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Abstract: Saponins are triterpenoid or steroidal glycosides and are an important group of naturally
occurring compounds of plant origin. They exhibit diverse pharmacological potentials including
radical scavenging, as well as neuroprotective, anti-diabetic and anti-inflammatory activities, owing
to their diverse chemical scaffolds. Saponins consist of an aglycone part (non-sugar) and a glycone
part (sugar) and have at least one glycosidic (C-O sugar bond) linkage present between the glycone
and aglycone mostly at C-3. On the basis of the aglycone part, saponins are classified into triterpenoid
glycosides, steroid glycosides and alkaloid glycosides. Saponins exhibit neuroprotective activities
against various disorders of the central nervous system (CNS) including stroke, Alzheimer’s disease
(AD), Huntington’s disease (HD) and Parkinson’s disease (PD). They mediate their therapeutic
effects by modulation of various pathological targets. This study highlights various neuroprotective
mechanisms of saponins including free radical scavenging, modulation of neuroprotective signaling
pathways, activation of neurotrophic factors, modulation of neurotransmitters, inhibition of BACE1
enzyme and tau hyper-phosphorylation. The study concludes that saponins have considerable
efficacy against various pathological targets of neurological disorders, especially AD, and might be
an important source of leads against neurodegenerative disorders.

Keywords: saponins; neurodegenerative disorders; Alzheimer’s disease; signaling pathways; neurotrophins

1. Introduction

Alzheimer’s disease (AD) is a highly prevalent neurological disorder of old age and
associated with behavioral and cognitive complications [1,2]. The symptoms of AD are
not confined to the loss of memory and cognition, but it also associated with some non-
cognitive characteristics such as depression, inability to perform routine daily activities
and behavioral disturbances [3,4]. AD has a greater impact on the patients’ quality of
life and function. It is observed that the rate of health service utilization among AD
patients is very high and patients go through more falls and accidents as compared to
age-matched controls [5,6]. With continuous decline in their independence, the person with
AD puts large financial, psychological and physical burden on their family caregivers [7].
Subsequently, they are admitted more frequently into nursing homes, residential care and
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geropsychiatric hospitals. There are various estimates regarding the total cost of AD care.
According to one mid-range estimate, the annual per-patient cost is $38,000, excluding the
losses due to unemployment, premature deaths and morbidity [8]. With the passage of
time, there is an expected increase in these costs proportionally with increase in the number
of AD patients and severity of the disease [8].

2. Global Prevalence and Risk Factors of AD

Alzheimer’s disease (AD) is a highly prevalent neurodegenerative disorder of the
old age and is the sixth leading cause of death in United States (US) [9,10]. According
to Alzheimer’s Association report 2020, there are 5.8 million AD-dementia patients in
US which is estimated to reach 13.8 million by 2050 [11]. The global prevalence of AD
is estimated to be 35 million [12]. A study aimed to evaluate the actual and estimated
prevalence of AD-dementia in US from 2010-2050 using longitudinal population-based
analysis [13]. Results of the study revealed that there were 4.7 million people over 65 years
of age who were suffering from AD-dementia in 2010. Among the sufferers, 0.7 million
patients were of 65-74 years age, 2.3 million were 75-84 years and 1.8 million were 85 years
or older. The projected number of AD patients is 13.8 million by the year 2050 [13].

Among the major risk factors for the development of AD is old age. Studies suggest
that the disease prevalence is high among the older population of 65 years age and above [14,
15]. With aging, the rate of incidence continues to increase and prevalence at the eighth
decade of patients’ lives is where it peaks [16]. For instance, in persons of an age between 75
and 85 years, about 43% of them are at high risk for the development of AD. The prevalence
of AD is found to be higher among women as compared to men [17]. Mostly, this difference
is related to a lower rate of mortality at earlier ages in women as compared to men [16,18].

3. Pathological Targets of Alzheimer’s Disease
3.1. Brain Structure Alterations

On a macro level, the pathology of AD can be determined as the progressive loss of
brain tissues. With the passage of time, the neuron loses its integrity and ultimately dies in a
specific way with the disease progression. The first sign of AD is loss of memory, especially
the short term memory. The part of the brain concerned with the memory is the cortex
and hippocampus [19]. In the entorhinal cortex, which links the hippocampus (involved in
the formation of memory) with the cerebral cortex, the AD symptoms start initially [19].
Magnetic resonance imaging (MRI) studies revealed that the loss of neurons begins before
the loss of memory occurs. As atrophy occur in the brain tissues, the cerebrospinal fluid
(CSF) fills the empty spaces of the brain tissues. The memory loss is more prominent in
case of mild to moderate AD. The patient is unable to recall famous names as well as
suffers confusion about well-known places. There is a change in the personality of the
patient and their mood. Additionally, the patient is unable to perform complex work. After
this, the atrophy expands to other areas in the cerebral cortex [19]. As the AD progresses,
atrophy occurs in the area of the cortex, which controls sensory processing, reasoning,
conscious thoughts and speech, and the symptoms of AD such as long term memory
impairment, weight loss, seizures, unable to recognize loved ones, and incontinence become
severe [19,20].

3.2. Progression of Degeneration in Alzheimer’s Disease

Among the hallmarks of the AD is the deposition of amyloid plaques (Af3), highly phos-
phorylated tau proteins and intracellular deposition of neurofibrillary tangles (NFTs) [4,21].
During the course of AD progression, the amyloid plaques (Af3) and NFTs are generated in
the brain. These plaques and NFTs are deposited in various parts of the brain implicated
in the cognition process and hamper the impulse transmission as well as initiate neurode-
generation. The AP plaques are considered to be responsible for the pathogenesis of AD
(amyloid hypothesis) [22,23]. A is known as mitochondrial poison, which, after fabrica-
tion, localizes to mitochondrial membranes and blocks the nuclear-encoded mitochondrial
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Alzheimer's Brain

protein transport to mitochondria [24]. They also interact with various mitochondrial
proteins, disrupt the electron transport chain and promote the excessive production of
free radicals. Thus, these process cause mitochondrial damage, and initiate inflammatory
processes in the neurons. Excessive amount of free radicals readily attack various biological
molecules, including neurons, and also cause mutations [25].

3.2.1. The 3-Amyloid Hypothesis

The A plaques are insoluble peptides which are formed from the abnormal seg-
mentation of APP (amyloid precursor proteins) [26] (Figure 1). The actual contribution
of these plaques in the development of the disease is not fully understood yet. Three
enzymes including o-secretase, 3-secretase and y-secretase catalyze the metabolism of APP
to give various products. Normally, the products of (3-secretase (BACE1) are subsequently
metabolized by y-secretase, thus resulting in the formation of soluble peptides composed
of 40 amino acids [27]. However, in AD, y-secretase forms a variant which causes the
cleavage of APP in abnormal way and produces an insoluble peptide of 42 amino acids
which is called as A4, or Ap. The AR peptides clumps together to form aggregates called
-amyloid plaques. The x-secretase enzyme produces protective action because it causes
the cleavage of APP at specific sites, which forbids the formation of A3 [28].
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Figure 1. Two major hallmarks of Alzheimer’s disease: A3 and NFTs.

3.2.2. APP Mutations Promote Longer A3 Formation

In the brain of AD patients, there is deposition of 39-43 amino acid peptides (Af39_43)
in the form of A plaques, which are derived from 677-770 amino acid proteins, collectively
known as BAPP. Evidence indicates that amyloid has a crucial role in AD development.
It arises from the recognition of FAD (Familial AD), in which the phenotypes of AD co-
segregate with pAPP gene mutations. About three of the FAD-linked 3APP mutations
transform the valine located three residues down from the carboxyl of Ay (Val’” in
BAPP77) to glycine (AG), phenylalanine (AF) or isoleucine (AI). A fourth double muta-
tion (ANL) changes the lysine-methionine located immediately to A3, (Lys670—Met671 in
BAPP’7?) to asparagine-leucine. The positions of these mutations proposed that it may
contribute to the development of AD by changing the processing of 3 APP in such a manner
which is amyloidogenic [29,30].

About five to six times more 4-kD A is secreted by BAPPani-expressing cells as
compared to BAPP wild-type cells. Hence, the BAPPaN; experiences change in the pro-
cessing which increases the deposition of amyloid. However, the transfected cells showing
BAPPgo5a1 do not release the excessive quantity of AB. From these observations it was
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found that FAD- linked mutations presenting on the carboxyl side of A (AE, Al, AG)
change their cleavage to prefer longer Ap generation, such as Af1_4p or Af3143, As this
longer 3142 rapidly forms the amyloid fibrils as compared to A31_4o, shifting of the cleav-
age site may cause the deposition of amyloid without enhancing the overall quantity of
produced Af [29].

3.2.3. Neurofibrillary Tangles (NFTs)

Neurofibrillary Tangles (NFTs) comprise abnormal bundles of filaments concentrated
in neuronal axons, dendrites and perikarya [5]. Ultrastructure of these filaments demon-
strates some regular constriction or having a straight appearance and these two filaments
are twisted helicoidally around each other; this is why it is also named as PHF (paired
helical filaments). From more studies it is found that PHF looks like a twisted ribbon,
while its core cross section shows two C-shaped units. The thread of a neuropil consists of
small-sized curly and dystrophic neurites that are scattered in neuropils and holding some
abnormal filaments [31,32].

The silver staining methods are used for identification of NFI’s classically and can
also be identified through green birefringence after staining with Congo Red, and also
through S staining with thioflavin. For the detection of neurofibrillary lesions, the more
reproducible method is immunocytochemical labeling with antibodies to tau proteins (the
principle part of PHF).

Few morphologically different types of NFTs can be differentiated, which mostly
corresponds to different stages of evolution. The pre-tangle stage is characterized by
phosphorylated tau accumulation in the compartment of somatodendrites, without PHF
formation, while in dendrites and soma, some tau-immunoreactive rods appear at later
stages. They correspond to the neuropil thread and NFTs, and are also detected through
silver staining technique. The classical NFTs are formed from bundles that are packed
tightly, which occupy a less or more important cell body part and extend into dendrites.
The partial disaggregation of NFTs causes neuronal death. The extracellular tangle, which
represents neuronal loss, remains apparently for a long period due to their partial resistance
to proteolysis, despite of lack of an N-terminal domain in tau [32].

3.2.4. The Cholinergic Hypothesis

Another cause of AD pathogenesis is the cholinergic neuronal loss, which leads to a
gradual decline in the number of cholinergic neurons [33]. Usually at later stages of AD,
greater than 75% neuronal loss in some parts of the brain has been observed. Acetylcholine
(ACh) acts as a neurotransmitter in the brain that is involved in impulse transmission and
memory. The loss of cholinergic neurons is directly linked with cognition impairment.
Acetylcholine (ACh) produces its effect by binding with two types of postsynaptic receptors,
which are nicotinic and muscarinic receptors. The release of neurotransmitters from presy-
naptic neurons is caused by the binding of ACh to presynaptic nicotinic receptors. These
neurotransmitters have a significant role in mood and memory, and include serotonin,
acetylcholine, norepinephrine and glutamate; all of these are implicated in the pathology
of AD [34].

3.2.5. Oxidative Stress and Alzheimer’s Disease

In AD patients’ brains, the Af3 causes peroxidation of lipids and produces oxygen
and nitrogen reactive species. To gain stability, these reactive species react with some
other molecules. In this process, free radicals (high-energy electrons) are released and the
reactive species make molecular bonds with the other molecules. As this is a permanent
reaction, when the reactive species are attached to certain biological molecules, this alters
them both structurally and functionally [35,36] and causes genetic mutations. The damage
caused by oxidation occurs in every type of macromolecules including neurons (proteins,
carbohydrates, lipids and nucleic acids). The brain is more sensitive to oxidative stress
damage due to its rich lipid contents, high rate of oxygen consumption and low amount of
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antioxidant enzymes. This oxidation process in neurons causes various problems including
non-recoverable DNA damage and upregulation of pro-inflammatory cytokines [37,38].
During the early stages of AD, the role of oxidative stress is very crucial, since it is linked
temporally to the development of NFTs and amyloid plaques [39].

3.2.6. Chronic Inflammation Hypothesis

Initially, the presence of immune system cells and antigens around the A3 aggregates
and tau proteins in AD patients brain signals the involvement of inflammatory process in
the pathogenesis of AD [40]. The hypothesis is supported by epidemiological evidences,
whereby it was observed that patients using anti-inflammatory agents for the management
of chronic inflammatory diseases such as arthritis have a lower prevalence of AD [41].
However, it is unlikely that inflammation is the sole cause of AD, but it is definitely impli-
cated in the progression of the disease [42]. For instance, the involvement of inflammatory
mediators in the progression of AD is now well known [43]. In AD patients’ brains, the
accumulation of A causes the activation of microglia and initiates the pro-inflammatory
cascades. Subsequently, potentially neurotoxic chemicals such as cytokines, chemokines,
reactive nitrogen species (RNS), reactive oxygen species (ROS), as well as proteolytic
enzymes, are liberated, which initiate neuronal degeneration [44,45]. Additionally, the
activated microglia cause phosphorylation of tau proteins, which subsequently leads to the
formation and neuronal accumulation of NFTs [46,47].

The inflammatory hypothesis in AD also suggests that polymorphisms in the genes
regulating the inflammatory process cause sporadic AD [48]. For instance, the presence of
polymorphic genes encoding IL-1 and TNFx were reported to cause excessive activation
of microglia among AD patients [49,50]. Yet, the meta-analysis performed on genetic
influences among AD patients has not supported the role of cytokine variations in the
context of risk factors for AD. Though the role of APOE gene polymorphisms, especially in
APOEpe4 carriers, is suggested to be involved, its exact mechanism remains unclear [51,52].

3.2.7. Other Neurotransmitters Deficiency

During AD, ACh, norepinephrine, and serotonin production is altered in the cerebral
cortex of the brain. As serotonin is known to play a vital role in anxiety and depression,
thus, depression is comorbid with AD. In AD brains, the quantity of serotonin receptors and
transporters is changed, which corresponds to a gradual decline in cognitive performance
and causes anxiety. The level of norepinephrine is also decreased and its neurons are
lost in AD [53]. In addition to loss of memory, norepinephrine has been considered to
be responsible for the psychological and behavioral symptoms of dementia (psychosis,
agitation and aggression) [54].

4. Current Therapeutics against Alzheimer’s Disease

Unfortunately, drug discovery against AD is very slow and the clinically approved anti-
AD therapeutic agents are limited to the use of AChE/BChE inhibitors only. Only four anti-
AD agents are clinically approved, which include galanthamine (Reminyls®), donepezil
(Aricept®), tacrine (Cognex®) and rivastigmine (Exelon®) [55,56]. The pharmacological
action of these agents is mediated via boosting the ACh levels at the synapses of the brain
via the inhibition of AChE/BChE enzymes. However, they do not eradicate the disease
completely but slow down the disease progression and relieve disease symptomatology.

Unfortunately, anti-AD drug discovery is very limited. According to the 2021 anti-AD
drug discovery reports, about 126 agents were subjected to 152 clinical trials for AD. Among
the tested compounds, 2 agents are in Phase III clinical trials, 74 agents are in Phase II
clinical trials, whereas 24 compounds are in Phase I clinical trials. Among the tested agents,
82.5% are aimed to target the underlying biology of AD. Among the rest, 10.3% are aimed to
augment cognitive performance, whereas 7.1% were tested for their efficacy in modulating
the neuropsychiatric symptoms [9].
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Plant-Based Alzheimer’s Disease Therapeutics

Currently available AD agents are associated with severe side effects and have limited
efficacy [5]. There is a need for an alternative therapy with no or fewer side effects, prefer-
ably from natural sources. The clinical approval of plant-derived compounds including
galanthamine signifies the role of natural products in anti-AD drug discovery [57]. Nu-
merous natural products and their derived compounds have been extensively studied for
their efficacy to increase the memory of AD patients [58—60]. For instance, curcumin has
shown pre-clinical efficacy on multiple targets of AD including inhibition of inflammatory
pathways, AP deposition and improvements in cognitive performance [61-63]. Natural
flavonoids such as catechins, myricetin and gossypetin inhibit A3 aggregation, scavenge
free radicals and inhibit vital enzymes implicated in AD [64-66]. Herbal medicines are con-
sidered to be beneficial to treat AD, with fewer side effects than currently available drugs.
Of particular interest are ethnopharmacological-based compounds, with already-proven
safety among local communities [67-70].

5. Saponins and Their Neuro-Pharmacological Properties

Saponins represent a group of naturally occurring organic compounds distributed in
the kingdom plantae [71]. In the pharmaceutical industry, the saponins are used as precur-
sors for the semi-synthesis of steroidal compounds. Saponin-rich plants are used for vari-
ous purposes and are considered as the main ingredients in Traditional Chinese Medicine
(TCM); these plants notably include ginseng [72]. Saponins exhibit diverse pharmacologi-
cal properties including antioxidant, anti-neuroinflammatory and neuro-cognitive bene-
fits [73-75]. Several studies reported the neuroprotective potentials of saponins. Recently,
sarsasapogenin isolated from Asparaguss racemosus was reported to inhibit cholinesterases
(AChE ICsp 9.9 pM, BChE ICsp 5.4 uM), beta amyloid-cleaving enzyme 1 (BACE1) and
monoamineoxidase-B (MAO-B) enzymes in a dose-dependent manner. The saponin inhib-
ited amyloid beta (A[4p) fibrillization up to 68% at a 40 pM concentration [76]. Likewise,
the anti-hyperphosphorylation and anti-neuroinflammatory effects of theasaponin E1 iso-
lated from green tea was studied using neuroblastoma (SHY-5Y) and glioblastoma (HTB2)
cells [77]. Theasaponin E1 was found to inhibit tau hyperphosphorylation and declined
Ap levels. The effects were mediated via suppression of GSK3, MAPK, CDK5, EPOE4
(E4), CAMII and PICALM expression, whereas PP1, PP2A and TREM2 expression were
increased. Western blots indicated that APP, Af3 and p-tau were considerably reduced
in teasaponin-El-treated cells whereas inflammatory responses were suppressed via the
inhibition of the Nf-kB pathway in a concentration-dependent manner [77].

5.1. Brief Chemistry of Saponins

Saponins are composed of an aglycone and carbohydrate moieties. The aglycone part
can be a steroid or a triterpene and usually has various substituents such as -CHj, -H,
-COOH. The structural diversity among saponins is attributed to variation in the number
and type of carbohydrate groups. In majority of the cases, the saponins contain vari-
ous carbohydrates such as hexoses (glucose and galactose), pentoses (xylose, arabinose)
and uronic acids. Sometime the carbohydrates contain amino functionalities, as in the
case of glucosamine [78]. Based on the type of aglycone, saponins are grouped as triter-
penoid glycosides, steroidal glycosides and alkaloid glycosides. Triterpenes consist of
three monoterpenes (each 10 carbon atoms). Based on the number of glycone moieties,
the resultant saponins are either bidesmosidic or monodesmosidic terpernoid saponins.
For instance, when a triterpene aglycone combines with two carbohydrate moieties, they
result in the formation of bidesmosidic triterpenoid saponins, whereas the combination of
a triterpene with one carbohydrate moiety results in the formation of a monodesmosidic
triterpenoid saponin. Further, a steroidal aglycone, when combined with a carbohydrate
moiety, results in the formation of a steroidal saponin. Similarly, when the alkaloid aglycone
is combined with a sugar moiety, it forms an alkaloid saponin [79].
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5.2. Occurrence and Distribution in Plants

Various plant families synthesize and store saponins [78,80,81]. These are present
both in domestic as well as in wild plants. In cultivated crops, the predominant saponins
are triterpenoids. Some of the plant families that contain saponins are amaranthaceae,
aquifoliaceae, apiaceae, berberidaceae, chenopodiaceae, cucurbitaceae, caryophyllaceae,
zygophyllaceae, leguminosae and myrsinaceae, along with some other families [81-83].
Legumes, including beans, peas and soybeans, are rich in triterpenoid saponins. The grasses
and cereals are saponin-deficient, except for the species in Avena (Oas), which are rich in
steroidal and triterpenoid saponins [84]. Some families of the plants that contain steroidal
saponins include alliaceae, agavaceae, asparagaceae, amaryllidaceae, scrophulariaceae,
bromeliaceae, palmae, liliaceae and dioscoreaceae. They are also stored in crop plants
such as alliums, yam, asparagus, ginseng, yucca and fenugreek [85,86]. The tubers of
Dioscorea villosa (wild yam) have saponin dioscin in abundance, which upon hydrolysis,
gives diosgenin, a steroidal aglycone, which is used as a precursor for steroid synthesis,
including pregnenolone, progesterone and cortisone commercially [87,88]. Some members
of the family Solanaceae such as potato, tomato, capsicum and aubergine have glyco-
alkaloids [89,90]. Avenacins, which are triterpenoid saponins having antifungal activities,
are synthesized and then are released ffrom the roots of oat [90-92].

6. Neuropharmacological Potentials of Saponins

Neurodegenerative diseases are a combination of diseases having wide-spread etiologies
as well as clinical symptoms that include AD, PD and HD. Various saponins (Figures 2-5)
have proven efficacy against several neurodegenerative disorders including AD.

6.1. Dementia and Age-Related Cognitive Decline

The cognitive performance is slowly and progressively lost during the aging of the
brain. Sufficient pre-clinical data are available indicating that saponins have potential
efficacy against various pathological targets of AD. Yet, the clinical evidence regarding their
efficacy, target bioavailability and disposition in the body is limited. In mice, it has been
demonstrated that ginsenoside compound K, generated by the intestinal bacteria and that is
a protopanaxadiol-type saponin metabolite, shows prominent recovery from axonal atrophy,
memory impairment, and synaptic loss. Furthermore, the effect produced by ginsenoside
K on the axonal reconstruction was verified in the cultured cortical neurons [93]. Rb1 and
Rgl ginsenoside could enhance neural plasticity; particularly the Rg1, which is one small
molecular reagent, could enhance the differentiation as well as the proliferation rate of the
neural progenitor cells present in the hippocampal dentate gyrus in normal adult mice,
as well as the global ischemia model in gerbils. This provides valuable data to treat AD
and some other neurodegenerative disorders that involve the loss of neurons [94]. One of
the main pathological characteristics of AD is the development of neurotoxic 3-amyloid
protein (AP). In rats with Ap-induced dementia, timosaponins could increase memory
and learning capacity remarkably. The ginsenosides Re, Rg1, Rg3 and ginseng produced
substantial decline in the A3 amount observed in the animals’ brains after a single dose of
these agents administered orally. These results shows that ginseng, as well as the purified
ginsenosides, might show similar useful effects [95]. Hederacolchiside-E, which is an
oleanolic glycoside when given orally at 30 and 60 mg kg ! doses, shows an increase in the
step-through latency time as efficiently as tacrine given at a 30 mg kg~ ! oral dose using
the passive avoidance paradigm [96]. The total saponin content of Dipsacus asper has also
been reported to offer protection against Af3-induced neuronal toxicity [97]. In the cultured
cortical neurons, ginsenoside Rb1l attenuates Af{3-induced toxicity in a dose-dependent
manner [98]. Ginsenoside Rg3 can cause Af internalization, intake, as well as digestion and
hence has been found to be therapeutically useful for the prevention of AD. A saponin part
from D. asper, Akebia saponin D, offers protection of PC12 cells (a cell line that is gained
from a pheochromocytoma of the adrenal medulla of rats) against cytotoxicity induced by
Ap. Akebia saponin D may meliorate the memory- and learning-related issues induced by
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of ACh as well as ChAT activity and thus decreases AChE activity [99] (Table 1, Figure 2).
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Figure 2. Structures of some ginseng saponins having neuroprotective effects. (Chemical structures
were generated using ChemBioDraw ultra version 14).
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Figure 4. Neuroprotective saponins from medicinal plants. (Chemical structures were generated
using ChemBioDraw ultra version 14).
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6.2. Anti-Amyloid and Anti-Neurofibrillay Tangles Potential of Saponins

In a study, the aqueous extracts from the Asparagus racemosus and its active metabolite
sarsasapogenin was tested against various pathological targets of AD. Sarsasapogenin (SRS)
is a steroidal saponin that is naturally present in medicinal plants and is widely used as a
starting material for synthetic steroids in drug industry. Various steroidal saponins such as
protodiosin, diosin, and shatavarin (I-VIII) sapogenins, which include sarsapogenin, are
abundant in A. racemosus (Figure 6). Enzyme BACE-1 is responsible mainly for producing
APP miscleaved fragments, which in the amyloidogenic pathway of AD makes A3 peptide,
either of 40 or 42 residues. The A peptide is a 4KDa fragment which has the characteristics
of self-aggregation and forms a toxic A4 protofibril, which is the main pathological
factor in AD. The A. racemosus root extract and SRS were studied to determine its anti-
amyloidogenic activity, by inhibiting the aggregation of Af34, or reverse its oligomerization
to treat AD. For the analysis of SRS anti-amyloidogenic characteristics, a Thioflavin (ThT)
flouresence assay was used along with the red shift evaluation in a CR (Congo Red) dye
binding assay [76]. As ThT binds to A4, protofibrils it brightly fluoresces at 480 nm
wavelength (emission), while at the same excitation wavelength of 450 nm, free ThT
quenches. Hence it is used widely as a probe to quantify the formation of amyloid fibrils.
It was found that SRS inhibits the A4, fibril formation significantly in a concentration-
dependent way (11-44 uM), showing 52% florescence inhibition at a concentration of 44 uM,
in comparison with the control (only Af4,). In this study, tannic acid was used as a positive
control that showed 85% A4 aggregation inhibition. The SRS anti-amyloidogenic effects
on the formation of A4, was further complemented by morphological analyzing of A4
aggregate via TEM. After the 48 h” completion of the process of aggregation, various long,
branched and dense fibrils were found in A4, controls, which showed the property of
amyloid fibrils, while in samples of Af34; treated with SRS, there were shorter, scattered and
fewer Ay fibrils. It was concluded from this study that by acting on A4, and BACE],
SRS could be used as MTDL (multi-target directed ligands) to relieve AD symptoms [76].

The plant of green tea (Camellia sinensis) is a rich source of various bioactive metabo-
lites including saponins. In a study, pure theasaponin E1 was isolated from the seeds of the
green tea plant and was tested against anti-neurodegenerative potentials in AD models [77].
It was found that theasaponin E1 significantly reduces tau phosphorylation. It produces
this effect by suppressing as well as reducing the gene expression and different kinase
activity that is responsible for tau protein hyperphosphorylation, which contributes to
the formation and aggregation of NFTs and is linked with the production of A and the
pathogenesis of AD. In this study, cells of SHY-5Y neuroblastomas were used to determine
the theasaponin E1 inhibitory activity on tau phosphorylation through inhibition or sup-
pression of the level of expression as well as the activities of different kinases involved
in this procedure. Theasaponin E1 was found to decrease the level of gene expression in
SHY-5Y neuroblastoma and the in vitro activity of different kinases such as CDK5, GS33,
ERK and CAMII in a dose-dependent manner [77].

6.3. Efficacy in Parkinsonism

Parkinson’s disease (PD) is caused by the dopaminergic neuronal loss in the SN pars
compacta. The saponin panaxatriol renders neuroprotection against behavioral impair-
ments and dopaminergic neuronal loss induced by the neurotoxic compound 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP). MPTP is commonly used for the development
of PD in experimental models, via suppressing the over-expression of cyclooxygenase-2, en-
hancing the tyrosine hydroxylase and suppressing mitochondria-mediated apoptosis [100].
Ginsenoside Re helps in the dopaminergic neuron protection from MPTP-induced apopto-
sis via the expression of Bcl mRNA, elevating Bcl-2 protein (an apoptotic protein) levels,
lowering the Bax protein (a pro-apoptotic protein) levels, the expression of Bax mRNA and
inhibiting the activation of caspase-3 in the PD mouse model [101].
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Figure 6. Chemical structure of bioactive saponins discussed in the study (Chemical structures were
generated using ChemBioDraw ultra version 14).

In PD patients, the elevated level of iron in brain SN causes neuronal death, which
involves the down-regulation of iron transporters such as FP1 and DMT1. Ginsenoside Rgl
in pre-treated mice increases the level of dopamine as well as the contents of its metabolite
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in the striatum and also increases the expression of tyrosine hydroxylase in the SN. Hence it
attenuates the MPTP-elevated levels of iron, reduces the expression of DMT1 and increases
the expression of FP1 in the SN [102]. Madecassosides have been reported to exhibit
neuroprotective activity in MPTP-induced Parkinsonism models and could retrieve the DA
(dopamine) depletion and enhance the Bcl-2/Bax ratio and BDNF protein expression [103].

Table 1. Sources, bioactives and underlying neuroprotective mechanisms of saponins.

S. no

Botanical Name

Compounds Disease/Model Neuroprotective Mechanism Ref.

Gynostemma
pentaphyllum

Brain-derived neurotrophic factor (BDNF)
Gypenoside TN-2 Learning deficit and, cAMP-response element binding [104]
protein (CREB)

Liriope platyphylla

Nerve growth factor (NGF), extracellular
signal-regulated kinase (ERK),
PI3-kinase/serine/threonine kinase (AKT),
Cell surface transmembrane receptor
tyrosine kinase (TrkA) receptor activation,
neural networks reconstruction

Spicatoside A AD [105]

Anemarrhena
asphodeloides

Timosaponin AIII AD Acetylcholinesterase (AChE) Inhibition [106]

Xanthoceras
sorbifolia

Acetylcholinesterase (AChE)

inhibition, antioxidant [107]

Xanthoceraside AD

Polygala tenuifolia

Nerve growth factor (NGF), Choline

Acetyltransferase (ChAT) [108]

Onjisaponin F AD

Kalopanax pictus

Acetylcholinesterase (AChE) inhibition,
Kalopanaxsaponins A AD cAMP-response element binding protein [109]
(p-CREB)

K. pictus

Acetylcholinesterase (AChE) inhibition,
Kalopanaxsaponins B AD cAMP-response element, binding protein [109]
(p-CREB)

Astragalus
membranaceus

Antioxidant, tumor interleukin-1f (IL-1p),
necrosis factor « (TNF«), Nuclear factor
kappa B (NF-kB), Ca®* influx, regeneration
of the neural network

Astragaloside IV PD, Stroke

Dipsacus asper

mitogen-activated protein kinase (MAPK)

Akebia saponin D AD . .
anti- apoptosis

10

Panax ginseng

Antioxidant, Interleukin 6 (IL-6), necrosis
factor o« (TNF-«), anti-apoptosis, Ca?* influx,
Nerve growth factor (NGF), Glial Cell-Line
AD, Stroke, Derived Neurotrophic Factor (GDNF),
HD Brain-derived neurotrophic factor (BDNF),
tau phosphorylation, NF-kB, PKA,
Gp1/PI3K/Akt, Ho-1, neurite outgrowth
enhancing, TNF-«, NF-Kb

Ginsenoside Rb1

11

P. ginseng

Antioxidant, Tumor necrosis factor o
(TNF-a), NO, BDNF, GDNEF, IGF-IR, NGF,
Nuclear factor kappa B (NF-«B), PKA, JNK, [74]
ER, AChE, signaling pathway, neural
networks reconstruction

PD, AD,

Ginsenoside Rgl Stroke

12

P. ginseng

Antioxidant, Tumor necrosis factor o
Ginsenoside Rg3 AD (TNF-a), promote Af intake, iINOS, NMDA, [74]
interleukin-13 (IL-1pB), AP-1, MSRA, PKA,

13

P. ginseng

Tumor necrosis factor o« (TNF-a), NMDA,

Ginsenoside Rh2 AD AP-1, JNK-AP-1, PKA
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Table 1. Cont.

S. no Botanical Name Compounds Disease/Model Neuroprotective Mechanism Ref.
Nuclear factor kappa B (NF-«B), Tumor
necrosis factor « (TNF-w), interleukin-1§3

. Ginsenoside (IL-1B), GABA, iNOS, Intercellular adhesion

14 P ginseng compound K AD molecule-1 (ICAM-1), JNK/activator [111]
protein-1 (AP-1)-signaling pathway
(JNK-AP-1),

. . . Inhibit BACE1 via activation of PPARYy, and
15 P. ginseng Ginsenoside Re AD reduce the generation of AB1_g and ABy_ [112]
Antioxidant, iNOS, cyclooxigenase-2 [113
16 P. ginseng Ginsenoside Rd Stroke (COX-2), prostaglandins E2 (PGE,), Ca?* 1 4]’

influx, tau phosphorylation
. . . . . [115,
17 P. ginseng Ginsenoside Rg2 Stroke Anti-apoptosis 116]
18 P. ginseng Ginsenoside Rh3 Microglia cells iNOS, TNF-«, IL-18 [117]
19 L. macranthoides Akebiasaponin D AD antagonizes A25-35-induced cytotoxicity in [118]
PC 12 cells
20 Panax notoginseng ~ Notoginsenoside R1 =~ Neuroprotection NMDA, Bcl-2/Bax, Ca®* influx [119]
21 P. notoginseng Notoginsenoside R4 ~ Neurite growth Neural networks reconstruction [120]
22 P. notoginseng Notoginsenoside Fa Neurite growth Neural networks reconstruction [120]
23 Platycodon Platycodin D Stroke NE-xB, COX-2 [121]
grandiflorum
. 2”-0-Acetyl-
24 P. grandiflorum polygalacin D2 Stroke NF-xB, COX-2 [121]
25 White ginseng Extract AD AChE/BChE [122]
26 Red ginseng Extract AD AChE/BChE [122]
27 Black ginseng Extract AD AChE/BChE, antioxidant [122]
. . . . Antioxidant, GABA receptor, neurite
28 P. ginseng Ginsenoside Rb3 Neurite growth outgrowth enhancing [123]
29 P. ginseng Ginsenoside Rc HD Ca’* signaling pathway [124]
) . . Antioxidant, iNOS, COX-2, PGE, Ca?* [113,
30 P. ginseng Ginsenoside Rd Stroke influx, tau phosphorylation 114]
Asparagus . Inhibits AChE/BChE, MAO-B, Inhibits
31 racemosus Sarsasapogenin AD ABy) fibrillization [76]
3 Green Tea theasaponin E1 AD Inhibits tau hyperphosphorylatlon,. declined [77]
Ap levels, reduce inflammation

B-cell lymphoma protein 2 (Bcl-2)-associated

33 Panax notoginseng ~ Notoginsenoside R1 Neuronal cells X (Bax), N-methyl-D-aspartate (NMDA) [119]
receptors, Ca?* influx
Modulation of B-cell lymphoma protein 2
34 C. asiatica Asiaticoside PD (Bcl-2)-associated X (Bax), free radicals, [125]
dopamine balance

Astracalus Suppression of free radicals, TNF-«, NF-kB,

35 8 Astragaloside IV PD, Stroke, IL-1B, CaZ* influx, Improvement in [74]
membranaceus

regeneration of the neural network
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7. Underlying Neuroprotective Mechanisms of Saponins
7.1. Mechanism Mediated through Antioxidant Activity

The antioxidant potentials of saponins are linked with the neuroprotective effects of these
compounds (Figure 7). The oxidative stress produced by pre-oxidants in neurons and neu-
ral cell lines can be counteracted by saponins via their anti-radical effects [113,123,126-128].
Ginsenoside Rd reduces H,O,-mediated oxidative stress using PC1, cells [113]. When
Ginsenoside Rd is used using oxygen-glucose deprivation and reoxygenation models, it
shows significant neuroprotection [114]. It has been determined that antioxidant effects of
these compounds are mediated via an increase in glutathione and decline in intracellular
ROS and MDA production. They also increase the level of indigenous antioxidant enzymes
including catalase, SOD, and GSP-Px and can also reduce the lipid peroxidation and block
the oxidative pathways [98]. Ginsenosides enhance the antioxidant potentials as well as
upregulate the neuronal plasticity-associated proteins such as BDNF, p-CREB, PSD-95,
phospho-calcium-calmodulin-dependent kinase II, phosphor-N-methyl-D-aspartate recep-
tor 1, phosphor-PKA catalytic f subunit and PKC+ subunit in the hippocampus regions,
which might be the mechanisms to the prevention of memory loss in animal models [118].
Ginsenosides Rb1 and Rb3 exhibit neuroprotection in glutamate-treated cortical cells. These
ginsenosides stop excessive NO production that causes glutamate neurotoxicity regularly,
maintains the SOD level and also diminishes the MDA formation and calcium influx. It has
been determined that ginsenoside Rb1 can protect AB-induced increases in the LDH release,
SOD activity and MDA production in neurons [123,128]. Asiaticoside was found to be
beneficial in MPTP-induced Parkinsonism due to its neuroprotective potential that includes
its antioxidant activity, by regulating the dopamine metabolic balance and enhancing the
Bcl-2/Bax ratio [125].

Mechanisms of neurotrophins-mediated Anti-inflammatory Anti-oxidant
neuroprotection by saponins MEGhﬂﬂlSﬂ;E Mechanisms
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Figure 7. Involvement of neurotrophic modulation, anti-inflammation and anti-oxidant mechanisms
in the neuroprotective potentials of saponins.

7.2. Mechanism Linked to Modulation of Neurotransmitters

Saponins could produce neuroprotection by modulating neurotransmitters. Saponins
can produce nervous system protection by regulating ACh and dopamine levels through
modulation of adenosine or NMDA receptors.
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7.3. Modulation of NMDA Receptors

The neurotransmitter glutamate normally acts on NMDA receptors, which consist of
the NR1/NR2B subunit assembly in the brain. NMDA is a derivative of an amino acid that
serves as an NMDA-receptor-specific agonist. The excitotoxicity of glutamate is considered
as a condition in which increased glutamate causes the degeneration and dysfunction of
neurons. The notoginsenoside R1 specifically helps to protect the neurons from glutamate
excitotoxicity and is mediated by NMDA receptors. In addition to preventing decreased
Bcl-2 and increased Bax expression levels, it has been determined that notoginsenoside R1
can protect the neurons from excitotoxicity, overproduction of intracellular reactive oxygen
species, increased intracellular free Ca?*, and mitochondrial membrane depolarization
potential in cultured neurons that is promoted by glutamate [119].

7.4. Modulating Adenosine Receptors

Ginsenosides can block the KA-induced synaptosomal oxidative stress that is linked
with hippocampal degeneration by activating adenosine A2A receptors [129]. Additionally,
by activating the adenosine receptor, ginsenosides can attenuate changes in behavior and
increase the binding activity of AP-1 DNA, Fos-related antigen immunoreactivity, as well as
the expression of proenkephalin genes induced by methamphetamine in mouse striatum [130].

7.5. Saponins Reduce Tau Phosphorylation

Okadaic acid (OA), being an inhibitor of protein phosphatase, causes tau hyperphos-
phorylation in the CNS. By preventing hyperphosphorylation of tau protein, the ginsenoside
Rd produced significant neuroprotection against OA-induced neurotoxicity (Figure 8). Both
in vivo and in vitro activity have determined that pretreatment with ginsenoside Rd decreases
OA-induced inactivation of PP-2A dramatically, which shows that the regulating activity
of ginsenoside Rd on PP-2A activity has a significant role in the anti-OA-induced hyper-
phosphorylation process of tau proteins [130]. In neurons, abundant tau protein interacts
with tubulin for stabilization of microtubules and promoting tubulin assembly into the mi-
crotubules. Tau protein hyperphosphorylation can be considered to be one of the factors in
AD pathogenesis. Ginsenoside Rbl attenuates Af;_s-induced neurotoxicity significantly
in a dose-dependent way. The mechanism involved in the neuroprotection of ginsenoside
Rb1 may be the blocking of the abnormal hyperphosphorylation of tau and increasing the
expression of phospho-Ser133—CREB through PI3K/Akt/GSK-38 [98] (Figure 8).

Saponins inhibit tau hyperphosphorylation Saponin.s modulate neuroprotective signaling pathways
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Figure 8. Mechanisms underlying the anti-tau process and modulation of neuroprotective
signaling pathways.
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8. Conclusions

Pre-clinical neuroprotective studies on saponins exhibited significant importance in
the attenuation of neurodegenerative disorders. Through various mechanisms, saponins
produce neuroprotective effects including antioxidant effects, modulation of neurotrans-
mitters and through inhibition of tau phosphorylation. At present, knowledge about the
molecular mechanisms of the neuroprotective effect of saponins is still partially understood.
In-depth knowledge is required for the application of approaches in rational drug design,
for saponin screening or for chemical syntheses of derivatives of saponins having great
medicinal efficiency. Clinical studies are required on the high-potential saponins regarding
their in vivo safety, bioavailability, efficacy, BBB-crossing capacity, tissue specificity and
clearance from the body. Biosynthesized nano-formulation might also help in achieving
target specific outcomes.
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