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Abstract

Alzheimers disease (AD) is a progressive deadly and neurodegenerative disease that is characterized by memory loss, cognitive im-
pairments and dementia .Various hypothesis have been proposed for the pathogenesis based on the pathological changes in the brain
of AD patients during the last few decades. Currently only few drugs that function as acetyl cholinesterase inhibitors or N-methyl-D
-Aspartate (NMDA) receptor antagonists are av ailable for alleviating symptoms. Iridoids area class of monoterpenoid compounds
constructed from 10-carbon skeleton of isoprene building units. These compounds in their aglycones and glycosated forms exist in
nature for contributing to mechanisms related to plant defenses and diverse plant-animal interactions. Recent studies have shown
that iridoids and structurally related monoterpenes display a wide range of pharmacological effects which make them potential
modulators of AD. In this review a critical evaluation of natural products is done by assessing pivotal in vivo and in vitro published
data. A mechanistic approach of scrutiny addressing their effects in Alzheimer’s brain including T protein phosphorylation signaling,
amyloid beta formation, aggregation, toxicity and clearance along with various effects from antioxidant anti-inflammatory mecha-
nisms are discussed. The drug likeness of these compounds and future compounds to consider in their potential as potential leads are

considered. Further latest in sillco studies enhancing the AD potential of other natural products are addressed.
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Introduction

Alzheimer’s disease (AD) has become one of the highest prevalent age associated diseases which affect mostly aged population. Of
the average 5.5 million Americans with AD in 2017, 5.3 million that comprised about 96% of the patients’ population, were either 65
years or older [1]. AD also accounts for 70% of all cases of dementia, with a global prevalence of approximately 47 million in 2015 [2].
Further the projected figures for dementia by the year 2050 is 131.5million which underscores how rapid there is an increase of AD.
Once life expectancy continues to rise all over the world in parallel with the economy developing, risk of AD and its cost along with so-

cial burden will be realized further in the future. This disease is characterized by progressive cognitive defects along with irreversible
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neuronal damage. Till date no cure for AD exists and the average lifespan between the manifestation of clinical symptoms and death is

roughly 8.5years [3]. The memory deficiency is also associated with behavioral changes that makes patient care a big challenge in AD.
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Therapeutic options for AD are very limited, that are mainly directed at the cholinergic system by utilizing cholinesterase inhibitors
like donezil, galantamine and rivastigmine. Limited benefit has been found on use of N-methyl-D-aspartate (NMDA) receptor antagonists
which include memantine which have been tried [4,5] Ealier role of natural products in ameliorating different neurodegenerative diseas-
es has been reviewed [6]. Marked understanding that has got advanced with regards to therapeutic potential of polyphenolic compounds
like flavonoids [7-12]. Caffeic acid derivatives [13] and aromatic diterpenoids [14]. Still one class that has not got much attention as being

potential therapy for AD is the monoterpene class. Thus here we have tried to do a systematic review regarding the same.

Methods

Thus we did a systematic review using pubmed database and further supplemented data obtained from google scholar regarding uti-
lization of monoterpenes,iridoids any small molecules in the treatment of alzheimers disease. The MeSH terms utilized were ‘alzheimer’s
disease (AD); other natural compounds Alzheimer brain; iridoids in AD.;monoterpenes in AD, Pathophysiology of AD; aquaporin 4; amy-

loid beta; natural therapy for AD and enhancement of treatment potentiality of AD drugs.

Results

We found a total of 1649 articles out of which we utilized 127 articles for this review. No meta-analysis was done.

Biochemistry of Iridoids

The monoterpenoid natural products, made up of 10 carbon skeleton are referred to as iridoids. The structural marker of these com-
pounds is the cis -fused cyclopental [c] pyran system,which is present in nature in the form of glycosides, aglycones, as secoiridoids or
bisiridoid forms (figure 1). For secoiridoids the C7-C8 bond of the iridoid skeleton is cleaved following a series of oxidation steps to give

rise to compounds like secologanin,that also serves as a precursor for the synthesis of alkaloids.
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Figure 1: Curtesy ref no 75-General structure of Iridoids and Secioridoids.

We have earlier reviewed the biosynthetic pathways of terpenoids [15,16], which involves some pivotal intermediates like mevalonic
acid. Despite the initiating primary metabolite is a 2 carbon [C] metabolite, acetyl Co A, the basic skeleton of all terpenoids by definition
is 5-C isoprene units in the form of isopentenyl pyrophosphate (IPP) and dimethyl allyl pyrophosphate (DMAPP). The precursor of all
terpenoids in the further steps of reaction is the geranyl pyrophosphate (GPP), which is made from two isoprene units (figure 2). The

sesquiterpenes (15C), Diterpenes (20C) and triterpenes (30C) are the typical examples of terpenoids which arise by condensation of
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these isoprene units via a range of both cyclic and acyclic monoterpenes of biological significance [17], while the 8-hydroxy geraniol

unique pathways => iridoids and their derivatives (figure 2).
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Figure 2: Courtesy ref no75-An overview of biosynthesis pathway of Iridoids.

The compounds which have been examined for being potential for removing biochemical and behavioral symptoms of alzheimer’s
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Figure 3: Courtesy ref no-75-Structures of compounds with potential effects on a
Izheimer’s brain. Compounds containing a sugar moiety (oleuprein, loganin, g eniposide,

catalpol and paeoniflorin) are highly polar and hence not components of essential oils.

Citation: Kulvinder Kochar Kaur, et al. “Iridoids. Some Monotepenes and Other Natural Products for Development of Potential Therapies

in Alzheimer’s Disease-A Review”. Nutrition and Food Toxicology 3.5 (2019): 741-756.



Iridoids. Some Monotepenes and Other Natural Products for Development of Potential Therapies in Alzheimer’s
Disease-A Review

744

General functions of Iridoids along with other Monoterpenes

There has been a question asked for centuries, i.e. why plants and animals produce secondary metabolites. Basic reasons given are
the role in cell-cell communication within the organism, or plant-animal based interactions [15,18,19]. As far as chemical defense for
herbivores and pathogens, role of Iridoids is well defined, since these compounds have been shown to be bitter and demonstrate good
sets of biological activities [20]. Animals like butterfly accumulate these chemical agents for defense for pathogens on requirement
[21,22]. In mammals biological activities of Iridoids have been studied for their role in type 2 diabetes mellitus [T2DM] [reviewed in
16,17]. Here role of monoterpenes, but basically Iridoids was studied by using invitro and in vivo studies for use in AD. Further studies

that helped in enhancing AD treatment potential were explored.

Potential for treating AD

a. in vitro Protective Effects

The Amyloid beta (AB) formation, aggregation and function have been the main areas than can be targeted in AD for in vitro stud-
ies. Marumoto., et al. examined the (-secretase (recombinant human BACE 1) inhibitory activities of some monoterpenes. Although
inhibitory activities of these monoterpenes had been confirmed, their activity was moderate (above 50nM) with geranyl acetone being
the most effective (IC,, value of 51.9+_3.9uM) followed by (+)-camphor (95.9+_11.0uM), (-)- fenchone (106.3 +_14.9uM), (+)- fenchone
(117.0+_18.6uM) and (-)- camphor (134.1+_16.4pM). Lot of in vitro studies have been dedicated regarding studying the inhibitory
activities of monoterpenes against A3-induced cytotoxicity in neuronal cells in vitro. This AB-induced cytotoxicity along with oxidative
stress got suppressed with the use of borneaol in the SH-SY5Y (human neuroblastoma cells) [23], while similar effects were demon-
strated by 1,8-cineole (eucalyptol) in PC12 (rat pheochromocytoma cells) [24]; and genipin in cultured hippocampal neurons [25]. An-
tioxidant effect of monoterpenes is also obvious when they ameliorate effect of the H,0,-induced oxidative stress, as seen with catalpol
in astrocytes [26] and a-pinene and 1, 8-cineole in PC12 cells [27]. When Cultured primary cortical neurons were exposed to A, they
could be rescued by geniposide, both from toxicity and oxidative stress [28]. Another experiment showed the mechanism of action of
how geniposide protected primary cultured cortical neurons, the geniposide induced T protein phosphorylation along with phosphory-
lation of Akt Ser 473 site and GSK-3f3 at Ser-9 site got inhibited by leptin antagonists [29]. Role of leptin as potential mechanism of

iridoids action on Alzheimer’ brain is dicussed subsequently.

As far as A3-induced cytotoxicity is concerned in the central cortical neurons, the role of insulin-degrading enzyme (IDE) has been
the point of focus recently. Besides degrading and clearing A, the IDE has a key role in the regulation of A activity. Zhang,, et al. [30]
using primary cortical neurons, in a culture media showed that geniposide increases the phosphorylation of peroxisome prolifera-
tor activated receptor gamma (PPAR-y). Action of geniposide in activating the IDE promoter was also demonstrated to be mediated
through glucagon-like peptide 1(GLP1) receptor, while other pathways involved in inhibitor studies showed phosphatidyl inositol-3
kinase, PI3K, proto oncogene tyrosine protein kinase Src(c-Src), PPAR-y, protein kinase A(PKA), and epidermal growth factor receptor
(EGFR) were confirmed [30]. Moreover geniposide has been shown in SH-SY5Y cells to ameliorate cytotoxicity of AB in addition to its
oligomer assembly and cytotoxicity [31]. SH-SY5Y cells that were treated with other toxicants like formaldehyde were shown to be pro-
tected by geniposide [32]. Paeniflorin’s protective effect in PC-12 cells from A was similar to geniposide in that its activity correlated
with upregulation of the protein kinase B (Akt) phosphorylation, B cell lymphoma 2(Bcl,) protein expression, decreasing Bax protein
expression which was inhibited by LY294002 [33]. Paeniflorin’s perspective effect in PC12 cells from the 6-hydroxy dopamine -induced
apoptosis was also correlated with increased antioxidant capacity (GSH glutathione reduced form) and decrease of nuclear factor
kappa-light chain enhancer of activated B cells (NFKB) translocation [34]. A lot of other studies showed protective effect of paeoniflorin
against AB-induced cytotoxicity

In PC12 CELLS [33,34] and SH-SY5Y cells [35], along with glutamate induced cytotoxicity in PC 12 cells [36]. Hydrogen peroxide
(H,0,)-induced cytotoxicity in PC12 cells could be inhibited by geniposide through the P13K -dependent pathway as seen from a study

using a selective inhibitor LY294002 [37]. Liu,, et al. in some cell system also demonstrated that the effect of geniposide reversed the

Citation: Kulvinder Kochar Kaur, et al. “Iridoids. Some Monotepenes and Other Natural Products for Development of Potential
Therapies in Alzheimer’s Disease-A Review”. Nutrition and Food Toxicology 3.5 (2019): 741-756.



Iridoids. Some Monotepenes and Other Natural Products for Development of Potential Therapies in Alzheimer’s
Disease-A Review

745

oxidative stress induced by H,0, which involves an increased levels of Bcl2 by activating mitogen activated protein kinase(MAPK),
Mitogen activated protein kinase kinase(MEK) and rapidly increased fibrosarcoma protooncogene serine/threonine protein (c-Raf)
phosphorylation in addition to phosphorylation of the p90 variant of the ribosomal s 6 kinase (p90RSK) [37]. The requirement of the
PI3K and GLP1 receptor activation has also been verified in the PC-12 cells protection from the H202 induced cytotoxicity [38].

Antiinflammatory effects of these compound in the CNS came from findings in vitro which showed that inhibition of NO release from
lipopolysaccharide (LPS) stimulate microglia by genipin along with decrease in microglial cells activation [25]. Besides NO reduction,
genipin also ameliorated the LPS induced tumor necrosis alpha (TNF-a), interleukin -1 (IL-1), prostaglandin -E2(PGE2),inhtracellular

reactive oxygen species(iR0OS), and NFkB activation in microglial cells in vitro [5].

In an organotypic cultured hippocampal tissues,the scopolamine induced functional changes was shown to get inhibited by loganin
along with inhibition of acetyl cholineasterase(AChE),butyl cholinesterase(BChE) and (3-secretase (BACE 1) [39]. An effect on BACE 1
on inhibitory activity of loganin was also reported by Yoan,, et al. [40]. A direct effect on one of the most prevalent AD direct, ACh E,
for loganin with IC50 value in sub-micromolar range was exciting [41]. Molecular docking studies have shown that loganin’s -non-
competitive type of interaction produces a negative binding energies for cholinesterases along with BACE1, which suggests high affinity
and tighter binding capacity for the active site of the enzyme [41]. As BChE (though to a lesser extent) is also inhibited, logan appears to
target ACh E, BChE,and BACE1, which are all important in AD pathology. The AB-induced inflammatory changes in PC12 cells could also
be inhibited by loganin as seen by a decrease in the level of TNF-a and protein expression of iNOS and cyclooxygenase -2(C0X2) [42].
These effects got corrected with inhibition of NFkB also, besides the closely related regulatory pathways including the phosphorylation
of MAPK’s (ERK1/2 (Extracelluar signal related kinase %2), p38, and JNK(c-Jun -N-terminal kinase [42].

A lot of other studies have demonstrated that monoterpenes possesss direct inhibitory effects against ACh E activity. A study by
Kaufmann,, et al. [43] on 8-cineole, cavacrol, myrtenal and verbenone, although showed the best activity in this study, it was seen at rela-
tively high (concentrations (IC,,=170uM for myrtenal). On the other hand, oleuropein, thymol and cavacrol have been observed to have
a much greater activity but the best affinity (IC, <5uM) was got when a carbamate moiety was added to carvacrol through a synthesis
approach [44]. In the latter case, there has also been a drive to improve biological activity of existing anti Alzheimer’s drugs by incor-
porating the monoterpene skeleton through synthesis. For example with the help of a docking -based design, galantamine camphane
hybrids have been shown to display over 100 fold better activity in ACh E inhibition than galantamine [45].

The gross inhibition of cytotoxicity in neuronal cells induced by A and other toxic agents have been shown to be ameliorated. The
reactive oxygen species (ROS), proinflammatory cytokines and many mediators could also be reduced, while mitochondrial deteriora-
tion was inhibited. At the molecular level, a range of antioxidant proteins and enzymes could be increased by natural products in addi-

tion to anti-apoptotic genes and proteins, while proapoptotic genes and proteins appear to be decreased.

b. Action in In Vivo Studies

Along with the overwhelming in vitro data, animal studies on iridoids and some other monoterpenes have shown potential thera-
peutic effects for treating AD [35, 36, 46-57]. Neuroprotective effect of carvacrol in vivo got studied by Zhong,, et al. [56,57] using the
intracerebral haemorrhage mouse model, where a significant decrease in the aquaporin 4(AQP4) dependent oedema was observed.
Agp#4 is a water channel in the brain which plays a great role in the development of cerebral oedema. The structural, physiological and
pathological significance of AQP4 has been deeply reviewed [58,59]. Considering the pathophysiological role of AQP4 in a variety of
CNS disorders including ischemic stroke [60], neuroinflammation [61], and autoimmune neurodegenerative diseases [62], the reversal

of cerebral oedema induced through the AQP4 activity by monoterpenes is an important finding.

A number of studies have targeted oxidative stress and associated disorders by inducing the pathology with D-(+)-galactose injec-

tion into experimental animals. Catalpol has been shown to decrease the level of AB in the cerebral cortex along with involvement in
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learning and memory, while the level of antioxidant defenses (SOD and GPx) were boosted [46]. In senescent mice treated with D-galac-
tose, Zhang,, et al. [47] further showed neuroprotection by catalpol as seen by increased levels and activity of choline acetyl transferase
(CHAT). Furthermore catalpol, in this model has been shown to reverse the decreased levels of muscarinic acetyl choline (Ach) receptor
M1 while simultaneously suppressing the level of inflammatory and oxidant markers (TNF-a, IL-1 and advanced glycation end products
(AGEs) [48]. Improvement of memory detail along with antioxidant markers (glutathione -S -transferase (GSH-ST), Glutamine synthesis

(GS) and creatine kinase (CK) have also been shown for catalpol [49,50].

In other experiments, A was directly injected into the brain to study IR reviewed recently [17] the biochemical and behavioral
changes in animals. Catalpol was among the iridoids showing activity in the model where prevention of the Ach neuronal damage was
found from the increased level of choline CHAT activity [63]. Geniposide further ameliorated the AB induced neuronal abnormalities
that included cellular densities and synaptic protein levels in the transgenic mice models [50]. The paeoniflorin effect in a memory
improvement and protection of animals from Af via mechanisms that included enhanced antioxidant defenses (e.g. GSH) and calcium
homeostasis had also been published [56,57].

APP/PSI transgenic mouse model of AD was used by Zhang, et al. [50] for studying the potential benefit of geniposide. The insulin
deficiency by streptozotocin (STZ) in these wild type transgenic animals appeared to enhance the GSK-3f level /activity which was sup-
pressed by geniposide administration in a dose dependent manner. The dose employed here were very small (5, 10, and 20mg/kg). Data
was also in line with the broader effect of geniposide in signal transduction pathways relate to IR reviewed recently [17]. The GSK-3f3
has a direct role in T protein hyperphosphorylation [64]. Role of Akt in the regulation of GSK-3f is well understood and on getting phos-
phorylated in => inactivation which appeared to be modulated by geniposide. Geniposide can also regulate the phosphorylation of t
protein both in the insulin ~dependent and independent manner in primary cultured cortical neurons. It also increases the phosphoryla-
tion of Akt at Ser 473 site and Thr 308 sites [63]. Thus this double effect of geniposide is seen both in T2DM, and AD from its effect on the
phosphorylation of T protein through the PI3K-GSK-3§ kinase pathway. Upto date, hyperphosphorylated T protein is one of pathological
hallmark of AD since it is the principle component of neurofibrillary targets (NFT’s) [64]. The structural integrity of t protein is regu-
lated by a cascade of phosphorylation -related pathways, thus both kinases and phosphatases have important role in stable NFT forma-
tion. The GSK-3 is the pivotal player in the kinase -mediated hyperphosphorylation of T protein, its regulation by geniposide appears to
give some idea into how possibly iridoids act. The crosstalk between DM and AD was brought into focus by Gao., et al. [52] who proved
that there is potential role of geniposide via GSK-3f regulation.Liu., et al. also showed that geniposide reduced the Af 1-42 level while
increasing the expression of IDE in AB-treated STZ -induced DM rats. Further experiment done on transgenic mice model, geniposide
improved learning and memory in addition to anti-inflammatory effect (via decreasing RAGE-dependent) signaling in activation of ERK
and IkB/NFkB and the production of TNF-a, IL-13) and decreasing the A level in the cerebrum [65]. Others that improve learning and
memory in transgenic model of AD are linalool which could suppress proinflammatory proteins like p38, MAPK, NOS-2, COX2 and IL-1
[53]. Effect of paeonlflorin in the transgenic mouse model of AD was studied by Gu., et al. as well [65]. Besides improving the memory
deficit, a decrease in inflammation (NFkB, TNF-q, IL-1f3, IL-6) and apoptotic (caspase-3)markers were seen. Just like geniposide, paeoni-

florin also modulates GSK-3 signaling in transgenic animal model of AD [55].

Other behavioral models include the scopolamine -induced AD model where loganin demonstrated beneficial effects via the route of
administration [50]. The neuroprotective effects of monoterpenes in other in vivo models has also been shown. For e.g., oleuropein could

finish the pentylene tetrazole (PTZ-induced seizures in mice or colchicines -induced learning and memory deficits [53].

Mechanism of Action of Iridoids/Other Monoterpenes in AD

The general mechanism of action of monoterpenes,especially iridoids in the AD brain is shown in figure 4. The role of Af in the
pathophysiology and as therapeutic target for AD has been reviewed earlier [67]. Recent reviews from the laboratory of Habtemariam
S have also demonstrated that many polyphenolic compounds like flavonoids, diterpenoids and cinamate derivatives show therapeutic

potential for AD via multiple mechanism of actions that involve Af [6-14]. Thus the formation, aggregation and toxicity of A can all serve
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as targets for developing therapeutic drugs. The direct role of monoterpenes in the formation and aggregation of Af is not that clear and
the activity is seen at moderate concentrations, might not be of therapeutic relevance. But still direct effect on APP processing enzymes
has been observed. The major form of pathological Af in the brain are AB1-42, that get formed via the amyloidogenic -secretase depen-
dent pathway. The selective inhibition of this enzyme by monoterpenes, without much action on the non-amyloidogenic marker enzyme
(a-secretase) is interesting. Further evidence suggests that monoterpenes finish the AB-induced cytotoxicity in cultured neuronal cells
and various animal models of AD [6-14]. On aggregation the A oligomers induce neurotoxicity, that further => cell death, impaired
synaptic function and behavioral deficits, seen commonly in AD animal models. Thus one major target of iridoids along with selected

monoterpenes seems to be mediated via mechanisms that are related to Af formation and/or toxicity.

Figure 4: Courtesy ref no.75Therapeutic targets of Iridoids and other Monoterpenes discussed in this
review. Antiinflammatory effect, amelioration of oxidative stress, mechanisms related to Af formation,
aggregation and clearance, t-protein phosphorylation and aggregation, and neurotoxicity associated

with mitochondrial dependent and independent mechanisms are among the therapeutic targets.

Role of ROS in AB-induced neurotoxicity is well proven from proofs that link redox metals like copper, zinc, and iron coordinating the
generation of toxic free radicals and/or ROS [68-71,]. Being inhibitors of ROS generation via direct metal chelation and ROS scavenging,
the role of polyphenol as potential therapeutic agents for AD has been deeply studied. The studies of Habtemariam S on catechol func-
tional group and the flavonoid skeleton as optimized structural moieties for biological effects have been well studied [72-76], reviewed
in [75,76,77-81]. The monoterpenes however lack this structural moiety unless additional skeleton as that shown in oleuprein is added
(see figure 3). Their effect on finishing the AB toxicity along with neurotoxicity that is induced by H,0, which suggest a mechanism of
action beyond direct ROS scavenging. This may include boosting antioxidant defenses and this connection, various studies have demon-

strated an enhanced antioxidant status in the AD brain following monoterpene therapy.

The other mechanism that is well-defined for monoterpenes in AD brain appears to be linked to anti-inflammatory action. In view of
neuroinflammation as the major pathological hallmark of AD. Role of inflammatory cells activation in the brain, primary astrocyte and
microglial cells, have been studies in last few decades [82-85]. All of the best characterized inflammatory markers like TNF, IL-1, COX and
NOS have been shown to be decreased by compounds that have been studied. Since inhibition of proinflammatory cytokines like TNF
provide a favourable outcome in AD [86]. The inhibitory effect of different monoterpenes on proinflammatory levels in the Alzheimer’s
brain is in line with their potential therapeutic benefit in AD. Of the regulators of cytokines in their proinflammatory effect is NF kB that

has been shown to play pivotal role in AD [87]. Different functions of leptin are emerging in recent year, which include modulation of the
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immune response and wide range of neuronal regulation from neuroprotection to cognition [88], besides known function in body weight
and fat regulation. Role of leptin receptor mediated regulation in the cerebral cortex and hippocampus and dysregulation in AD has been
observed [89]. Additionally neurons,immune cells in the brain like astrocytess and glial cells also express leptin receptors and thus get
regulated by this hormone [90,91] With the evidence that show leptin has a neuroprotective effect under pathological conditions along
with in vitro and in vivo experiments [92], the monoterpene’s modulatory effects on this system seems to be an important development.
Since leptin antagonist finished the effect of geniposide on T phosphorylation and phosphorylation of Akt at Ser-473 site and GSK-3f at

Ser-9 in the Alzheimer’s brain, it is possible that partly iridoid action is mediated via leptin regulation.

Just like formation, the degradation of Af3 peptides and plaques need to be tightly regulated for avoiding pathological disorder de-
velopment like AD. The mechanisms involved in A degradation and clearance A proteases, low density lipoprotein receptor related
protein 1 and apoprotein E systems [93]. From the protease enzymes, neprilysin (also called membrane metallo-endopeptidase) is a zinc
dependent metalloproteinase which cleaves Af and has shown good correlation with A accumulation [94]. The endothelin-converting
enzyme, and angiotensin converting enzyme also function as Af degradating enzymes. The role of IDE in Ap degradation has been clari-
fied recently and its dysregulation is now known to contribute to the pathology of AD [93,95]. IDE is considered to be the main extracel-
lular protease enzyme for the degradation of Af [96], and its expression with neprilysin,in the hippocampus has been shown to reduce
with increasing age [97]. Thus upregulation of the Af degradating enzyme is among the therapeutic approaches for AD [98,99]. In the
brain glial cells like microglia and astrocytes are the main source of IDE secretion [100], and their dysregulation could thus contribute to
the AD pathology; while promotion of IDE secretion from these cells could be implicated in AD therapy via increasing Af3 clearance. The
microglial cells and astrocytes are also primary phagocytes in the brain, which recognize Af through the membrane receptors to remove
through phagocytosis [101]. Upregulating IDE is a tricky therapeutic approach, as IDE also selectively degrades insulin and its inhibitors,
that are needed to improve glucose homeostasis (like in DM). Role of iridoids in this aspect are very interesting as geniposide has been
shown to upregulate IDE [30] while showing potent antidiabetic effect [17]. Since IDE degrades the monomeric form of A, it prevents
the formation of oligomers or aggregates which is a prerequisite to AB cytotoxicity in neuronal cells. Thus a clear line of proof is now

present for geniposide and/or other iridoids which showed a promise in the Alzheimer’s brain.

The double effects of iridoids in DM and AD is also manifested from the possible mechanism of action related to the t protein phos-
phorylation pathway. The formation of intracellular NFT’s is a result of aggregation of the hyperphosphorylated T protein phosphory-
lation pathway. The major component of the neuronal cytoskeleton, T protein is closely associated with microtubules and helps in a
number of neuronal functions from axonal growth to neurite outgrowth[64,102].The function of t protein in stabilizing the microtubule
to help in normal neuronal functions is governed by its phosphorylation that is regulated by a number of cellular kinases and phospha-
tases[103].As a result T protein dysregulation is among the pathiological hallmark of AD as NFT’s and hence serves as a target for drug
therapy. Hyperphosphorylation of * protein quickly initiates the formation of helic T protein filaments and aggregates as is seen in the

NFT’s and AD. This in turn =>microtubule disassembly and destabilization [104].

The signaling cascades in T protein hyperphosphorylation has been shown to involve the GSK-3f3, which directly act on the protein
(to phosphorylate it) and make it to disassociate with the microtubules [104]. Thus downregulating GSK-3(3 by drugs is essential in
AD not only as in ROS generation from the mitochondria.E.g. GSK-3f3 has been shown to downregulate the transcription factor Nrf2
following oxidative damage [105]. GSK-3 itself is regulated by other kinases like Akt which phosphorylates GSK-3f at different sites
to negatively regulate its activity. Moreover activation of PI3K triggers the activation of Akt which phosphorylates GSK-3f at different
sites => to T protein phosphorylation or NFT formation in AD. The p 38 MAPK has also emerged as another kinase involved in T protein
phosphorylation and hence can be targeted by these drugs [106] Medina.,, et al. reviewed the signal transduction pathway s and possible
pharmacological regulations [107]. The findings of iridoids regulationg t protein phosphorylation by inhibiting GSK-3f3 and regulation of
the associated system,mainly the PI3K/Akt signaling is a marked documentation of record of this compounds. The pioneering compound

in this regard is geniposide [29,30,52]. Other natural products like phenolics that include resveratrol [108], curcumin [109], hyperforin

Citation: Kulvinder Kochar Kaur, et al. “Iridoids. Some Monotepenes and Other Natural Products for Development of Potential Therapies
in Alzheimer’s Disease-A Review”. Nutrition and Food Toxicology 3.5 (2019): 741-756.



Iridoids. Some Monotepenes and Other Natural Products for Development of Potential Therapies in Alzheimer’s
Disease-A Review
749

[110] and capsaicin [111] have been shown to display inhibitory effect against of T protein hyper phosphorylation along with affect in
vivo models of AD. Thus iridoids with structural features distinctively different from polyphenols appear to share common feature of

mechanism in their potential AD modulations.

In total it appears that the iridoids and some monoterpenes target the various cellular and biochemical features of AD pathology as
shownin figure 4. They target oxidative stress by boosting antioxidant defenses; inhibit the Af cascades especially neurotoxicity; inhibit
t protein phosphorylation and thus NFT’s formation;promote the clearance of toxic proteins (AB) through IDE; modulate the insulin
signaling pathway and insulin resistance as antidiabetic agents; and show a range of anti-inflammatory effects by suppressing the nu-
merous pivotal proinflammatory proteins. Another important development is the direct effect of monoterpenes on AChE enzyme and

further possible opportunity of potency optimization through chemicals.

Structural Perspectives and Drug likeness

Different measures both qualitative and quantitative of drug like parameters in wide ranges have been utilized for finding leads in
drug discovery researches along with improving the efficacy of known biochemical compounds. Here in silico drug -likeness predictors,
the undesired properties of small molecular weight as assessed by poor ADMET (absorption, distribution, metabolism, excretion and
toxicity characteristics) have been used for screening [113]. In this regard monoterpenes (unless glycosylated, figure 3) act as compo-
nents of essential oils with list solubility profile in water decreases within the poor drug -likeness profile Thus absorption, distribution,
metabolism and excretion profiles were not as expected with that of an ideal drug molecule. Thus all in vitro and in vivo data thus far
suggested that they are absorbed and distributed to tissues although at much slower rate than expected ideally [114,115]. Human trials
confirmed the observations that iridoid glycosides like geniposide, with sugar attachment have been shown to be metabolized by intes-
tinal bacteria to release their aglycone like genipin [116-118], that also give rise to conjugated products (like glucuronic acid) [119]. By
glycosylation, water solubility gets increased for releasing bioactive aglycone in the intestine, that is one method of increasing bioavail-
ability for natural products [120]. Even for glycosides like geniposides however, the absolute oral bioavailability following oral adminis-
tration remains poor ~9.67% [121]. Anyway both in vitro and in vivo experiments have given good results for finishing the biochemical

and behavioral markers of AD.

Thus despite their predicted poor drug-likeness profile, iridoids along with other monoterpenes have exhibited potent activity to get
seriously considered as potential lead compounds for further studies. Kumar,, et al. screened 646 small molecules of natural origin hav-
ing reported pharmacological and functional values through in silico docking studies to predict safer neuromodulatory molecules with
potential to modulate acetyl choline metabolism .Further the potential of the predicted molecules to inhibit AchE activity and their abil-
ity to protect neurons from degeneration was determined via in vitro assays. They predicted quercetin,caffeine, ascorbic acid and gallic
acid to be potential AChE inhibitors based on in silico AChE interaction studies. They confirmed the AChE inhibitory potential of these
molecules through in vitro AChE inhibition assay and compared results with donezepil and begacestal. Herbal molecules significantly
inhibited enzyme activity and inhibition of quercetin and caffeine did not show any significant difference from donezepil. Moreover the

tested molecules did not show any neurotoxicity against primary (E18) hippocampal neurons.

They found quercetin and caffeine significantly improved neuronal survival and efficiently protected hippocampal neurons from Hg
Cl2 induced neurodegeneration, which other molecules that included donezepil and begacestal did not do. Thus concluding that querce-
tin and caffeine have the potential as “disease modifying drugs’ and might find an application in AD [123]. Getting inspired from , “HDL
bionics” Zhang 2019 proposed that biologically reassembled nanodrugs, donepezil-loaded apolipoprotein A-1(aPOA-1) reconstituted
HDL (rHDL/Do) that concurrently executed dual-missions of A -targeting clearance and AChE inhibition in AD therapy Once prepared
(rHDL/Do) nanodrug achieved high drug encapsulation efficiency of 90.47%, and mimicked the configurations and properties of natural
lipoproteins aiming to significantly increase BBB penetration and modulate Af induced neuronal damage both in vitro and in vivo. Sur-

face Plasmon resonance (SPR) analysis confirmed that (rHDL/Do) facilitated microglial-mediated A intake and degradation, showing
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low KD value with A affinity (2.45x 10 of AR monomer and 2.78 10 of AR oligomer). In AD models, daily therapy with (rHDL/Do)

efficiently inhibited AChE activity,ameliorated neurological variation ,promoted A3 clearance and rescued memory loss at a safe level.

These collective findings showed that a biological nanodrug was provided which had the capacities to penetrate BBB, ABcapture and
degradation via microglial cells, and cholinergic dysfunction amelioration after controlled donepezil release.Thus (rHDL/Do) nanodrugs
could offer a promising strategy to synergize both symptom control and disease modification in AD therapy [124]. Further Hassan,,
et al. 2019 designed a computational and enzyme inhibitory mechanistic approach to fetch the promising drugs from the pool of FDA
approved drugs against AD. The binding interaction patterns and conformation of screened drugs within active region of AChE were
confirmed through moleculardocking profiles. The possible association of selected drugs with AD genes were predicted by pharma-
cogenomics analysis and confirmed through molecular docking profiles. The possible associations of selected drugs with AD genes were

predicted by pharmacogenomics analysis and confirmed through data mining.

The stability behavior of docked complexes (Drugs-AChE) were checked by in vitro analysis. Taken together, Cintapride displayed
a comparable results with standard and can be used as possible therapeutic agent in treatment of AD [125]. A series of isoflavone ana-
logs were designed, synthesized and evaluated as multitargeted ligands for treatment of AD. Wang,, et al. evaluated some ligands that
had multifunctional profiles, including potent blockage of histamine 3 receptor (H3R) in vitro and found excellent inhibition of Ach E,
neuroprotective effects and anti inflammatory properties. Of these derivatives compound 9b showed the highest ability to block H3R
(IC,,=0.27uM) and good inhibitory activity against AChE (IC.,=0.08uM). Moreover compound 9b exhibited obvious neuroprotective ef-
fect on SH-SY5Y by preventing copper induced neuronal damage and potent anti-inflammatory activity by inhibiting the production of
inflammatory factors on BV2 cells. A molecular modeling study revealed that 9b acts as a mixed -type inhibitor that interacts simultane-
ously with H3R and AChE, Further in vivo data showed that compound 9b did not cause acute toxicity in mice at doses up to 1000mg/kg,
and had desirable pharmacokinetic profiles, as well as good BBB permeability (log BB=1.24+-0.07). Further studies showed that chronic
oral therapy with 9b significantly improved cognitive function in scopolamine -induced AD mice in the step down passive avoidance test.

Taken together this study showed that compound 9b is a promising multifunctional drug candidate for the therapy of AD [126].

Conclusions and Further Prospects in coming future

The advantage of using compounds that are of natural origin (like monoterpenes) is that their association is with common foods
along with beverages which are already being used by humans. As neuromodulators, especially in AD, the benefit of some essential oils
in crude mixtures of small molecular weight fragment compounds including monoterpenes have been reported in different publications
[127]. But the drug-likeness of these molecules has not been in favour of developing drugs given their poor water solubility and bioavail-
ability. The iridoids glycosides seem to give a better bioavailability profile and pharmacology as seen from their activity profile in vivo
and in vitro. This fact that both glycosylated and the aglycones are active in vitro suggests that the glycosides being a better bioavail-
able compounds might be preferable candidates. Important is to understand that research on this class of compounds is still in infancy
and further work is required for optimizing their pharmacological profile through medicinal chemistry. Effect of some monoterpenes,
for example, could be increased by over 100 times on adding other functional groups like carbamate moiety. Naturally, human clinical
trials would give not only important data regarding efficacy but also pharmacokinetic profile which are required desperately for these
compounds. This study would be needed once a lead compound is found on further research .In the meantime, all the available data now

suggest that small molecules of the iridoids class and related monoterpenes could be considered as potential leads to AD therapy.
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