has been attributed to
abnormalities in insulin signaling pathways in the brain as
well as alteration of the glucose transporters at the BBB (Gejl
et al,, 2017; An et al., 2018). These abnormalities and alterations
often cause deceased brain glucose consumption which can lead
to a hypometabolic brain state characterized by glucose
dysmetabolism (Zilberter and Zilberter, 2017). Thus, making
the brain susceptible to degenerative diseases. This is evident
in studies which correlated the risk of Alzheimer’s disease with
reduced brain glucose metabolism (Duran-Aniotz and Hetz,
2016).

Increased oxidative stress has been linked with decreased brain
glucose uptake (Erukainure et al, 2019c). Increased glucose
uptake has been shown to improve proteostasis which causes
an upregulation of the unfolded protein response that protects
against endoplasmic reticulum stress (Scheper and Hoozemans,
2015; Duran-Aniotz and Hetz, 2016). Oxidative stress has been
implicated in the etiology and pathogenesis of neurodegenerative
diseases (Erukainure et al., 2019b; Salau et al., 2020b). This is
evident in the use of antioxidants in treating and managing most
neurodegenerative diseases such as Alzheimer’s and Parkinson’s
diseases (Gilgun-Sherki et al, 2001; Kim et al, 2015).
Antioxidants have been reported for their ability to scavenge
free radicals as well as improve the activities of the endogenous
antioxidant enzymes (Salau et al., 2020). Oxidative stress has also
been implicated in the disturbances of cholinergic and purinergic
enzymes activities of the CNS (Erukainure et al., 2019a; Salau
et al, 2020). These enzymes have been reported for their
respective neurotransmission and bioenergetic roles which are
critical for normal functioning of the brain (Ademiluyi et al,
2016; Pepeu and Giovannini, 2017).

Cannabis sativa L. is among the medicinal plants used in the
treatment and management of neurological diseases. It is an
annual herbaceous plant that belongs to the Cannabis genus
and Cannabaceae family. It is globally distributed, with Africa
accounting for 25% of its global production (UNODC, 2012). Its
common names include weed, Indian hemp and marijuana. C.
sativa is utilized for food, therapeutic, recreational and religious
purposes (Bonini et al., 2018). Phytocannabinoids make up the
major phytochemical constituents of C. sativa, with
tetrahydrocannabinol (THC), cannabinol, and cannabidiol
among the most common (Andre et al, 2016). The
therapeutic role of C. sativa against neurodegenerative diseases
and other psychopathic ailments have been reported (Lafuente
et al,, 2011; Campos et al., 2017; Lim et al., 2017). The aqueous
and ethanol extracts of the leaves have been reported to confer

Neuroprotective Effect of C. sativa

protective effects on a-motor neurons via antioxidative and anti-
apoptotic activities (Moosavi et al., 2013). Cannabidiol has been
reported for its ability to activate metabotropic receptors for
serotonin and/or adenosine as well as nuclear receptors of the
PPAR family (Fernandez-Ruiz et al., 2013). The leaves improved
tremor, bradykinesia and rigidity in Parkinsonian patients (Lotan
et al., 2014). The neuroprotective effects of C. sativa have been
demonstrated on basal ganglia disorders (Sagredo et al., 2007).
Other reported medicinal properties of C. sativa include anti-
diabetes (Ren et al, 2016), anticancer (Guzman, 2003), pain
suppression (Whiting et al., 2015), anti-epilepsy (Fusar-Poli
et al,, 2009), and sleep management (Ramar et al., 2018).

Despite the reported neuroprotective effect of C. sativa and its
phytoconstituents, there are still dearth in its ability to promote
brain glucose uptake and/or utilization. Thus, this present study
was aimed at investigating the ability of the leaves to stimulate
glucose uptake and utilization, as well as its modulatory effect on
antioxidative, purinergic and cholinergic activities, and
gluconeogenesis in isolated brains. The cytotoxic effect of the
leaves was also investigated in glioblastoma multiforme (U87
MGQG) cells.

MATERIALS AND METHODS
Plant Permit Approval

This research has been undertaken under the permit approval
(Permit No. POS 248/2019/2020) from the South African Health
Products Regulatory Authority to conduct, collect, posses,
transport and store cannabis plant, plant parts and products
for research purposes. The study was also conducted to collect
cannabis plants in Lesotho under the permit (Permit #: 01/LS/
2019/10/02-01).

Plant Material
Cannabis sativa leaves were obtained from Mohale’s Hoek

District, Lesotho (GPS coordinates: —30.333776"S and
27.651201"E). They were authenticated by the Geo Potts
Herbarium at the University of the Free State, Bloemfontein
9300, South Africa and assigned the voucher number, BLFU
MGM 0018. The leaves were pulverized to dry powder, after air
drying to a constant weight.

The powdered samples were thereafter sequentially extracted
with solvents of increasing polarity vis-a-vis hexane and
dichloromethane (DCM) for 48h with mild agitation of
100 rpm at room temperature. The solvents were respectively
decanted and concentrated in vacuo using an R-215 rotary
evaporator (Buchi, Switzerland). The extracts were collected in
glass vials and stored in the dark at ambient room temperature for
further ex vivo studies.

Animals
A day to the experiment, sixteen male albino rats (Sprague

Dawley strain) weighing 180 — 200 g were obtained from the
Biomedical Research Unit, University of KwaZulu-Natal,
Durban, South Africa and housed in plastic cages. They were
fasted for 8 h before humanely sacrificed by euthanizing with
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Isofor. Their brains were harvested and rinsed in normal saline to
remove blood stains. Each brain was divided into its hemispheres
and used immediately for ex vivo study.

Glucose Uptake in Isolated Rat Brain

Each hemisphere of the freshly harvested rat brains was incubated
in 8 ml of Krebs buffer containing 11.1 mM glucose and the
different concentrations of C. sativa extracts (hexane and DCM)
for 2h under a 5% CO,, 95% oxygen and 37°C conditions as
described in previously published methods (Erukainure et al.,
2019¢; Salau et al., 2020a). The untreated control consisted of
incubation without the extracts, while brains incubated without
the extracts and glucose served as the normal control. Metformin
was used as the standard drug. Each treatment group consisted of
3 brain hemispheres.

After incubation, the brain tissues were collected and
homogenized in 50 mM phosphate buffer (pH 7.5) with 1%
triton X-100, and thereafter centrifuged at 15,000 rpm at 4°C
for 10 min (Erukainure et al., 2019¢). The supernatants were
collected and stored at —20°C until further analysis.

The study was carried out under the approved guidelines of the
animal ethics committee of the University of KwaZulu-Natal,
Durban, South Africa (protocol approval number: AREC/020/
017D).

Determination of Glucose Utilization
Aliquots from the incubating buffer was collected prior and after

the incubation for determination of glucose utilization. This was
carried out by measuring the glucose concentrations using an
automated chemistry analyzer (Labmax Plenno, Labtest Inc.,
Lagoa Santa, Brazil). Glucose utilization was thereafter
calculated with the formula:

GC1 - GC2
Weight of brain tissue (g)

Glucose uptake =

Where GC1 and GC2 are glucose concentrations (mg/dL) before
and after incubation, respectively.

Determination of Antioxidative Activity
Reduced glutathione level

The Ellman’s method (Ellman, 1959) was used in determining the
GSH level of the brain tissue. Briefly, the resulting supernatant
was deproteinized with an equal volume of 10% Trichloroacetic
acid (TCA) and centrifuged for 5 min at 3,500 rpm. 200 yl aliquot
was collected from the deproteinized sample into a 96 well plate.
50 ul of Ellman reagent was thereafter added and the reaction
mixture was allowed to stand for 5 min. Absorbance was read at
415nm. The GSH concentration was extrapolated from a
standard curve.

Superoxide dismutase Activity

The superoxide dismutase (SOD) activity of the brain tissues was
determined using a method based on the principle that 6-
hydroxydopamine (6-HD) is oxidized by H,O, from SOD
catalyzed dismutation of O, , which produces a colored
product (Gee and Davison, 1989). Briefly, 15yl of the tissue

Neuroprotective Effect of C. sativa

supernatants were dissolved in 170y of 0.1 mM
diethylenetriaminepentaacetic acid (DETAPAC) in a 96 well
plate. Thereafter, 15y of 1.6mM 6-HD was added.
Absorbance was measured at 492 nm for 5 min at 1 min interval.

Catalase Activity

The catalase activity of the brain tissue was determined using a
previously established protocol (Aebi, 1984). Briefly, 10 uL of the
tissue supernatants was mixed with 340 uL of 50 mM sodium
phosphate buffer (pH 7.0). Thereafter, 150 uL of 2 M H,0, was
added to the reaction mixture. Absorbance was read at 240 nm at
1 min interval for 3 mins.

Lipid Peroxidation Level

The lipid peroxidation level of the brain tissues was determined
by measuring the thiobarbituric acid reactive substances
(TBARS) in the tissues and expressed as malondialdehyde
(MDA) equivalent (Chowdhury and Soulsby, 2002). Briefly, a
reaction mixture consisting of 100 yl of the supernatants, 100 ul of
8.1% SDS solution, 375yl of 20% acetic acid, 1 ml of 0.25%
thiobarbituric acid (TBA), and 425 uL of distilled water was
heated at 95°C for 1h in a water bath. A 200yl aliquot was
thereafter collected from the reaction mixture into a 96 well plate,
and absorbance read at 532 nm.

Nitric Oxide Level
The brain tissues were assayed for nitric oxide level using the

Griess method as previously described (Tsikas, 2005; Erukainure
et al., 2019¢). Briefly, 100 yl of the tissue samples and/or distilled
water (blank) were incubated with an equal volume of Griess
reagent for 30 min at 25°C in the dark. Absorbance was read at
548 nm.

Cholinergic Enzymes Activities
The brain tissues were assayed for cholinergic activities by

analyzing the activities of acetylcholinesterase (Ellman et al,
1961) and butyrylcholinesterase (Adefegha et al, 2017)
respectively in the tissue supernatants. Briefly, 20ul of the
tissue supernatants was incubated with 10ul of 3.3mM
Ellman’s reagent (pH 7.0) and 50 yl of 0.1 M phosphate buffer
(pH 8) for 20 min at 25°C. For acetylcholinesterase activity, the
reaction was stopped by adding 10l of 0.05M acetylcholine
iodide to the reaction mixture. While 104 of 0.05M
butyrylcholine iodide was used to stop the reaction for
butyrylcholinesterase activity. Absorbances were read at
412 nm at 3 min intervals.

Purinergic Enzymes Activities
Th brain tissues were assayed for purinergic activities by

analyzing for the activity of ecto-nucleoside triphosphate
diphosphohydrolase (E-NTPDase) (Akomolafe et al., 2017) in
the tissue supernatants. Briefly, 20 pl of the tissue supernatants
was incubated with 200 pl of the reaction buffer (1.5 mM CaCl,,
5mM KCl, 0.1 mM EDTA, 10 mM glucose, 225 mM sucrose and
45 mM Tris-HCI) at 37°C for 10 min 20 ul of 50 mM ATP was
added to the reaction mixture and further incubated at 37°C for
20 min in a shaker. The reaction was stopped with 200 pl of 10%
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TCA and incubated on ice for 10 min. Absorbance was read
600 nm.

Determination of Gluconeogenic Enzymes

Activities

The gluconeogenic enzymes activities of the brain tissues were
determined by analyzing the supernatants for glucose 6
phosphatase (Mahato et al., 2011; Erukainure et al., 2017), and
fructose-1,6-bisphosphatase (Gancedo and Gancedo, 1971;
Balogun and Ashafa, 2017) activities with slight modifications.

To determine glucose 6 phosphatase activity, 200 pl of the
tissue supernatants was incubated with 100 pl of 0.25 M glucose,
200 pl of 5 mM KCl, 1300 ul of 0.1 M Tris-HCI buffer, and 40 pl
of 50 mM ATP at 37°C in a shaker for 30 min. The reaction was
stopped with 1ml of distilled water and 1.25% ammonium
molybdate. 1 ml of freshly prepared 9% ascorbic acid was then
added to the reaction mixture and allowed to stand for 30 min.
Absorbance was read at 660 nm. ATPase activity was calculated
as the amount of inorganic phosphate (Pi) released/min/mg
protein.

For fructose-1,6-biphosphatase activity, 100 pl of the tissue
supernatant was incubated with 1,200 ul of Tris-HCI buffer (0.1
M, pH 7.0), 100 ul of fructose (0.05 M), 250 ul 0.1 M MgCl,, 100 pl
0.1 M KCl, and 250yl 1 mM EDTA at 37°C for 15 min. The
reaction was stopped with 1 ml of 10% TCA and incubated on ice
for 10 min. Absorbance was read at 680 nm and the activity
calculated as the amount of inorganic phosphate (Pi) released/
min/mg protein.

3-(4,5-Dimethylthiazol-
2-yl)-2,5-Diphenyltetrazolium Bromide
Assay

Cell Lines and Cell Culturing

The human U87 MG glioblastoma cancer (ATCC® HTB-141m)
cell line was obtained from the American Type Culture Collection
(ATCC, Virginia, United States). Dulbecco’s Minimum Essential
Media (DMEM), Eagle’s Minimum Essential Media (EMEM),
Fetal bovine serum (FBS) and Phosphate Buffer Saline (PBS) were
purchased from Life technologies (Pty) Ltd. (Fairlands,
Johannesburg, RSA). The 3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide (MTT), Dimethyl Sulfoxide
(DMSO), Trypsin, and all other chemicals and reagents were
of analytical grade and acquired from Merck (Pty) Ltd.
(Modderfontein, Johannesburg, RSA). The U87 cell line was
maintained in DMEM:EMEM (1:1), supplemented with 10%
heat-inactivated FBS and grown at 37°C in a humidified
incubator set at 5% CO2. Cells were sub-cultured with 0.25%
(w/v) trypsin 0.53 mM ethylenediaminetetraacetic acid (EDTA)
for a maximum of 15min every 2 and 3 days after they had
formed an 80% confluent monolayer.

Cell Proliferation Assay

To analyze the effect of the samples on the cell viability, the MTT
method was utilized. Cells were seeded in 100 ul medium in 96-
well microtiter plates at a concentration of 1 x 10°. Stock

Neuroprotective Effect of C. sativa

solutions of 4 mg/ml of the samples were prepared in 20%
ethanol. The positive control, doxorubicin was dissolved in
50% DMSO to obtain a stock concentration of 10 mg/mL.
Serial dilutions were made to achieve target concentrations of
the samples and doxorubicin in a of range 30, 60, 120, 240 pg/ml
and 12.5-100 yg/ml, respectively. Subsequently, cells were
exposed to the samples, doxorubicin and the controls, which
included vehicle-treated cells exposed to 1.2% ethanol or 0.5%
DMSO and cells propagated in growth medium. After the 48 h
treatment period, the cells were subjected to the MTT reagent
(0.5 mg/mL). The colorimetric reaction was measured by means
of a plate reader (Multiskan Go, Thermofischer Scientific) at
570 nm wavelength. Color control blanks were included and
utilized to normalize the results and the vehicle control treated
cells were regarded as 100% cell viability. The samples were
evaluated in atleast three independent experimental repeats
and each sample was evaluated in triplicate for each
experimental repeat. The results given are representative of the
average percentage inhibition of all the experimental repeats.

GC-MS analysis of Cannabis sativa Extracts
Apparatus

An Agilent technologies 6890N GC-MS machine coupled with a
5973-network mass selective detector was used for the analysis.
An Agilent technologies 7683 Series injector and screw neck glass
vials (separations) were used for sample injection.

GC-MS Conditions

The extracts were analyzed using a HP-5ms capillary column
phase. The injection volume was set to 2 ul at 80°C. the flow rate
of the helium gas was 1 ml/min at a constant flow. The oven
program was set at 80°C for 2 min and increased to 300°C at 20°C/
min for 3 min. A mass selective detector was used for the
detection of the volatile compounds present in the standards
and tests samples. The NIST mass spectral library database
software was used to analyze the data. The mass spectrometer
data system has a reporting software module that combines the
data results with the NIST library and ADMIS software search for
target compounds into a single report.

In Silico Prediction of Blood Brain Barrier Permeability
and Oral Lethal Dose Toxicity

The ability of the GC-MS identified compound to cross the BBB
was predicted in silico using the SwissADME online server
(http://www.swissadme.ch/index.php) (Daina et al., 2017). Its
oral lethal dose toxicity (LDsy) and toxicity class were
predicted using the PROTOX II online server (http://tox.
charite.de/protox_II/) (Banerjee et al., 2018). These were done
by obtaining the Canonical SMILES of the GC-MS identified
compound from PubChem (https://pubchem.ncbi.nlm.nih.gov/),
and computed into the respective servers for the predictions.

Statistical Analysis
Data were subjected to one-way ANOVA and presented as

mean * SD. Significant differences between means at p < 0.05
were obtained using the Tukey’s HSD-multiple range post-hoc
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FIGURE 1 | Effect of Cannabis sativa on glucose uptake in brain tissues.
*\/alues with different letter above the bars for a given extract are significantly
(o < 0.05) different from each other.

test. Statistical analyses were done using IBM Statistical Package
for the Social Sciences (SPSS) for Windows, version 23.0 (IBM
Corp., Armonk, NY, United States).

RESULTS

Incubation of brain tissues with glucose in the presence of hexane
and DCM extracts of C. sativa leaves led to significant (p < 0.05)

Neuroprotective Effect of C. sativa

increase in glucose utilization, with the DCM extract having a
higher activity as depicted in Figure 1. The activity was dose-
dependent, with the highest concentration having the highest
activity. Incubation with metformin had no significant effect on
brain glucose utilization.

Incubation of brain tissues with glucose led to significant (p <
0.05) depletion in the levels of GSH, SOD and catalase activities,
while significantly elevating MDA level as shown in Figures
2A-D. Incubation with the extracts significantly (p < 0.05)
reversed these levels and activities dose-dependently to near
normal.

As shown in Figure 3, incubation with glucose led to
significant (p < 0.05) elevation of NO level in brain tissues.
This level was significantly (p < 0.05) depleted on incubation
with C. sativa extracts.

There was a significant (p < 0.05) elevation in
acetylcholinesterase and butyrylcholinesterase activities in
brain tissues incubated with glucose as depicted in Figures.
4A,B. The acetylcholinesterase activity was significantly (p <
0.05) reversed dose-dependently on incubation with DCM
extract (Figure 4A). However, the hexane extract
significantly (p < 0.05) elevated acetylcholinesterase activity
dose-dependently (Figure 4A). Both extracts significantly (p <
0.05) depleted butyrylcholinesterase activity in a dose-
dependent manner (Figure 4B).

As shown in Figure 5, there was a significant (p < 0.05)
depletion in E-NTPDase activity in brain tissues incubation with
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FIGURE 2 | Effect of Cannabis sativa on (A) glutathione (GSH) level, (B) superoxide dismutase (SOD) activity, (C) catalase activity, and (D) malondialdehyde (MDA)
level in brain glucose uptake. Value = mean + SD; n = 3. *Statistically significant (p < 0.05) compared to glucose-treated tissue; #statistically significant (p < 0.05)
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FIGURE 3 | Effect of Cannabis sativa on NO level in brain glucose
uptake. Values = mean + SD; n = 3. *Statistically significant (o < 0.05)

compared to glucose-treated tissue; #statistically significant (p < 0.05)
compared to normal tissue. Normal, No glucose/C. sativa.

W Hexane Extract m DCM Extract

>

= =
N ]

iy
(=]

Acetylcholinesterase activity (pmol/min/mL)

Normal  Glucose 30pg/mL 60 pg/mL 120 pg/mL 240 pg/mL Metformin
B B Hexane Extract ® DCM Extract
Z 18 4
=
£ 16 —l
21 #
3
T #
2
T 10
L
g s N *
@
5 6 r—;\ N
e
E a = r—l—| *
s
[+
£ 2
3
@« 0

Normal

Glucose 30 pg/mL 60 pg/mL 120 ug/mL 240 pg/mLMetformin

FIGURE 4 | Effect of Cannabis sativa on (A) acetylcholinesterase and (B)
butyrylcholinesterase activities in brain glucose uptake. Values = mean + SD; n
= 3. *Statistically significant (p < 0.05) compared to glucose-treated tissue;
#statistically significant (o < 0.05) compared to normal tissue. Normal,

No glucose/C. sativa.

glucose only. Incubation with C. sativa extracts led to significant
(p < 0.05) reversion of the activity to levels indistinguishable from
the normal tissues.
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FIGURE 5 | Effect of Cannabis sativa on ecto-nucleoside triphosphate
diphosphohydrolase activity in brain glucose uptake. Values = mean + SD; n =
3. *Statistically significant (p < 0.05) compared to glucose-treated tissue;
#statistically significant (o < 0.05) compared to normal tissue. Normal,

No glucose/C. sativa.

As depicted in Figures. 6A,B, there was a significant (p < 0.05)
elevation in the activities of glucose 6-phosphatase and fructose-
1,6-biphostase in brain tissues incubated with glucose only. These
activities were significantly (p < 0.05) reversed in tissues
incubated with C. sativa extracts to levels indistinguishable
from the normal tissues.

MTT assay revealed C. sativa extracts had little or no cytotoxic
effect on U87 MG cells, while doxorubicin significantly (p < 0.05)
inhibited the proliferation of the cells as depicted in Figure 7.

GC-MS analysis of the extracts revealed the presence of THC
in both extracts as shown in Figure 8; Supplementary Figure S1.

In silico BBB permeability prediction revealed THC to be
permeable across the BBB as shown in Table 1. THC was further
predicted in silico to be in the toxic class of 4, with a LDs, value of
482 mg/kg.

DISCUSSION

Impaired brain glucose uptake leading to diminished neuronal
glucose consumption has been linked to the pathogenesis and
progression of neurodegenerative diseases such as Alzheimer’s
and Parkinson’s diseases (Zilberter and Zilberter, 2017; An et al.,
2018). In the present study, the increased glucose uptake in brain
tissues incubated with C. sativa extracts (Figure 1) indicates an
increased glucose utilization which insinuates an increased
neuronal glucose consumption. This activity portrays a
facilitative uptake potential of C. sativa leaves which
corresponds with previous studies on the use of medicinal
plant leaves in facilitating brain glucose uptake (Erukainure
et al,, 2019c). This activity can be attributed to the GC-MS
identified compound in the extracts, THC (Figs. 8 and S1)
which can bind and activate the cannabinoid receptors of the
endocannabinoid anandamide transporters at the BBB
(Maccarrone et al, 2006). Thus, facilitating transportation
across the BBB.
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FIGURE 6 | Effect of Cannabis sativa on (A) glucose 6-phosphatase and
(B) fructose-1,6-biphosphatase activities in brain glucose uptake. Values =
mean + SD; n = 3. *Statistically significant (o < 0.05) compared to glucose-
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Oxidative stress and proinflammation have been implicated in
the pathogenesis of neurological diseases, and have been reported
among the major mechanisms in the etiology of the diseases
(Wajner et al., 2004; Mahadik et al., 2006). The depleted GSH
level, SOD and catalase activities on incubation of brain tissues
with glucose (Figures. 2A-C) insinuates an oxidative state. This
is further revealed by the exacerbated MDA level (Figure 2D)
which indicates an occurrence of lipid peroxidation. This is in
agreement with previous studies on exacerbated oxidative
activities in brain tissues incubated with glucose (Erukainure
et al, 2019c). The brain has been reported for its high
susceptibility to oxidative stress owing to its polyunsaturated
fatty acids contents, redox-active metal load, low endogenous
antioxidant system, and auto-oxidizable neurotransmitters
dependence (Butterfield et al., 2001; Huang et al., 2004; Patel,
2016; Erukainure et al., 2019¢). The increased brain NO level
(Figure 3) with concomitant low SOD activity on incubation with
glucose may insinuate a proinflammatory effect. In the presence
of depleted SOD activity, peroxynitrite (ONOO-) is generated
from the reaction of NO and superoxide (O2-) (Erukainure et al.,
2020; Salau et al., 2020). Peroxynitrite has been reported for its
potent proinflammatory roles in several diseases including
neuropathy as it has been implicated in the pathogenesis of
Alzheimer’s and Parkinson’s diseases, and multiple sclerosis
(Smith et al., 1997; Pacher et al, 2007). Antioxidants have
been reported for their therapeutic roles in the treatment and
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FIGURE 7 | Cytotoxic effect of (A) Cannabis sativa and (B) doxorubicin
on glioblastoma multiforme (U87 MG) cells. Values = mean + SD; n = 3.

management of neurodegenerative diseases (Gilgun-Sherki et al.,
2001; Kim et al., 2015). The elevated GSH level, SOD and catalase
activities, with concomitant depleted levels of MDA and NO on
incubation with C. sativa extracts indicate an antioxidative and
anti-proinflammatory effect. THC has been reported for its
potent antioxidant and anti-proinflammatory activities in the
treatment and management of neurological diseases (Hampson
et al, 1998; Costa, 2007; Borges et al., 2013). Thus, may be
responsible for the antioxidative effect of the extracts.
Cholinergic dysfunction has been recognized as one of the
major defects of neurodegenerative diseases such as Alzheimer’s,
Parkinson’s diseases and multiple sclerosis (Greig et al., 2002). It
is characterized by increased activities of acetylcholinesterase and
butyrylcholinesterase which catalyze the hydrolysis of the
neurotransmitter acetylcholine (Reid et al, 2013). Thus,
implying that the elevated activities of these enzymes on
incubation of brain tissues with glucose (Figures 4A,B)
indicates a cholinergic dysfunction and may insinuate a
neurodegenerative symptom. Several therapies have targeted
the inhibition of these enzymes in the treatment and
management of neurodegenerative diseases (Erukainure et al,
2019a; Salau et al., 2020b). Thus, the inhibitory effect of the
extracts on these enzymes portrays a neuroprotective activity of
C. sativa. This corroborates previous reports on the inhibitory
effect of C. sativa and its major phytochemical constituents on
acetylcholinesterase ~ and  butyrylcholinesterase  activities
(Eubanks et al., 2006; Abdel-Salam et al., 2018). However, the
increasing acetylcholinesterase  activity ~with increasing
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FIGURE 8 | Tetrahydrocannabinol identified from the hexane and DCM
extracts of C. sativa.

TABLE 1| In silico prediction of BBB permeability and toxicity of
tetrahydrocannabinol.

In Silico activity Predictions
LDso 482 mg/kg
Toxicity class 4

BBB permeability Yes

BBB, blood brain barrier; LDso, ethal dose.

concentration of the hexane extract (Figure 4A) may insinuate
the inhibitory effect of the extract on the enzyme diminishes with
increasing concentrations.

The depleted E-NTPDase activity in brain tissues incubated with
glucose (Figure 5) indicates a depleted adenosine level which portrays
a decreased purinergic activity. Impaired purinergic activity has been
implicated in the pathogenesis of neurodegenerative diseases
(Akomolafe et al, 2017; Salau et al., 2020). It is characterized by
decreased production of adenosines which are involved in energy
transfer reactions and facilitative transportation (Akomolafe et al.,
2017). The increased E-NTPDase activity in brain tissues incubated
with C. sativa extracts insinuates the ability of C. sativa to improve
neuronal purinergic activity.

Diminished brain glucose consumption is often characterized
by increased glycogenolysis and impaired glycolytic flux to
compensate for the low glucose level (Hoyer, 1996; Atlante
et al., 2017). This has been implicated in the pathogenesis of
Alzheimer and other neurodegenerative diseases (Atlante et al.,
2017). In the present study, the depleted brain glucose
consumption (Figure 1) corroborates with the exacerbated
glucose 6-phosphatase and fructose-1,6-biphosphatase activities
in brain tissues incubated in glucose (Figures. 6A,B). Both
enzymes are involved in gluconeogenesis, with glucose 6-
phosphatase and fructose-1,6-biphosphatase catalyzing the

hydrolysis of glucose 6-phosphate to glucose in the
glycogenolytic pathway and fructose-1,6-biphosphate to
fructose  6-phosphate in the gluconeogenic pathway

respectively. The continuous activation of these enzymes will
lead to glucose accumulation which can serve as metabolite
precursors for the hexosamine, polyol, protein kinase C, and
AGE pathways which have been linked to the pathogenesis of
neurodegenerative diseases (Li et al, 2012; Xu et al,, 2016).

Neuroprotective Effect of C. sativa

Glucose has also been reported as an intermediate for the
generation of free radicals, as it is oxidized in its enediol form
into reactive ketoaldehydes and superoxide anion radicals
(Maritim et al, 2003). Thus, the dose-dependent inhibited
activity of these enzymes in brain tissues incubated with C.
sativa extracts further indicates the neuroprotective effect of C.
sativa.

Glioblastoma multiforme (GBM) is a malignant primary brain
tumor common in young kids (Erukainure et al., 2018). Studies
have reported therapeutic failures in patients owing to difficulty
in treatment (Puli et al., 2006). Although medicinal plants have
reported to arrest the proliferation of GBM (Erukainure et al,
2018), C. sativa extracts showed no cytotoxic effect on the cells
(Figure 7). Thus, insinuating that the plant may not be beneficial
in the treatment of GBM.

The predicted ability of THC to permeate the BBB
(Table 1) further connotes the neuroprotective effect of C.
sativa and corroborates previous reports on the ability of
cannabinoids to modulate the cannabinoid receptors of
anandamide transport across the BBB (Maccarrone et al,,
2006). The predicted oral LDs, and toxicity class values of
THC (Table 1) indicates that the compound is relatively safe
when orally consumed.

CONCLUSION

As portrayed by these results, C. sativa improves glucose
consumption with concomitant suppression of oxidative stress
and cholinergic dysfunction, and modulation of purinergic and
gluconeogenic activities in brain tissues. Further studies are
recommended to decipher the molecular mechanisms that
may be involved in these neuroprotective activities in in vivo
studies.
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The Willows (genus Salix), with more than 330-500 species and 200 hybrids, are trees,
shrubs or prostrate plants that are widely distributed in Africa, North America, Europe, and
Asia. The genus is traditionally used in folk medicine and represents a valuable source of
biologically active compounds among them salicin, a prodrug for salicylic acid. Altogether,
322 secondary metabolites were characterized in the genus including flavonoids 94)
(flavonols, flavones, flavanones, isoflavones, flavan-3-ols (catechins and procyaniding),
chalcones, dihydrochalcone, anthocyanins, dihydroflavonols), phenolic glycosides (76),
organic acids (28), and non-phenolic glycosides (17), sterols and terpenes (17), simple
phenolics 13) and lignans 7) in addition to volatiles and fatty acids (69). Furthermore,
willows exert analgesic, anti-inflammatory, antioxidant, anticancer, cytotoxic, antidiabetic,
antimicrobial, antiobesity, neuroprotective and hepatoprotective activities. The current
review provides an updated summary of the importance of willows, their chemical
composition and pharmacological activities.

Keywords: salix, phytochemistry, pharmacology, medicinal and traditional uses, inflammation

INTRODUCTION

Salicaceae (the Willow and Poplar family) traditionally includes the genera Populus (poplar) and
Salix (willow), which are common in Northern temperate regions, and are amentiferous (bearing
catkins) (Isebrands and Richardson, 2014). Presently, the Salicaceae have been enlarged to contain
most tropical members of Flacourtiaceae, which do not produce catkin (Thadeo et al., 2014). Thus,
the family Salicaceae now comprises about 56 genera and 1,220 species (Christenhusz and Byng,
2016).

The members of Salicaceae are fast growing trees or shrubs (Isebrands and Richardson, 2014).
They are used for many economic purposes as production of timber, paper, fences, shelter,
snowshoes, arrow shafts, fish traps, whistles, nets, rope, as a biomass fuel (a source of renewable
energy), for ornamental, architectural and horticulture uses. Also, they are used for environmental
enhancement through soil erosion control (Kuzovkina and Vietto, 2014). Willow twigs are elastic
and were used to interweave baskets, for caning, and to manufacture woven fences and other lattices
(Isebrands and Richardson, 2014).

The genus Salix (the willow) includes 330-500 species and more than 200 hybrids (Isebrands and
Richardson, 2014), which are most widely distributed in the Northern hemisphere with a limited
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FIGURE 1 | Structures of reported flavonoids from the genus Salix.

number of species occur in the Southern hemisphere (Zhen-Fu,
1987). Salix species are widely distributed in Africa, North
America, Europe, and Asia (Argus, 2007). Salix species are fast
growing trees, shrubs or prostrate plants; they can withstand a
wide range of different weathers more than Populus species, as
they grow in temperate, subtropic and tropic regions (Isebrands
and Richardson, 2014).

Taxonomy

General morphological characters of genus Salix were reported
(Argus, 2006; Lauron-Moreau, et al., 2015). Willows are 6-10 m
high trees or shrubs with spirally arranged, sometimes silvery,
oblong leaves. The latter is commonly hairy on the underside and
often turn black when drying. Leaves are simple, petiolate
showing different shapes of lamina (oblong, linear, ovate,
obovate or round), stipulate with linear to rounded stipules

and with entire, serrate or dentate margin. Their arrangement
is mostly alternate or rarely opposite (Lauron-Moreau, et al,
2015). The flowers are catkins, dioecious, with nectaries (glands)
instead of perianth and they have bracts, which are pale or black,
pubescent or glabrate, constant in male flowers and deciduous in
female ones. The flowers blossom in spring, generally prior the
leaves (Mabberley 2008). The male catkins have mostly two
stamens, more prominent yellow, with few species having
3-12 stamens while the female catkins are greenish, have
single pistil with single ovary, style, two-lobed stigma and 2 to
42 ovules per each ovary (Mabberley 2008). The nectar of
flowering Willow is the first food source for bees in spring.
The seeds are small, with limited longevity, fine hairy coat
enabling their spread by wind and they germinate after few
days of exposure to moistured surfaces (Mabberley 2008).
Recently, the taxonomy of neotropical Salicaceae (formerly
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Flacourtiaceae) is difficult, as they show very different
morphology and exhibit numerous characteristics in common
with several other families. The neotropical Salicaceae and
Salicaceae displayed similar characters such as the presence of
salicoid leaf teeth, collateral and arch-shaped vascular system at
the midrib, abundance of crystals, brachyparacytic stomata,
secondary growth of the petiole and sclerenchyma
accompanying the bundles (Thadeo et al., 2014).

Phytochemistry

Different phytoconstituents or secondary metabolites of the
genus Salix as flavonoids, glycosides (phenolic and non-
phenolic glycosides), procyanidins, organic acids and their
derivatives, simple phenolics, sterols and terpenes, lignans,
volatiles and fatty acids were reported (Supplementary Tables
$1-S7, included in Supplementary materials). Salix leaves mainly

contain flavonoids, phenolic acids, their derivatives, and phenolic
glycosides, while stem bark mainly contains procyanidins.

Flavonoids

Salix contains a wide variety of flavonoids, which are distinctive for
each species, as flavones, flavonols, flavanones, dihydroflavonols,
isoflavones, chalcones, dihydrochalcones, flavan-3-ols and
anthocyanins (Nasudari et al, 1972; Pobl ocka-Olech and
Krauze-Shao et al, 1989; Du et al, 2004; Zeid, 2006; Jii
rgenliemk et al, 2007; Baranowska, 2008; Freischmidt et al,
2010; Li et al,, 2013). Data are summarized in Supplementary
Table S1 and the structures are presented in Figure 1.

The highest numbers of different classes of flavonoids (A-E)
were detected in leaves and rarely in roots. The flavones as
apigenin and its glycosides (1, 2, 4, 5) are major constituents
of S. acutifolia Willd. leaves (Shelyuto and Bondarenko, 1985), S.
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matsudana Koidz. leaves (Han et al,, 2003a) and S. babylonica L. subserrata Willd. leaves (Tawfeek et al., 2019), respectively.
leaves and roots (Khatoon et al, 1988; Singh et al, 2017). Compounds (12, 14) were reported in S. denticulate leaves
Whereas, chrysoeriol (6), its 7-O-D-glucoside 7) and 7-O- (Rawat et al., 2009; Semwal et al., 2011). S. gilgiana Seemen.
glucuronide 8) are major constituents of S. babylonica L. (Liu  leaves were characterized by the accumulation of acylated luteolin
et al., 2008), S. matsudana Koidz. leaves (Han et al., 2003b) and S. glucosides (19-23) (Mizuno et al., 1987). Compounds (25, 35) are
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FIGURE 1 | (Continued).
chemical markers for S. matsudana Koidz. leaves (Li et al., 2008). compound in S. babylonica L. leaves and roots (Khatoon et al.,
Kaempferol 32) and its 7,4 -dimethyl derivative 33) were foundto ~ 1988; Singh et al., 2017).
be most prominent constituents in S. bordensis Turcz. (Zhao Angeloxyflavone 13) and isoflavones (63, 64) are chemical

et al., 2014). Also, kaempferol-7-O-glucoside 34) is a major  markers for S. cheilophila C. K. Schneid. twigs (Shen et al., 2008).
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S. integra x S. suchowensis young stem was characterized by the
accumulation of sulfated flavanones and dihydroflavonol as
compounds (49, 52, 58, 60). Compound 11) was reported in
the erial parts of S. denticulate Andersson.

The highest number of chalcones, catechins, procyanidins and
anthocyanins were detected in the bark of willows. The bark of S.
daphnoides Vill,, S. elbursensis Boiss., S. acutifolia Willd. and S.
rubra Huds. were characterized by the accumulation of chalcones

(65-67) (Kompantsev, 1969; Kompantsev and Shinkarenko,
1975; Vinokurov, 1979; Zapesochnaya et al., 2002; Krauze-
Baranowska et al., 2013). Catechin 69) and its derivatives (70,
71), epicatechin (72), procyanidin B1 77) and its derivative (78),
procyanidin B3 (80) and its derivative (81), procyanidins B6 (84),
B7 85) and trimeric procyanidins (87-89) were found to be major
constituents of S. sieboldiana Blume bark (Hsu et al., 1985). Also,
procyanidins (77, 79, 80, 82, 83, 85, 86, 89, 90, 92) are major
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constituents of S. daphnoides Vill. bark (Wiesneth, 2019).
Anthocyanins (93-95) were detected in the bark of S. purpurea
L., S. daphnoides Vill, S. alba L., S. phylicifolia L., S. nigricans Sm.,, S.
calodendron Wimm. and S. viminalis L., S. triandra L. and S.
amygdalina L. (Bridle et al,, 1970; Bridle et al., 1973).

Phenolic Glycosides

Glycosides are major secondary metabolites in Salicaceae (Binns
et al., 1968; Kompantsev and Shinkarenko, 1973; Kompantsev et
al., 1974; Nichols-Orians et al., 1992; Fernandes et al., 2009).
Phenolic glycosides represent up to 30% of dry plant mass.

They are classified into two main classes: Salicin derived
glycosides (salicinoids) and other phenolic glycosides as
glycosylated phenylpropanoids, phenylethanoids and benzenoids
and glycosylated salicylic acid derivatives. Salicinoids, which are
considered as taxonomic markers for genus Salix, are derivatives of
salicin, produced by esterification of one or more hydroxyl groups
of salicyl alcohol or glucose moieties, mainly 2° and/or 6' of
glucose, with organic acids as acetic, benzoic and 1-hydroxy-6-
oxocyclohex-2-en-1-carboxylic (HCH) acids. The phenolic
glycosides isolated and/or identified from genus Salix are
presented in Supplementary Table S2 and Figure 2.
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The highest number of phenolic glycosides were reported in Salix
leaves, followed by twigs, stems and bark. Salicin (141), tremuloidin
(164), tremulacin 166) were found to be the major constituents in S.
Acutifolia Willd. juvenile stem and bark (Zapesochnaya et al., 2002;
Wu et al., 2016), S. chaenomeloides Kimura leaves (Mizuno et al.,
1991), S. glandulosa Seemen. twigs (Kim et al, 2015) and S
tetrasperma Roxb. leaves (El-Shazly et al., 2012).

Some phenolic glycosides were identified as taxonomic
markers for different Salix species. Acmophyllin A 96) and
acmophyllin B 97) identified as taxonomic marker for S.
acmophylla  Boiss. leaves (Shah et al., 2016).
Chaenomeloidin (101), cochinchiside A (107), lasiandrin
(133), leonuriside A (134), salicin-7-sulfate 152) identified

as taxonomic markers for S. chaenomeloides Kimura leaves
(Mizuno et al., 1991), S. glandulosa Seemen. twigs (Kim et al.,
2015), S. lasiandra leaves and twigs (Reichardt et al., 1992), S.
matsudana Koidz. leaves (Li et al., 2008) and S. koriyanagi
Kimura. Stems (Noleto-Dias et al., 2018), respectively.
Sachaliside 1 139) and sachaliside 2 (140) were identified
as taxonomic markers for S. sachalinensis F. Schmidt
(Mizuno et al., 1990).

Some Salix species were characterized by accumulation of 1,2-
cyclohexanediol glycosides. Compounds (116-128) were detected
in S. glandulosa Seemen. twigs (Kim et al, 2014). Also,
acutifoliside, a benzoic acid derivative 98) was a chemical
marker for S. acutifolia Willd. juvenile stem (Wu et al., 2016).
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FIGURE 3 | Structures of reported non-phenolic glycosides from genus Salix.

Non-Phenolic Glycosides

Non-phenolic glycosides (172, 173, 174, 175, 176, 182-188) were
found to be the major constituents in S. triandra L. x dasyclados
Wimmer Wood (Noleto-Dias et al.,, 2019). Also, compounds
(170, 171) are the major constituents in S. arbusculoides
Andersson twigs (Evans et al., 1995). Some Salix species were
characterized by accumulation of 1,2-cyclohexanediol glycosides.
Compounds (177, 180) were detected in S. glandulosa Seemen.
twigs (Kim et al., 2014) and grandidentin 181) was reported in
S. purpurea L. bark (Pearl and Darling, 1970) (Supplementary
Table S3 and Figure 3).

Organic Acids
Salix species are rich sources for phenolic acids, either in free or
esterified form, as benzyl, cinnamyl or phenyl ethyl esters. The
aromatic acids are either benzoic or cinnamic acid derivatives:
benzoic acid derivatives as p-hydroxybenzoic, p-anisic, gallic,
salicylic, gentisic, vanillic, 2-amino-3-methoxy benzoic and
protocatechuic acids, while hydroxycinnamic acid derivatives
as p-coumaric, caffeic, isoferuolic, and feruolic acids,
(Supplementary Table S4 and Figure 4).

The higest number of organic acids were detected in S. purpurea
L, S. alba L. bark (Agnolet et al., 2012) which contain compounds
(192-194, 198-200, 214), S. tetrasperma Roxb. flowers and bark
(Sobeh et al., 2019; Mostafa et al., 2020) which contain compounds
(197, 202, 203, 204, 205-206, 208, 209, 215).

Simple Phenolics

Genus Salix comprises a vast variety of simple phenolic
compounds (Phenolic acids and their derivatives) (Tuberoso
et al,, 2011). S. capensis Thunb. bark (Masika et al., 2005), S.
acutifolia Willd. bark (Zapesochnaya et al., 2002), S. subserrata
Willd. bark (Hussain et al, 2011), S. caprea L. inflorescence
(Ahmed et al, 2017) were characterized by the accumulation
of salicyl alcohol 228) which is the basic nucleus for salicinoids.
Also, S. caprea L. wood was characterized by the accumulation of
different simple phenolics as aucuparin (218), methoxyaucuparin
(219), coniferyl alcohol (221), p-coumaryl alcohol (222), 4,2-
dihydroxy-3,5-dimethoxybiphenyl 223) and sinapylaldehyde
229) (Malterud and Dugstad, 1985; Pohjamo et al., 2003), as
illustrated in Supplementary Table S5 and Figure 5.

Sterols and Terpenes

The highest number of sterols and triterpenes was detected in S.
cheilophila C. K. Schneid. twigs (Shen et al., 2008), S. tetrasperma
Roxb. bark, leaves and flowers (El-Shazly et al., 2012; Sobeh et al.,
2019), S. subserrata Willd. leaves (Balbaa et al, 1979), S.
denticulate erial parts (Rawat et al., 2009), S. babylonica L.
roots (Singh et al., 2017), S. subserrata Willd. bark and leaves
(Hussain et al., 2011). Whereas phytane and pimarane diterpene
were found to be the major constituents in S. cheilophila C. K.
Schneid. twigs (Shen et al., 2008), as illustrated in Supplementary
Table S6 and Figure 6.
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Lignans

Sisymbrifolin a lignan derivative 247) had been isolated from the
bark of S. alba L. (Du et al., 2007). Recently, pinoresinol (248),
lariciresinol (249), secoisolariciresinol (250), 7-hydroxymatairesinol
(251), medioresinol (252), and lariciresinol-sesquilignan 253) were
detected in the biomass of five willow sp. cultivated in Quebec,
Canada (Brereton et al,, 2017) as illustrated in Figure 7.

Volatiles

Terpenes (hemi-, mono- and sesqui-terpenes) and non-terpene
(aliphatic, aromatic acids, their esters, carbonyl compounds and
hydrocarbons) volatiles were identified in the genus Salix. The
highest percent of volatiles and fatty acids was reported in S. caprea
L. inflorescence (Ahmed et al., 2017), and the leaves of S. egyptiaca

L. (Karimi et al., 2011), S. babylonica L. (Salem et al., 2011), and S.
alba L. (Zarger et al., 2014) (Supplementary Table S7and Figure 8).

Traditional Uses
Salix plants have been used medicinally since antiquity and have
been linked to the discovery of acetylsalicylic acid and aspirin. These
plants had been traditionally used to treat painful musculoskeletal
joint pain conditions, inflammation, and fever. Salicin is a major
pharmacologically active metabolite in Salix and hydrolyzes in the
gastrointestinal tract to confer salicyl alcohol and p-glucose. The
latter is oxidized, upon absorption, into salicylic acid, the active drug
which inhibits cyclooxygenases (COX I, II) (Mahdi, 2010).

S. egyptiaca L (Musk Willow) was important in the Middle East,
especially in Iran, as it has been traditionally used to treat anemia and
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vertigo, as a cardiotonic agent, and also in the preparation of local
candies as a fragrance additive (Asgarpanah, 2012). S. alba L (white
willow), had used in folk medicine to treat fever, chronic and acute
inflammation, pain and infection (Zengion and Yarnell, 2011;
Maistro et al., 2019). S. tetrasperma Roxb. had been used to treat
diseases such as epilepsy, diabetes, fever, rheumatism, piles, swellings,
stones in bladder, dysentery, wound, ear pain, cough and cold
(Prashith Kekuda et al., 2017). S. alba L. bark is traditionally used
for treatment of flu, rheumatism, fever and headache (Van Wyk and
Wink, 2018).

Pharmacological Activity

Different Salix species and the isolated compounds as salicylic
acid and salicin have been utilized in folk medicine to treat
rheumatic diseases, back pain, toothache, headache, and
menstrual cramps (Highfield and Kemper, 1999). They exert
analgesic, anti-inflammatory, antioxidant, anticancer, cytotoxic,

antidiabetic, antimicrobial, anti-obesity, neuroprotective and
hepatoprotective activities. The main targets of salicylic acid
are cyclooxygenases (COX I, II) which are key enzymes of
pathway to prostaglandins which control inflammation and
pain. The available scientifically based reports on biological
activities of genus Salix are summarized in Tables 1-8.

Antimicrobial Effects of Salix

Multidrug-resistant bacteria are widely spread, and natural
resources have been used as a means of discovering novel
antibacterial compounds as they offer limitless opportunities
for the discovery of new agents, particularly against multidrug
resistant bacteria.

The main methods used to evaluate the antimicrobial activity
of Salix extracts are disc diffusion assays, agar well diffusion,
broth microdilution methods and the assessment of antibiofilm
function (Masika et al., 2005; Fayaz and Sivakumaar, 2014;
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Popova and Kaleva, 2015; Mostafa et al., 2020). As detailed in
Table 1, microbial growth inhibition zones and percentages along
with minimum inhibitory concentrations (MICs) displayed the
potential of Salix species as substantial antimicrobials and predict
their efficacy as functional foods (Mostafa et al., 2020).

Antibacterial Activity

Many previous studies evaluated the antibacterial activity of Salix
plants and active constituents of their extracts against different
types of bacteria such as Pseudomonas eruginosa, Escherichia coli,
Staphylococcus aureus and Bacillus subtilis, dental biofilm forming
bacteria (Streptococcus mutans and Lactobacillus), and Salmonella
enterica (Table 1). Catechol and 2-hydroxybenzyl alcohol derived
from the bark of S. capensis Thunb. were previously tested for their
antibacterial activity. Both compounds exhibited similar
antibacterial activity against P. eruginosa (Masika et al., 2005).
Moreover, Salix alba L. bark extract demonstrated antimicrobial
activity against the dental biofilm forming bacteria with MIC of
125 pg/ml. Furthermore, it also exhibited a moderate potential
against the Staphylococcus aureus but the least activity was
observed against E. coli (Fayaz and Sivakumaar, 2014). Previous
studies also showed that the twigs aqueous extract with leaves of S.
babylonica L. exhibited potent antimicrobial properties against
Gram-negative bacteria (E. coli, Salmonella enterica, MICs is
704 + 1741 mg/ml) with a comparable activities to
thiamphenicol (The broad spectrum antibiotic). Its effects cover
Gram-positive bacteria such as S. aureus (Popova and Kaleva,

2015). A recent study performed in our laboratories tested the
extracts of both stem bark and flowers of S. tetrasperma Roxb. for
anti-quorum sensing activity against Pseudomonas eruginosa. Both
extracts inhibited P. eruginosa bacterial growth at 40 mg/ml;
however, the bacterial viability was not affected by 1/4 and 1/8
MIC concentrations. When the extracts were tested as anti-
quorum sensing agents, they impaired virulence of P. eruginosa
by declining its swimming and swarming motilities and reducing
its hemolytic and proteolytic properties (Mostafa et al., 2020).

Antifungal Activity

Poisoned food technique, broth microdilution method, filter disc
assay and growth curve study methods were used to determine
the antifungal properties of Salix extracts (Table 2). The
antifungal  activity ~was  evaluated against Candida
guilliermondii, C. glabrata, C. parapsilosis and Fusarium
oxysporum.

Anthelmintic Activity

The anthelmintic potential of Salix species to inhibit
gastrointestinal and pulmonary parasites in animals was
studied. The anthelmintic activity was evaluated against
Ostertagia, Moniezia, Dictyocaulus, Eimeria, Chabertia,
Cooperia, and Hemonchus contortus (Table 2). It was reported
Salix babylonica L (at dose of 20 ml, weekly) was effective against
the main parasite species detected in sheep (Eimeriaspp.,
Dictyocaulus spp., and Chabertia spp.) more than the most
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common parasites in goats in southern Mexico farms
(Dictyocaulus spp. and Chabertia spp.) (Salem et al., 2017).

Anti -HIV Activity

Human immunodeficiency virus (HIV) infection that causes
acquired immunodeficiency syndrome (AIDs) represents a
major health problem worldwide. Chemical anti-retroviral
agents are usually used to treat AIDs patients. However, they
possess many adverse effects and resistance emerged for many of
them. Recently, novel anti-retroviral agents isolated from
medicinal plants, played an essential role to replace synthetic
drugs. One study investigated the anti-retroviral effects of S.
egyptiaca L. extract. Results of this study and bioinformatics

analyses suggested that the plant had anti-HIV properties and
might be a substantial candidate for AIDS patients (Table 2)
(Eftekhari et al., 2014).

Antioxidant Activity

Reactive oxygen species (ROS) are associated with several human
diseases, such as inflammation, diabetes, ulcers, autoimmune and
cardiovascular diseases, viral infections and cancer (Howlett,
2008; Rubid et al., 2013; Salem et al., 2020). Most of the
activities of Salix species were attributed to the presence of
several polyphenolic with robust antioxidant activities
(Table 3). The antioxidant effects of Salix extracts and their
flavonoids were mainly assessed by DPPH, ABTS, FRAP, total
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antioxidant capacity (TAC) assays, Folin-Ciocalteu method,  isorhamnetin-3-O-f-pD-rutinoside, triandrin,  gallocatechin,
B-carotene bleaching, lipid peroxidation capacity, inhibition of  tremuloidin, aromadendrin, salicin, and chrysoeriol-7-
linoleic acid oxidation, superoxide anion radical scavenging, and ~ O-glucuronid and exerted antioxidant effects against oxidative
alkyl radical scavenging assays (Ceyhan, 2014; Gawlik-Dzikietal.,  stress in Caenorhabditis elegans (Tawfeek et al., 2019).

2014; Tavakoli et al., 2016; Zaiter et al., 2016; Nauman et al., 2018;

Zabihi et al., 2018; Gligoric’ et al.,, 2019). A recent study from our  Anti-Inflammatory Activity

lab investigated the possible effect of S. tetrasperma Roxb. extract ~ Inflammation is a frequent condition because of exposure to
on neuropathic pain and its mechanism of action showed a potent  different stimuli including microbial infection and wounding. It
in vitro and in vivo antioxidant effects (Sobeh et al., 2019). decreases the spread of infection, followed by resolution and the
Furthermore, S. atrocinerea Brot., S. fragilis L. and S. viminalis  restoration of normal structural and functional of affected tissues
L. showed antioxidant effects mediated by their polyphenolic =~ (Nathan and Ding, 2010). However, non-resolving inflammation
contents (Ramos et al., 2019). Another study from our laboratory ~ contributes significantly to the pathogenesis of many diseases
showed that S. subserrata Willd. leaf extracts contained  such as atherosclerosis, obesity, cancer, and inflammatory bowel
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FIGURE 8 | Structures of reported volatiles and fatty acids from genus Salix.

disease. Salix extracts exert potent anti-inflammatory effects that ~ significantly decreased writhing, moderately reduced formalin-
are responsible for many biological effects. The hydroalcoholic ~ induced pain and showed a promising dose-dependent anti-
extract of S. tetrasperma Roxb. in two dose levels (100 and  inflammatory activities. These effects were attributed to the
200 mg/kg) demonstrated anti-inflammatory effects in  presence of pentacyclic triterpenes and polyphenolics
carrageenan induced rat paw edema model (Kishore et al, (Gutiérrez et al., 2017). An early study showed that S. caprea
2014). We showed previously that the flower extract of S. L. is a potent cyclooxygenase inhibitor (Tunon et al, 1995).
tetrasperma Roxb. has analgesic, antipyretic, and anti-  Another study showed that S. subserrata Willd. and S.
inflammatory effects against carrageenan induced vascular  fetrasperma Roxb. showed anti-inflammatory effects against
permeability and carrageenan induced hind paw edema. It  carrageenan induced hind paw edema due to the presence of
inhibited COX-1, COX-2 and LOX and suppressed elevated  phenolic glycosides mainly salicin as well as the flavonoids
levels of TNF-a and NF-«B in chronic neuropathic pain model  luteolin, quercetin and rutin (Karawya et al, 2010). S.
(Sobeh et al., 2019). Oral administration of S. canariensis extract matsudana Koidz. leaves methanol extract also showed
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significant inhibitory activities against cyclooxygenases (COX-
1 and COX-2) due to the presence of matsudone, luteolin 7-O-
glucoside and 4',7-dihydroxyflavone (Li et al., 2008).

Anticancer Activity

There are several risk factors that can increase the development of
cancer that have a basis of low-grade inflammation and oxidative
stress. Therefore, targeting inflammatory pathways and suppressing
oxidative stress may contribute to inhibition of initiation,
proliferation and even cancer metastasis and subside resistance to
chemotherapy and radiation. Salix extracts, by possessing both anti-
inflammatory and potent antioxidant potential, are promising natural

sources in fighting cancer. The antiproliferative activities of Salix
extracts were determined by cell viability percentages and ICs, values
using several in vitro assays. The most commonly utilized cancer cell
lines were human acute lymphoblastic leukemia (ALL cells), human
acute myeloid leukemia cells (AML cells), PC3 cells (Prostate cancer
cells), Hep G2 cells (Liver cancer cells), HCT116 (Colorectal cancer
cells), MCF7 (Breast cancer cells), HT-29 and HCT 116 (human
colon COX-2 positive and negative cells respectively), A549, SW2
cells, and human lung cancer cell line (H1299).

It was observed that a fraction of Salix extracted by non-polar
solvents such as (petroleum ether, ether, and chloroform) has the
minimum killing potential against AML cells while fraction
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extracted by polar solvents such as 70% ethanol and water has
major destructive effect on AML cells (EI-Shemy et al., 2003).
Thus, Salix cytotoxic activity could be attributed to the
polyphenolics, tannins, and glycosides, that are commonly
dissolved in water or ethanol solutions including salicin and
saligenin. When salicin is tested against leukemic cells it caused
destruction of myeloblasts by 70-75%. Eight compounds isolated
from S. hulteni Flod (1-p-coumaroyl-B-D-glucoside,
aromadendrin, catechin, 4-hydroxyacetophenone, picein,
sachaliside 1, naringenin and dihydromyricetin) were tested

for their cytotoxic potential against brine shrimp and a human
lung cancer cell line (H1299). Naringenin, aromadendrin,
catechin, and 1-p-coumaroyl-B-D-glucoside showed mild
cytotoxic activity, with dihydromyricetin showing the strongest
cytotoxic  effects.  4-Hydroxyacetophenone, picein, and
sachaliside one did not show a significant cytotoxic activity
indicating that flavonoid compounds are responsible for the
cytotoxic effects of S. hulteni Flod. (Jeon et al., 2008). Brine
shrimp lethality test is commonly used to test cytotoxic effects of
natural products. The methanol extract of S. nigra exerted
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TABLE 1 | Anti-bacterial activity of Salix species.

Genus Salix: Updated Review

Effects References

MIC = 62.5-250 pg/ml Masika et al. (2005)

Fayaz and Sivakumaar
(2014)

MIC = 125 pg/ml
250 pg/ml for lactobacillus

Inhibition zones with an average diameter of
13.38 £2.22 mmMIC50 =70.4 + 17.41 mg/ml

Popova and Kaleva
(2015)

Gonzélez-Alamilla et al.
(2019)

MIC = 0.78 mg/ml for Listeria monocytogenes,
MIC = 0.39 mg/ml for S. aureus

Bacteria Extract/Compound Used method
B. subtilis S. capensis thunb. Bioautographic assay on TLC plate,
S. aureus Bark microplate dilution method broth culture
E. coli catechol
P. eruginosa 2-hydroxybenzyl
alcohol
S. mutans S. alba L. bark Disc diffusion method
S. aureus methanol extract
Lactobacillus
sp
E. coli Aqueous extracts of Agar-gel diffusion method and twofold
Salmonella S. babylonica serial dilutions on mueller-hinton s agar
enterica L. leaves
E.coli, Hydroalcoholic Broth microdilution method
S.aureus extract, fractions, and
Listeria subfractions of
monocytogenes S. babylonica L
P. eruginosa Methanol extracts of Broth microdilution method, skim milk agar

S. tetrasperma roxb. Stem  method

bark and flower

Inhibition of swimming and swarming motilities,
and proteolytic and hemolytic activities

Mostafa et al. (2020)

TABLE 2 | Antifungal, anthelmintic and anti-retroviral activity of Salix species.

Micro-organism Extract/compounds  Used method
Fungi
Fusarium oxysporum Ethanol extract of S.

babylonica L. root

Poisoned food technique

Effects References

Good fungicidal activity at 20% concentration Sati et al. (2013)

Candida guilliermondii, C. Methanol extract of S.  Broth microdilution method, fiter ~ MIC = 800 pg/ml, 800 ug/ml and 1,600 pug/ml Zarger et al.
glabrata and alba L. leaves disc assay and growth curve study  respectively. Inhibition i.e. 12 mm for C. glabrata (2014)

C. parapsilosis followed by 11 mm measured in C. parapsilosis. C.

guilliermondii inhibition was 10 mm

Parasites

Hemonchus contortus, Leaves of S. Oocyst and egg count technique 20 ml oral doses decrease oocyst and egg count in  Salem et al.
Eimeria babylonica L. extract in goat and sheep both species (2017)

Cooperia, Chabertia,
Dictyocaulus,

Moniezia, and Ostertagia

Bonostomum sp.,
Strongiloides

papillosus, and
Nematodiruss pathiger

Nematodirus battus
Virus

HIV-1

Leaves extract of S.

babylonica L McMaster method

S. egyptiaca L. Pl
extract

concentration dependent cytotoxic effects against brine shrimp
indicating promising cytotoxic effects (Ahmed et al, 2016).
Willow bark extract (A pharmaceutically used extract BNO
1455) and its fractions (flavonoids, proanthocyanidins, salicyl
alcohol derivatives) showed dose dependent cytotoxic effects
against human colon and lung cancer irrespective of their
COX-2 selectivity (Hostanska et al., 2007). S. caprea L. exerted
a protective effect against phorbol ester induced skin tumor
promotion when applied to the skin of mice prior to the
application of phorbol ester. Anti-tumor activity of S. caprea
L. may be attributed to potent antioxidants constituents of S.

Salt floatation technique and

XTT method. Inhibition of p24 Ag
production level assay

Hernandez et al.
(2014)

The extract caused egg and worm count reductions in
lamb feces by 47% vs. the control lambs

Eftekhari et al.
(2014)

The ICso in Hela infected cells was 45 pg/ml 100 ug/
ml extract inhibited the production of HIV-1 p24 Ag by
more than 80%

caprea L. such as luteolin, dihydrokaempferol
(Sultana and Saleem, 2004).

and quercetin

Neuroprotective Effect

Only few studies investigated the effect of Salix species on central and
peripheral nervous system. Virupaksha et al. (2016) investigated the
effects of S. tetrasperma Roxb. leaf extract on locomotor activity and
muscle relaxant activity. They demonstrated that the extract
decreased locomotor activity indicating central nervous system
(CNS) depressant activity and induced a decrease in fall off time
due to loss of muscle grip implying skeletal relaxation (Virupaksha
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TABLE 3 | Invitro antioxidant activity of Salix species.

Plant part

Stem and leaves

Leaves

Leaves

Leaves

Male inflorescence

Flowers

Leaves, bark,

catkins
Bark

Bark

Leaves and young
stems
Leaves and male

inflorescence catkin

Bark

Bark

Extract/compound

Four sulfated flavonoids (taxifolin-7-sulfate,
dihydrokaempferol-7-sulfate, eridictyol-7-
sulfate andnaringenin-7-sulfate) isolated from
hybrid species of Salixxalberti L

Methanol extracts of S. purpurea L., S. cinerea
L., Salixxsmithiana willd., S. alba L., S.
eriocephala michx., Salixxrubra huds

Ethyl acetate extract of S.tetrasperma roxb

Methanol extract of S. mucronata andersson

Methanol extract of S. egyptiaca L

Ethanol extract of S. caprea L

Cyclohexane, butanol, ethanol and water
extract of S. egyptica L
Hot ethanol extract of S. alba L

S. alba L., S. daphnoides Vill., S. purpurea L.,
and S. daphnoides Vill. x purpurea L. hybrid
willow clones

Hydroethanolic extract of S. alba L.

S. matsudana Koidz. S. aegyptiaca L. S.
babylonica L. S. excelsa S. G. Gmel. S.
acmophylla Boiss.

Gallic acid, quercetin, rutin, vanilin and
acetylsalicylic acid obtained from S.
aegyptiaca L.

Ethanol extract of S. aegyptiaca L.

Method

DPPH

DPPH

DPPH assay

DPPH, ABTS and TAC assays

DPPH and the folin-Ciocalteu
method

DPPH, superoxide hydrogen
peroxide and nitric oxide
scavenging assay

DPPH assay

DPPH and folin-ciocalteu method

ABTS

DPPH

DPPH, superoxide, nitric oxide

and hydrogen peroxide radical
scavenging activity

DPPH

DPPH

Genus Salix: Updated Review

Effects

7-Sulfation of taxifolin and eriodictyol
attenuated but does not remove
antioxidant activity

The scavenging effect ranged between
33.6 (S. purpurea L.) and 45.7% (S. cinerea
L.), 50.7 (S. purpurea L.) to 56.3%
(Salixxrubra huds.)

ICs0 = 65.89 pg/ml

DPPH (ECs0 = 98.76 + 0.46 (ug/ml), ABTS
= 45.83 + 0.32 mm, trolox eq./100 gm
extract and TAC = 199.18 + 2.19 mg
equivalent of ascorbic acid/g extract).
EtOAc fraction derived from MeOH (85%)
extract demonstrated the highest
antioxidant potential; DPPH ECsg = 50.19 +
0.24 (ug/ml), ABTS = 76.22 + 1.61 (mm
trolox eq./100 gm extract) and TAC =
249.86 + 3.74 (mg equivalent of ascorbic
acid/g extract)

Butanol fraction showed the highest
antioxidant potential with an ICsq value of
27.7 pg/ml

At a concentration of 250 pg/ml, 85.04% of
DPPH radicals and at ug/mL 45.97%,
17.97% and 56.53% of O-—, H,O, and
NO, respectively, were scavenged by the S.
caprea L. flower extract

Ethanol extract of the bark (highest
activities, ICsp = 19 ug/ml)

Free radical scavenging activity values
ranged between 12.50, 37.50 and 80.00%
of 10, 50 and 100 pg/ml, respectively

S. daphnoides Vill. x purpurea L. extracts
were the most active ones.

ICso =19.1 pg/ml.

DPPH results ranged from 40.08% (S.
excelsa) to 91.94% (S. aegyptiaca L.) and
S. excelsa S. G. Gmel. displayed the potent
superoxide (99.00%) and nitric oxide
(71.73%) scavenging potential. Similar
activities were found for hydrogen peroxide
radical scavenging (50%) for S. matsudana
Koidz., S. acmophylla Boiss. and S.
babylonica L.. Male inflorescence catkin
extracts, S. excelsa S. G. Gmel (70.63%),
S. acmophylla Boiss. (60.25%) and S.
matsudana Koidz. (62.37%) presented the
most activities in DPPH, nitric oxide and
hydrogen peroxide, respectively. The S.
excelsa S. G. Gmel, S. aegyptiaca L. and S.
babylonica L. showed 99% superoxide
radical inhibition.

gallic acid > quercetin >rutin> vanillin >
acetylsalicylic acid.

Ethyl acetate fraction showed the highest
activity (11 £ 1 pg/ml).
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TABLE 3 | (Continued) Invitro antioxidant activity of Salix species.

Genus Salix: Updated Review

Plant part Extract/compound Method Effects References
Bark S. alba L. DPPH All granulometric classes revealed a high Zaiter et al.
antioxidant activity. The best results were  (2016)
obtained for the 50-100 pm granulometric
class.
Flowers Methanol extract of S.tetrasperma Roxb TAC 30.97 + 2.6, 26.8 + 2.1 U/L for the extract ~ Sobeh et al.
and ascorbic acid, respectively. (2019)
Bark S. atrocinerea Brot., S. fragilis L., and S. DPPH and ABTS. Strong free radical scavenging activity Ramos et al
viminalis L. bark polar extracts (5.58-23.62 pg mL-1 ICs range. (2019)
Leaves and bark n- Hexane, dichloromethane, ethyl acetateand  DPPH and FRAP assays. ICs0 pg/mL = 9.30 - 206.67 for DPPH Tawfeek et al.
n- butanol extracts of S. subserrata Willd. assay and 2.90-26.89 mM FeSO,/mg (2019)
extract for FRAP assay.
bark and leaves S. alba L., S. amplexicaulis Bory & Chaub., S.  DPPH and OH radical ICs0 of DPPH ranged from 1.83-7.79 pg/  Gligoric et al.
babylonica L., S. eleagnos Scop., S. fragilis L.,  scavenging assay. mL in bark and 1.95-8.07 pg/mL in leaves  (2019)
S. purpurea L. and S. triandra. L. extracts of different species of the genus
Salix
TABLE 4 | In vitro antiproliferative effects of Salix species.
Extract/compound Cell line Methods Results Mechanism of References
action
Aqueous extract from S. safsaf  AML Trypan blue exclusion Killed most of the blasts of Cells are killed through El-Shemy
forsk test acute myeloid leukemia denaturation of some et al. (2003)
(AML, 73.8%) enzymes and proteins that
are induced by salicin and
saligenin
Aqueous extract of leaves ALL and AML Trypan blue exclusion A remarkable destruction of Unknown receptorsonthe  EI-Shemy
extract of S. safsaf forsk. test lymphoblasts (75%) was surface of leukemic cells et al. (2007)
Salicin and saligenin observed after 24 h incubation  may be binding with Salix
of the mononuclear ALL cells extract compounds and
with extract. Similar trends leading to DNA
were observed for destruction
mononuclear AML cells. The
mean viability of willow extract
treated cells was 26.2%
Salicylalcohol derivatives, Human colon WST-1 assay and Gls 33.3-103.3 ug/ml for ND Hostanska
flavonoids, proanthocyanidins,  cyclooxygenase-2 (COX-2)- propidium iodide uptake  flavonoids and et al. (2007)

and salicin isolated from willow
bark extract BNO 1455

positive HT 29 and (COX-2)-
negative HCT 116 or lung
COX-2 proficient a 549 and
low COX-2 expressing SW2
cells

apoptosis

et al, 2016). The CNS depressant activity of the extract was
attributed to binding of flavonoids to gamma-aminobutyric acid
(GABA) receptors in the CNS (Hossain et al., 2009). Another study
from our laboratory investigated the possible protective effect of S.
tetrasperma Roxb. on neuropathic pain model, chronic constriction
injury of sciatic nerve model. In this work, we explored the effects of
the extract on central and peripheral nervous system in this model.
We showed that the extract improved hyperalgesia and allodynia,
the major signs of neuropathic pain through inhibition of oxidative
stress and inflammation in sciatic nerve and brain stem (Sobeh et al.,
2019).

Hepatoprotective Effects
S.  subserrata  Willd. flower extract showed marked
hepatoprotective effects mostly through lowering the elevated

by flow cytometry,
annexin V adhesion
using flow cytometry for

proanthocyanidins fractions
and 50.0-243.0 pg/ml for
salicyl alcohol derivatives and
extract

liver enzymes and decreasing the protein levels of two
inflammatory biomarkers (NF-kB and TNF-a) in carbon
tetrachloride (CCly)-induced liver damage model (Wahid
et al,, 2016). It also presented a remarkable ability to reduce
lipid peroxidation and had antioxidant effects related to several
active ingredients that include flavonoids such as quercetrin,
luteolin-7-glucoside, rutin, and quercetin and phenolic
compounds such as salignin and catechins.

Anti-Obesity and Anti-lipidemic Effects

As shown in Table 8, remarkable anti-obesity and anti-lipidemic
effects have been attributed to Salix extracts. The reduction of
parametrial adipose tissue weight and body weight gain, the
reduction of liver total cholesterol contents and inhibition of
the elevated blood triacylglycerol are among the most
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TABLE 5 | In vivo anticancer effects of Salix species.

Genus Salix: Updated Review

Extract/compound Doses Route of Methods Effects Mode of References
administration action
Aqueous extract from  0.2and 0.6 ml  Oral EACC were injected into  The willow extract Promote apoptosis, cause DNA  El-Shemy et al.
the young developing  of extract the intraperitoneal cavity ~ reduced the tumor growth  damage, and affect cell (2007)
leaves of willow (10% w/v) of mice and delayed the death membranes and/or denature
(S.safsaf forsk.) was delayed proteins
Acetone soluble 0.5, 1.0 and Topical 7,12-Dimethyl benz [a] Reductionin tumor Intercept the free radicals and (Sultana and
fraction of S.caprea 1.5 mg/kg application on the  anthracene DMBA- incidence and number of  protect cellular macromolecules ~ Saleem (2004)
L.flowers skin initiated croton oil tumors per mouse ranging ~ from oxidant damage.
(phorbol ester)mice from 20 to 50% and Effectiveness in inhibiting the
50-63% ornithine decarboxylase activity

and maintaining the activity of

phase Il enzymes after toxicant

exposure
TABLE 6 | In vivo neuroprotective effects of Salix species and their major constituents.
Extract/Compound Doses Route Model Effect References
Ethanol and aqueous extracts of S. 200 and Oral Mice Decrease locomotor activity indicating CNS depressant activity ~ Virupaksha et al.
tetrasperma roxb. Leaves 400 mg/kg in mice and has muscle relaxant activity (2016)
Methanol extract of S. tetrasperma roxb. 200 and Oral CCl rat Relieve hyperalgesia and allodynia responses Sobeh et al. (2019)
FLowers 400 mg/kg model

TABLE 7 | In vivo hepatoprotective effects of Salix species and their major constituents.

Extract/Compound Doses Route Model Effect References
Ethanol extract of S. 150 mg/kg Oral CCly-induced chronic The elevated serum levels of intracellular liver enzymes and the  Wahid et al.
subserrata willd. Flowers hepatotoxicity in rats expression levels of TNF-a and NFkB proteins were reduced  (2016)
S. caprea L. flowers 50, 100, Oral Mice injected with ferric Decreased hepatic lipid peroxidation, increased hepatic Alam et al.
150 mg/kg nitrilotriacetate (FENTA) glutathione (GSH) content and the activities of antioxidant (2006)
enzymes (catalase (CAT), glutathione reductase (GR) and
glutathione peroxidase)
TABLE 8 | In vivo anti-obesity and anti-lipidemic effects of Salix species and their major constituents.
Extract/compound Doses Route of Model Effects References
administration
Ethanol extracts prepared 250r10g Supplemented in HFD mice Decreased body weight and parametrial ~ Liu (2012)
from S. babylonica L. leaves (extract)/kg food diet adipose tissue weight
Ethanol extracts prepared 10% Supplemented in Rats orally administered 1 mlof a  The extracts inhibited the elevation of Liu (2012)
from S. babylonica L. leaves diet lipid emulsion composed blood triacylglycerol
Polyphenol fractions of 5% Supplemented in HFD mice Decreased body weight and reduced Han et al.
S. matsudana koidz. Leaves diet the hepatic total cholesterol content (2003a)

prominent, directly attributed to its ability to inhibition of
intestinal absorption of dietary fat (Liu, 2012). These effects
have been mostly attributed to polyphenol fractions
(apigenin-7-O-D-glucoside, luteolin-O-D- glucoside and
chrysoeriol-7-O-D-glucoside) which inhibited palmitic
acid incorporation into small intestinal brush border
membrane vesicles (Han et al., 2003). It was reported that

methanol extract of S. pseudo-lasiogyne H. Lév. twigs and
salicortin derivatives reduced lipid accumulation in a
concentration-dependent manner. They inhibited the
differentiation of adipocytes in 3T3-L1 cells. The 2',6'-
O-acetylsalicortin exhibited the most potent inhibitory
activity with ICsq = 11.6 pM. It remarkably downregulated
the expressions of sterol regulatory element binding protein
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1 (SREBP1c) and CCAAT/enhancer binding protein a (C/
EBPa). Thus, salicortin derivatives possessed anti-
adipogenic effects via down-regulation of SREBPlc and
C/EBPa dependent pathways (Lee et al., 2013).

CONCLUSION AND FUTURE
PERSPECTIVES

The current review outlined the complete research progress in the
phytochemistry, traditional use and pharmacology of genus Salix
plant extracts and constituents. Salix extracts and some of its
components exerted potent antioxidant, anti-inflammatory,
antiproliferative, and antimicrobial properties confirming the
traditional use of willow extracts in folk medicine. They also
demonstrated substantial abilities in suppressing inflammatory
pathways, both in cancer prevention and treatment, and in other
chronic diseases. Thus, as a potential perspective, Salix extracts
alone or their isolated active components should be examined
more thoroughly, and its anti-HIV, hepatoprotective and
neuroprotective therapeutic approach should also be discussed.
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GLOSSARY

ABTS 2,2'-azinobis-(3- ethylbenzothiazoline-6-sulfonic acid)

AIDs Acquired immunodeficiency syndrome
Apif Apiofuranosyl

Araf Arabinofuranosyl

Arap Arabinopyranosyl

CCly Carbon tetrachloride

C/EBPa CCAAT/enhancer binding protein a
DPPH 2,2-Diphenyl, one- Picryl Hydrazyl
EACC Ehulich ascites carcinoma cells
EtOAC Ethyl acetate

FRAP Ferric reducing antioxidant power
Glac Galactosyl

Glc Glucosyl

Gluc Glucuronoyl

Hex Hexosyl

HFD High-fat diet

HIV Human immunodeficiency virus

Genus Salix: Updated Review

IC5¢ Half maximal inhibitory concentration
MeOH Methanol

MIC Minimal inhibitory concentration
NF-kB Nuclear factor kappa-B

ORAC Oxygen radical absorbance capacity
Pent Pentosyl

Ph Phenyl

Rh Rhamanosyl

Rut Rutinosyl

SREBPIc Sterol regulatory element binding protein 1
TAC Total antioxidant capacity

TFC Total flavonoid content

TLC Thin layer chromatography

TNEF-a: Tumor necrosis factor-alpha
TPC Total phenolic content

XTT 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H- tetrazolium-5-
carboxanilide

Xylp Xylopyranosyl.
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There is accumulating evidence showing that hyperglycemia conditions like diabetes
possess a greater risk of impairment to the neuronal system because high glucose levels
exacerbate oxidative stress, accumulation of amyloid-beta peptides, and mitochondrial
dysfunction, and impair cognitive functions and cause neurodegeneration conditions like
Alzheimer’s diseases. Due to the extensive focus on pharmacological intervention to
prevent neuronal cells’ impairment induced by hyperglycemia, the underlying molecular
mechanism that links between Diabetes and Alzheimer’s is still lacking. Given this, the
present study aimed to evaluate the protective effect of piperine on streptozotocin (ST2)
induced hyperglycemia and candidate gene expression. In the present study, rats were
divided into four groups: control (Vehicle only), diabetic control (STZ only), piperine treated
(20 mg/kg day, i.p), and sitagliptin (Positive control) treated. The memory function was
assessed by Morris water maze and probe test. After treatment, biochemical parameters
such as HOMA index and lipid profile were estimated in the serum, whereas histopathology
was evaluated in pancreatic and brain tissue samples. Gene expression studies were done
by real-time PCR technique. Present data indicated that piperine caused significant
memory improvement as compared to diabetic (STZ) control. The assessment of
HOMA indices in serum samples showed that piperine and sitagliptin (positive control,
PC) caused significant alterations of insulin resistance, f3 cell function, and insulin sensitivity.
Assessment of brain and pancreas histopathology shows significant improvement in tissue
architecture in piperine and sitagliptin treated groups compared to diabetic control. The
gene expression profile in brain tissue shows significantly reduced BACE1, PSENT,
APAF1, CASPASES, and CATALASE genes in the piperine and sitagliptin (PC) treated
groups compared to Diabetic (STZ) control. The present study demonstrated that piperine
not only improves memory in diabetic rats but also reduces the expression of specific AD-
related genes that can help design a novel strategy for therapeutic intervention at the
molecular level.

Keywords: neuroprotection, gene expression, hyperglycemia, piperine, Alzheimer’s
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INTRODUCTION

There is growing evidence showing a link between Diabetes
mellitus (DM) and Alzheimer’s disease (AD). However, the
mechanism is not known yet at the molecular level
(Butterfield et al.,, 2014). The intricate link between these two
diseases might be due to the dysregulation of blood sugar levels in
the body that affects many cells, including brain cells in the
central nervous system (CNS) (Malone, 2016). Blood glucose
homeostasis is a well-coordinated physiological process
controlled by hormone insulin and glucagon released by the
pancreas (Roder et al.,, 2016). Alteration in blood sugar levels in
conditions like hyperglycemia deteriorates brain cells and its
functions, leading to the development of mild cognitive
impairment, which is the early stage of AD (Duarte, 2015). A
higher level of glucose not only increases amyloid-beta
production in the brain but affects tau phosphorylation in the
brain (Mullins et al, 2017). There is accumulating evidence
showing that hyperglycemia conditions like diabetes possess a
greater risk of impairment to the neuronal system (Gonzélez-
Reyes et al., 2016; Pruzin et al., 2018; Rojas-carranza et al., 2018)
because high glucose levels exacerbate oxidative stress,
accumulation of amyloid-beta peptides, and mitochondrial
dysfunction, and impair cognitive functions, and cause
neurodegeneration conditions like Alzheimer’s diseases
(Macauley et al., 2015; Gaspar et al., 2016; Kim et al.,, 2016;
Rom et al.,, 2018; Silzer and Phillips, 2018). It is well established
that administration of dexamethasone and streptozotocin (STZ)
induced hyperglycemia in rodents (rats), resulting in increased
levels of amyloid aggregation, tau phosphorylation, synapses loss,
impairment of memory performance, and cognition deficit. STZ
is commonly used to induce diabetes in rats. STZ uptake by
pancreatic f cells is detrimental for § cells as STZ causes the
generation of reactive oxygen species (ROS) (Vessal et al., 2003).
It also results in cognitive impairment, glucose metabolism
dysfunction, oxidative stress, and phosphorylation of tau
protein resulting in neuronal cell death, a hallmark feature of
AD (Salkovic-Petrisic et al., 2013; Moreira-Silva et al., 2018).

Oxidative stress is also responsible for many metabolic and
neurologic disorders such as Alzheimer’s disease, Parkinson’s
disease, cardiovascular disease, diabetes, and cancer (Kumar et al.,
2015). In AD, oxidative stress is triggered by the accumulation of free
radicals in the brain that leads to neuronal cell damage. Some of the
genes that play a crucial role in amyloid processing, apoptosis, and
oxidative stress are BACE1, PSEN1, APAF1, CASPASE3, and
CATALASE. Hence, decreasing the expression levels of specific
genes involved in apoptosis and oxidative stress pathways by
particular therapeutic intervention will be an attractive strategy to
counter neurodegeneration in a disease like AD. Several foods,
nutrients, and phytocompounds such as resveratrol and curcumin
have been investigated for preventive and intervention approaches
that might help to prevent diabetes-related cognitive impairment
(Mazzanti and Di Giacomo, 2016). Because of these, the present study
demonstrated the neuroprotective effects of piperine on a high rich
sucrose diet with Dexamethasone and STZ induced hyperglycemia
and memory impairment in rats and relevant gene expression profile
to address the molecular mechanism underlying the pathway.

Piperine Mediated Gene Expression and Neuroprotection

MATERIAL AND METHODS

Materials

Roswell Park Memorial Institute (culture medium) (RPMI1640),
Fetal bovine serum, penicillin (100 U/ml), and streptomycin
(100 ug/ml) were purchased from Himedia, India. The general
chemicals were also purchased from Sigma or Merck, India. The rat
pheochromocytoma (PC12) cells line used in the present study
were obtained from the National Center for Cell Science, Pune,
India.

GC-MS Analysis for Authentication of
Piperine

The commercially procured piperine sample was identified using
GC-MS for its authentication and purity check. GC-MS analysis
was achieved using GC-MS-QP2010 Plus, with 230°C and 270°C
selected for ion source and an interface temperature, respectively.
An Rtx 5 MS capillary column (Restek Company, Bellefonte,
United States) with 30 m (length) x 0.25 mm (diameter) x 0.25 um
(film thickness) was used with a solvent cut time of 3.50 min, a
threshold of 1,000 eV, and a mass range of 40-650 m/z settings
input, as described previously (Chowdhury and Kumar, 2020). In
brief, a 260°C injector temperature was programmed from 50°C for
2 min and further increased for up to 250°C with a rate of 4°’C/min
(3 min hold), followed by an increase of 280°C with a rate of 10°C/
min (7 min hold). The peak obtained was compared with the
spectrum of the known compounds available in the National
Institute of Standards and Technology, U.S. Department of
Commerce, and Wiley (John Wiley & Sons Ltd.) libraries.

Animals and Treatments

Development of Type -2 Diabetic Animal Model and
Experimental Design

The healthy colony bred albino rats were used to develop a type 2
diabetic animal model with a weight of 150 gm to 200 gm. The
rats were fed with a high sucrose diet, and dexamethasone
intraperitoneal injections were administered (1.0 mg/kg/day
i.e, for 20 days). A single dose of STZ (40 mg/kg) was given
on the 21st day to properly develop the diabetic status (Chao
et al, 2018). After the development of imbalance in glucose
homeostasis through the sucrose feeding with dexamethasone,
the mild dose of STZ (40 mg/kg) aggravated the induction of type
2 diabetes and started the treatments of piperine and sitagliptin
from the next day as following the modified method of Ghasemi
et al. (2014). The diabetic status was confirmed by monitoring
glucose levels and insulin production by calculating glucose
homeostasis (HOMA). The animals were kept under
controlled environmental conditions as per CPCSEA norms.
All the experimental protocols were approved by IAEC
(Institutional Animal Ethical Committee) registered under the
CPCSEA, India (Reg. No.1646/GO/a/12/CPCSEA valid up to
27.03.23).

The experimental design [1s(b)] was categorized into two
comparative sets of control groups and treatment groups
(Supplementary Material). The control groups consisting of
two groups ie., vehicle control and diabetic control, whereas
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treatment groups were divided into two groups i.e., piperine
treatment groups and sitagliptin treated groups (Positive control).
Each group consisted of seven animals (n = 7). The contributing
animal groups were categorized as follows.

Group A: Vehicle control (VC)

Group B: Diabetic control (STZ)
Group C: Piperine treatment (STZ/PIP)
Group D: Sitagliptin group (STZ/SITA)

Both piperine (20 mg/kg/day) and Sitagliptin (25 mg/kg/day)
were administered daily for 4 weeks during the course of the
experiment. The dose of 20 mg/kg/day of piperine is considered
the standard dose, also mentioned in the literature (Ren et al,,
2018; Guo et al., 2020).

Morris Water Maze

To evaluate the neurocognitive damage in these animal groups, a
spatial memory task was used. Morris water maze (MWM) was
employed to compare the spatial task performances of diabetic
rats with that of control animals. The procedure for the training
and assessment of behavioral task was carried out as described
elsewhere (Dasari et al., 2016).

Animals were allowed to swim in a circular tank filled with
water and a hidden (1 cm below the water level) platform in an
isolated area. On the first day, animals were dropped on the
opposite quadrant (in relation to the hidden platform), and the
time required for finding the platform was noted as escape
latency. If any animal could not find the platform within
3 min of exposure, they were guided to the platform, and the
escape latency was noted as 180 s. Once the animal has reached
the platform, it was allowed to rest there for 1 min. On the first
day, three training trials were given with a gap of 30 min between
tests. However, escape latency (Day 0) was recorded from the first
trial only. On the 2nd day, escape latencies (Day 1) of animals
were recorded with a single trial releasing the animals from the
opposite quadrant. On the third day, escape latencies (Day 2)
were noted with releases from the opposite quadrant, left
quadrant, and right quadrant with respect to the quadrant
where the platform was hidden. The hidden platform was
removed on the fourth day (probe test), and the times the
animal spent in all the quadrants were noted during a
swimming session of 3 min.

Serum Biochemistry of Insulin, Glucose and Glucose
Homeostasis (HOMA)

The HOMA was calculated for insulin and glucose by following
the standard formula of Matthews et al. (1985).

S. No Morphological variable name

Somatic perimeter (um)
Somatic area (um?)
Somatic aspect ratio
Somatic compactness
Somatic form factor
Somatic roundness

OO WN =

Piperine Mediated Gene Expression and Neuroprotection

HOMA - 1R

_ Fasting Insulin (U/L) x Fasting Glucose (mmol/L)
- 22.5

1
I li itivity (IS) =
nsulinsensitivity (IS) [ (Insulin (U/L) x Log (glucose (mmol/L))]

20 x fasting Insulin (U/L) B

HOMA - =
P fasting Glucose (mmol/L)

3.5

Lipid Profile

The lipid profile parameters, total cholesterol, triglyceride, HDL-
cholesterol, VLDL-cholesterol, LDL-cholesterol, and atherogenic
indices of plasma were calculated by following standard methods
using the Fieldward formula (Dobidsovéd and Frohlich, 2001; Ram
et al., 2020).

LDL - C (mg/dL) = TC (mg/dL) - HDL - C (mg/dL)
- TG (mg/dL)/5.

Histopathology of Pancreases and Brain

The animals were sacrificed after four weeks of experimentation
(28 days) by cervical dislocation as per standard norms and
further proceeded for histological preparations.

Pancreas Histology. The pancreatic histology was evaluated by
following the paraffin sectioning following ascending and
descending dehydration with hematoxylin-eosin (H&E) staining
(Saravanan et al., 2017). The microphotography of stained slides of
the pancreatic islets of the Langerhans performed by the Radical
microscope (Model No. RXLr-5), India attached with supported
software of ProgRes® SpeedXT core 5 by Jenopatric, Germany.

Histopathology of Brain Tissues. Paraffin sections were stained
with Cresyl violet to study the neurodegenerative and
cytoarchitectural changes. 10 um thick coronal sections were cut
using a rotary microtome. Sections passing through the hippocampus
(bregma —1.8 mm to —5.8 mm) were stained with cresyl violet.

Morphological Variables

To measure the effects of various treatments on hippocampal
neurons, neuronal cells were subjected to morphological
parameters somatic perimeter (um), somatic area (um?),
somatic aspect ratio, somatic compactness, somatic form
factor, and somatic roundness. Both area and perimeter can be
used to mark the size, and the rest can be assigned to the shape of
a neuron. The following table depicts the methods and formulas
for calculating the morphological variables (McGarry et al., 2010).

Abbreviation Formula

SP The perimeter of the Soma

SA Area of Soma

SAR Max diameter of soma/min diameter of soma
SCom [(4/m)*Area)"?/max diameter

SFF (4n*Area)/(Perimeter?)
SRo (4*Area)/(r* max diameter?)
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Cell Counting

Brain areas were identified using the brain atlas, and slides were
examined under an Olympus Ch20i microscope. Images were
captured, and cell count was performed using Image]. Only
neurons with clear somatic nuclei and nucleolus were counted.
To obtain an unbiased estimate of cell numbers, Abercrombie’s
correction factor was applied to total cell count, which
compensates for the over counting of sectioned profiles, using
the equation:

ety

M+L
P is the corrected value, A is the raw density measure, M is the
thickness of the section (in micrometers), and L is the average

diameter of cell bodies along the axis perpendicular to the
section’s plane (Abercrombie, 1946).

To Determine the Cytoprotective Activity of
Piperine Against H,O, Induced Oxidative
Stress and Ap4.42 Induced Toxicity in PC12

Cells

RPMI-1640 media enriched with 10% heat-inactivated fetal
bovine serum and 1% penicillin (100 U/ml), streptomycin
(100 U/ml) was used to maintain PC12 cells in a carbon
dioxide (CO,) incubator at 37°C in a T-25 flask. The
protective effect of piperine against H,O, induced oxidative
stress in PC12 cells was determined by supplementing the cells
with different piperine concentrations and performing an MTT
assay described previously (Chowdhury and Kumar, 2020). In
brief, cells were pre-treated with piperine at concentrations
ranging from 1uM to 0.25uM for 2h before exposure to a
half-maximal (ICsp) concentration of H,0, (100puM final
concentration). In another experiment, piperine’s protective
effect was determined against Af;4 (40uM  final
concentration) induced toxicity. In this experiment, AP 4,
pre-formed fibrils were used to induce toxicity to PC12 cells.
MTT assay was carried out, and absorption was read at 570 nm
using a UV spectrophotometer (Molecular Device Spectramax
M3, equipped with Softmax Pro V 5.4.1 software).

Gene Expression Studies

RNA Isolation

Total RNA was extracted from each mice group’s cerebral cortex
brain tissue using the standard Trizol method (Chomczynski
1993). The RNA quantity and purity were estimated by analyzing
their A260/A280 ratio using the NanoDrop spectrophotometer
(Thermo scientific). For further confirmation, the isolated RNA
was analyzed by 1.2% agarose gel electrophoresis and visualized
using the Alphalmager Gel documentation system (Alpha
Innotech Corporation, CA, United States).

cDNA Preparation

Total RNA isolated from four different treatment groups
i.e, untreated group (Vehicle control), Streptozotocin (STZ)
treated group (Diabetes control), piperine plus STZ treated

Piperine Mediated Gene Expression and Neuroprotection

group, and sitagliptin plus STZ treated group (Positive
control), were used as a template for the cDNA synthesis.
Around 4pug total RNA was used for first-strand cDNA
synthesis by following the manufacturer’s protocol.

Quantitative Real-time PCR was performed with the SYBR
green PCR master mix kit with the following thermocycling
conditions: Gene-specific primers for all the genes were
designed manually using the exon-exon junction region amplify,
and their specificity was examined through Primer Blast software
of NCBI. OligoAnalyzer tool was used to calculate the Tm of the
primers. The forward and reverse primers sequences for the
following genes were as follows: forward 5'-CTCTTCCCAGGA
CAACTCC-3' and reverse 5'-TGAGTGGCCTGACTTTTGAC-3'
for Apafl, forward 5'-GGAGCTTGGAACGCGAAGA-3' and
reverse 5'-CATCGGTACCATTGCGAGC-3' for Caspase3,
forward 5'-CAAGAGCTGCTGTCCAGGA-3' and reverse 5'-
GTAAGGCACAGGCCGATCA-3' for Presenilin-1, 5'-ACC
AACCTTCGTTTGCCCAA-3' and 5-CACCAATCAGTCCTT
CCGC-3' for BACE-1, 5-CTTCTGGAGTCTTTGTCCAG-3'
and 5-CCTGGTCAGTCTTGTAATGG-3' for Catalase, forward
5'-AGATCAAGATCATTGCTCCTC-3' and reverse 5'-CGCAGC
TCAGTAACAGTCC-3' for B-actin. f-actin was used as an
internal control. The melting curve obtained was analyzed, and
the relative expression of transcripts was quantified by 2-** value
method (Livak and Schmittgen 2001).

Molecular Docking

Docking studies were carried out using the SwissDock server
(Grosdidier et al,, 2011). The X-ray crystallographic structure of
APAF1(PDB code: 1Z6T), BACE1(PDB code: 4D8C),
PSEN1(PDB code: 6IDF), Catalase (PDB code: 1TGU) and
Caspase 3(PDB code: 3DEK) were retrieved from Protein Data
Bank. The missing hydrogen atoms and charges were added by
DockPrep application within UCSF Chimera, followed by energy
minimization using Gasteiger charges (Pettersen et al., 2004). The
structure of piperine was downloaded from PubChem in sdf
format and converted to. mol format. Docking of piperine with
proteins was carried out using the default parameter of the
SwissDock server.

Statistical Analysis

All the data represent the means + standard deviation of triplicate
determinations. The student t-test was performed for statistical
analysis using online software, GraphPad. The significance value
of p < 0.05 was considered significant, and p < 0.01 was
considered very significant, and p < 0.001 was extremely
significant.

RESULTS

Characterization of Piperine

For piperine’s characterization, the GC-MS of commercially
procured piperine was compared with the fragmentation
pattern of piperine structure present in the NSIT library
(Figure 1A). The chromatogram shows the presence of three
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very minor peaks of 3-cyclohexene-1-methanol, alpha, alpha,4-
trimethyl-, acetate; piperidine, and pyrrolidine, 1-[5-(1,3-
benzodioxol-5-yl)-1-0x0-2,4-pentadienyl]- (E,E) with area
percentage of 0.97, 0.40, and 1.12, respectively. Though the
sample showed a strong peak of piperine with an area of 97.51%.

Effect of Piperine on the Viability of PC12

Cell Against H>0, Induced Oxidative Stress
The PC12 cells were pre-treated with piperine, followed by
H,0, induction to determine the protective effect of piperine
against H,0O, induced oxidative stress. At 1puM final
concentration of piperine, 99.39 + 4.70% percentage of
viability was observed as compared to the negative control
(H,O, only) (Figure 2A), showing that piperine significantly
protected PC12 cells against H,O, induced oxidative stress
(p < 0.01).

Effect of Piperine on the Viability of PC12
Cells Against Af4.42 Induced Toxicity

To study the protective effect, PC12 cells were pre-treated with
varying concentrations of piperine (0.25-1uM). The pre-
treatment of piperine prior to induction of AP; 4, fibrils
(40 uM), showed concentration-dependent attenuation of Af;.
42 induced toxicity, with maximum cell viability of 78.28 + 13.90%
as compared to the negative control at 1 uM concentration of
piperine (Figure 2B).

Effect on Glucose Homeostasis (HOMA) and

Lipid Profile of Serum

Effect of Treatments in Glucose Homeostasis (HOMA)
The significant (p < 0.001) increased insulin resistance (IR), S-cell
function (B%), and insulin sensitivity (S%) were seen in the
diabetic group in comparison to the vehicle control group.
Accordingly, the insulin and glucose levels were represented
its levels in the diabetic group. Although the piperine and
sitagliptin, treatments caused significant alterations in HOMA
indices of IR, p%, and S%. Accordingly, reductions were observed
in levels of insulin and glucose (Figure 3).

Effects of Treatments in Lipid Profile and Al

In the diabetic group, lipid profile (total cholesterol, LDL-
cholesterol, VLDL-cholesterol, and triglyceride (Tg)), as well as
the atherogenic index (AI = log(Tg/HDL)), were elevated
significantly in comparison to the vehicle control group. The
piperine and sitagliptin treatments made significant reductions in
lipid profile and AI (Figure 4).

Effects of Piperine on Learning and Memory
in STZ-Treated Rats

The cognitive-behavioral task was evaluated through MWM. The
water escape task evaluates spatial learning and memory. On
day 1, when the animals were exposed to a circular water tank

Piperine Mediated Gene Expression and Neuroprotection

for the first time, diabetic group B took the maximum time to
find the hidden platform. In contrast, the sitagliptin-treated
group D took the lowest time, which was even better than the
control group of rats A (Figure 5A). The piperine-treated group
C demonstrated escape latency that was lesser (38%) than the
Diabetic control B but higher (21%) than the group D.
Interestingly, the swimming speeds of A, D, and C were in
the comparable range (<5% differences), while that of group B
was relatively less (~17%) compared to other groups. Similarly,
group B showed the most unsatisfactory performance in terms
of path length and cumulative path distance. Contrary to these
observations, swim path efficiency was better in group B and
group C.

Exposure to the same task after 24 h evaluated the memory
function of the animals. The animals of group B took the longest
time to escape with the longest path and slowest swimming speed
(Figure 5B). Though group B animals’ path efficiencies were very
close to that old vehicle control animals, their slow swimming
speed increased the nominal high path length (15%) into a
considerably higher cumulative distance (100%). On the other
hand, PR and SR animals showed very good escape latency, path
length, cumulative distance, and swimming path efficiency. Their
values were comparable for these parameters, even in the
presence of significant differences in swimming speed. The
swimming speed in SR was lesser than group C and was
comparable to group B.

There were increases in escape latencies, path length,
cumulative distance, and decreases in swim path efficiencies
for groups A, D, and C on day 3 compared to that2 for the
same task performances (Figure 5C). Nevertheless, cumulative
distance, path length, and escape latency of group B were high
with lower swim path efficiency, in comparison to group D and
group C. The speed of swimming in B was in between that of D
and C.

When the starting point for the task changed by +90° or —90°,
DR animals performed very poorly in swim path efficiency.
However, variations in performances of D and C were also
noted. Even group A animals also deteriorated in their
performances in some cases. A probe test on day 4 was
carried out to evaluate the cognitive functions in the absence
of the hidden platform. Of all the animal groups, the B group
animals spent the minimum time in the target quadrant and
maximum time in the opposite quadrant.

Histopathology

Effect of Piperine on Pancreatic Histoarchitecture of
the Islet of Langerhans

The high sucrose diet and a mild dose of STZ caused significant
alterations in histoarchitecture of the pancreas by promoted
degenerative changes in the islet of the Langerhans as well as
different degrees of necrosis in the nucleus in comparison to the
vehicle control group (Figures 6A,B). The degenerative changes
also were seen in vascular tissues and connective tissues. Whereas
the treatments of piperine and sitagliptin promoted the restoration
of histoarchitectures by increasing cellular mass and subsiding the
necrosis of nucleus of islet cells with rearrangements of vascular
tissues and connective tissues (Figures 6C,D).
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C
[Peak | R. Time | Arca Area% | Name
1 21.288 | 1075054 0.97 3-cyclohexene-1-methanol, alpha.,. alpha. 4-
trimethyl-, acetate
2 55.774 | 438891 0.40 Piperidine
3 57.876 1243172 1.12 Pyrrolidine, 1-[541,3-benzodioxol-5-yl)-1-oxo-

- 2 4-pentadienyl]-, (E,E)-
4 58.521 | 107783203 | 97.51 Piperine

110540320 | 100.00

FIGURE 1 | s(A) Piperine (A) GC-MS chromatogram (B) Mass spectra and fragmentation analysis (C) Peak report.

Effect of Piperine on Brain Tissue Histopathology morphology between the experimental groups. Other
Significant differences were observed in CA3 (Cornu  regions of hippocampus CAl, CA2, and CA4 have not
Ammonis areas) and dentate gyrus (Dg) mneurons  exhibited any marked changes. The present study shows
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FIGURE 2 | Concentration-dependent protective effect of piperine against (A) H,O induced oxidative stress and (B) AB+.42 fibrils induced cytotoxicity in PC12
cells. NC: Negative control (AB1-42 only), PC: Positive control (No AB1.40). Data are presented as mean + SD of three separate experiments performed in triplicate.
*p < 0.05, *p < 0.01 with the negative control (NC).
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FIGURE 3 | Effect of the piperine on glucose homeostasis (HOMA) (A, B, C, and D were experimental group) (See the experimental design in material and methods
section) (Data are means + S.EIM. (n=7); *, p < 0.05 and ¢, *** < 0.001 as compared to the respective control values and g, ### < 0.001 and d = nonsignificant as
compared to the respective values of the diabetic control group). Blue-Vehicle Control (VC); Red-Diabetic control (STZ); Green-Piperine treatment (STZ + PIP); Purple-
Sitagliptin treatment (STZ + SITA).

more significant effects on neuronal soma size as compared to  required to have better synaptic connections and neuronal activities,
neuronal shape factors. which corresponds to enhanced learning ability and memory. SA of

Treatment with dexamethasone reduced the size probably  CA3 neurons in the Diabetics group was 266.40 + 10.72 um?>, whereas
because of the degenerative process. In contrast, treatment it was 306.73 + 13.96 um’ for the control group. Treatment with
with piperine and sitagliptin exhibited recovery, and larger  piperine and sitagliptin increased the SA and found to be 279.15 +
soma could be interpreted as protective effects (Figures 7i,ii). 1671 and 289.15 + 1560 um’, respectively. More significant
Larger soma may have better metabolic and cellular systems  changes were observed in Dg Neurons after dexamethasone
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FIGURE 4 | Effect of the piperine on lipid profile and Al (Atherogenic Index) (Data are means + S.E.M. (n=7); *, p < 0.05 and ¢, *** < 0.001 as compared to the
respective control values and g, ### < 0.001 and d = non-significant as compared to the respective values of the diabetic control group). Blue-Vehicle Control (VC); Red-
Diabetic control (STZ); Green-Piperine treatment (STZ + PIP); Purple-Sitagliptin treatment (STZ + SITA).
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treatment SA was decreased by 18.36 percent, and piperine and
sitagliptin treatment exhibited SA values matching with control
animals (249.15 + 13.76 and 251.95 + 12.98), respectively.

A 23 percent decrease in SP was observed for CA3 neurons in
dexamethasone-treated animals. This was found to approximately
close to control animals in piperine and sitagliptin treated animals;
a change of 10.57 and 3.39 percent was observed, respectively.
Similar observations were evident for Dg also SP for control
neurons was measured 61.63 + 3.67 um and reduced to 51.26 +
1.16 ym in dexamethasone-treated animals, here no doubt to
state that sitagliptin performed better (59.61 + 3.99 um) as
compared to piperine (56.46 + 1.35 um) (Figures 8i,ii].

Morphometry

Cell count shows a decrease in number after dexamethasone
treatment in CA3 and Dg area; this was further restored with
the treatment of piperine and sitagliptin. A significant decrease was
observed both in CA3 and Dg neurons after treatment with
dexamethasone. A close analysis of data exhibited that both the
areas were affected equally with a reduction of 29 and 28 percent,
respectively. The total number of neuronal cells in the CA3 and Dg
sub-region of the hippocampus of piperine and sitagliptin was
approximately closer to control animals, and values for the
CA3 sub-region were 22.43 + 0.40 and 23.03 + 0.55 (Table 1).
For the Dg sub-region, the total number of cells in piperine and

sitagliptin treated animals was 38.76 + 1.05 and 38.96 + 1.19,
respectively (Table 2). The decrease in cell number indicates cell
death, and protective effects are indicated by the restored number
of cells compared to control animals.

The morphological shape of cell bodies was analyzed based on
the somatic aspect ratio (SAR), somatic circularity index (SCI),
and somatic roundness (SRo). SAR exhibits the symmetry of
cellular shape. SAR value close to 1 is indicative of circular or
spherical shape. CA3 neurons exhibited higher SAR values, and
this was further increased in dexamethasone-treated animals
(1.40 £ 0.05), indicative of a disruption of pyramidal shape.
Animals treated with piperine and sitagliptin exhibited SAR
values close to control animals, reflecting the pyramidal
shape’s retention. As expected, Dg neurons exhibited SAR
values close to 1.0, and no significant difference was observed
between various experimental groups. We found no significant
changes in the SCom, SFF, SRo, suggesting that the soma size
changes were uniform rather than shrinkage or expansion along a
particular axis.

Gene Expression Analysis in the Cerebral

Cortex Brain Tissue of Rat
For gene expression analysis, total RNA was isolated from the
cerebral cortex, and its quality was analyzed by assessing the RNA
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FIGURE 5 | (A) Percentage distribution of time spent by the animals in different quadrants in search of the hidden platform (probe test) in MWM. Figure 5B. Day
wise changes in time required to find the hidden platform w