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154 PL154 (-)-alpha-cedrene 6431015 Ruetal., 2014

155 PL155 (+)-Fargesin CHEMBLA462822 http://www.genome.jp/db/pcidb
156 PL156 Piperolactam A CHEMBL387864 http://www.genome.jp/db/pcidb
157 PL157 (+)-Sesamin CHEMBL252915 http://www.genome.jp/db/pcidb
158 PL158 2-Phenylethanol CHEMBL448500 http://www.genome.jp/db/pcidb
159 PL159 |-Zingiberene CHEMBLA479020 http://www.genome.jp/db/pcidb

3.2. Compounds classification and clustering

The result of the chemical classification shows that 159 phytochemicals were distributed among
26 different classes of compounds. There were 11 classes of compounds that contain only one
phytochemical and these are carboxylic acids and derivatives (PL141), cinnamic acids and
derivatives (PL68), isoflavonoids (PL146), napthalenes (PL72), organic nitrogen compounds
(PL62), oxanes (PI71), phenanthrenes and derivatives (PL147), phenol ethers (PL107),
phenylpropanoic acids (PL69), pteridines and derivatives (PL67), pyridines and derivatives
(PL17) and steroid and its derivatives (PL130). The adaptation of the plant against various
abiotic and biotic stresses over the millions of years of evolution is responsible for such chemical
diversity of the phytochemicals (Dias et al., 2012). Among all the classes, benzodioxole group
constitutes the highest number of phytochemicals (31) and they are shown to be clustered
together. It is the widely dispersed class of compounds among natural as well as synthetic drugs
(Fang et al., 2011).

Hierarchical clustering of the phytochemicals is shown in Figure 1. The phylogenetic tree reveals
that phytochemicals cluster with molecules that share similar scaffold. The class of chemical
compounds corresponding to prenol lipids (condensation product of isoprene units) and fatty
acyls are highly prominent in the dataset; a good agreement with the known fact that lipids form

a large group of primary metabolites of plant (Busia, 2016).
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Figure 2. (a) A tripartite phytochemical - protein target - biochemical pathway (PC-PT-BP)
network of the constituents of Piper longum. Top layer (blue) represents phytochemicals (159), middle
layer (red) represents the potential protein targets (1109) and the third layer (green) represents association
of protein targets with six pathway classes: metabolism, genetic information processing, environment
information processing, cellular processes, organismal systems and human diseases. (b) Involvement of
target proteins of Piper longum in various human pathway classes. Pathway mapping of target
proteins were distributed among 6 pathway classes. Genetic information processing class includes
pathways belonging to transcription, translation, replication & repair, folding, sorting and degradation.
Environment information processing includes membrane transport, signal transduction, signaling
molecules and their interactions. Cellular processes involve pathways of cell growth, cell death and
transport (endocytosis, phagosome, lysosome etc.). Organismal system includes immune, endocrine,
circulatory, digestive, excretory, nervous, sensory system. Human diseases and metabolism includes
pathways associated with diseases and metabolic system (carbohydrates, lipids, amino acids etc.)
respectively. (c) Bioactives of Piper logum affecting the Human immune system. The first layer (blue)
represents 106 phytochemicals, regulating 11 immune pathways (green) by targeting 131 proteins (red).
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Among 159 phytochemicals, 109 targets P10636. The high degree corresponding to this node
measures its ability to interact with other phytochemicals. In other words, it is the most
commonly targeted protein in the network. P10636 is a “microtubule-associated protein tau
(MAPT)” encoded by gene MAPT. A system level investigation of neurodegenerative dementia
reveals the accumulation of the protein in diseased state, including frontotemporal dementia and
supranuclear palsy (Caberlotto et al., 2014). Hence, it can be assumed that the role of identified
109 phytochemicals may contribute to the P. longum effect in the treatment of mental diseases.
Although previous studies on treatment of mental disorders by the herbal extract is known
(Hritcu et al., 2014) with special focus on piperine (PL25) and piperlongumine (PL68) in
Parkinson’s disease (Bi et al., 2015), detailed focus on the pharmacophore properties of
additional phytochemicals identified will help in deciphering its detailed mechanism and the key
assets that may be helpful in designing synthetic drugs. Additionally, the positive synergistic

effect of the compounds can be explored for better affinity and efficacy.

Other proteins with high degree in the network include Q9NUWS8, Q9NR56, Q5VZF2,
QI9NUKO, P22303, and P06276 with value corresponding to 64, 60, 59, 57, 56 and 55
respectively. These proteins may receive special attention in aspects of behaving as key targets,
specifically in light of the fact that interventions at specific protein can be weak in terms of

binding affinity, yet they may be highly effective in combinations (Mason and J.S., 2012).
3.4. Phytochemical, Protein target and Biochemical pathway (PC-PT-BP) network

To obtain a global view of pathways targeted by P. longum, a tripartite network was constructed
using its phytochemicals, their protein targets and associated biochemical pathways Figure 2a.
279 unique human pathway maps were classified into 6 broad categories i.e. metabolism, genetic
information processing, environmental information processing, cellular processes, organismal
systems and human diseases. The detailed mapping of target proteins into different pathways is
given in Supplementary Table 1.

As suggested in Figure 2b, highest numbers of target proteins (455, 27%) are associated with
pathways belonging to organismal systems, followed by environmental information processing
category (384, 23%) and human diseases (371, 22%). This finding suggests that the mode of
action of these phytochemicals may be largely via regulating organismal system (which includes

immune, endocrine, circulatory, digestive, nervous and excretory system). Earlier in vivo study
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on P. longum also support this finding, in which it was shown that immunomodulatory properties
of the herbal extract leads to increase in white blood cells (WBC) in Balb/c mice (Sunila and
Kuttan, 2004). The endocrine effect is explained via the process of ovulation which include
interrelationship between the endocrine and cytokine system. By modulating the inflammatory
mediators like cytokines, reactive oxygen species etc., phytochemicals of this plant exert their
antifertility properties (Lakshmi et al., 2006). Similarly, its effect on cardiovascular (Nabi et al.,
2013), digestive (Ghoshal et al., 1996; Ghoshal and Lakshmi, 2002), nervous (Bi et al., 2015;
Hritcu et al., 2014) and excretory (Meena et al., 2009) system have also been studied. Protein
targets such as P28482, Q9Y243, P31751, P31749, P42336, P27986 and P27361 are found to be
involved in many pathways. Thus it may be hypothesised that these proteins may be important
target as their modulation may lead to regulation of multiple pathways.

To explore the basic principle of the herb in relation to the immune system of the human, a sub
network of immune pathways being regulated by P. longum was created. 106 phytochemicals of
159 are shown to regulate 19 immune pathways of human via 131 proteins. 57.25% of these
proteins are affecting the immune system via chemokine (hsa04062) and interleukin (hsa04657)
signaling pathways. Role of piperine in reducing Th2 cytokines and regulating cytokine in
asthma models have been explored earlier (SeungHyung and YoungCheol, 2009).

This sub-network identifies Prostaglandin G/H synthases (PTGS) as common targets. PTGS-1
(P23219) and PTGS-2 (P35354) are the targets of 28 and 22 phytochemicals respectively. This
enzyme is involved in conversion of arachidonate to prostaglandin H2, which are the major
components that induce inflammation and pain (Ricciotti and FitzGerald, 2011). The high rate of
edema inhibition by herb-oil in comparison to the standard anti-inflammatory drug, Ibuprofen is
also reported (Kumar et al., 2009).

Further, the network data provides that NOD-like receptors and Toll-like receptors (TLRs) are
regulated through 33 and 29 targets respectively. The receptors play a key role in innate
immunity. The pathogen invasion caused by bacterial lipopolysaacride (LPS) induces signalling
pathways which further lead to the activation of macrophages via TLRs. Since an earlier report
on the herb shows that the root area possesses anti-amoebic properties (Ghoshal and Lakshmi,
2002). Thus, the sequence of events which lead to interaction of receptor proteins with these
phytochemicals (especially present in root region) can be focussed to explore their effect on the

innate immunity.
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Table 2. List of protein targets of P. longum’s biochemicals involved in immune pathways of
Homo sapiens.

Number
of
protein
Immune targets
Immune pathway pathway 1D involved | Uniprot IDs of protein targets involved

P31749, 014920, P10145, P19838, P49840, P49682, QINQ66, 000574, Q15147,
Q01970, Q00722, P62873, P59768, P0O5771, P51686, P51681, P51679, P51677,
043524, P46094, P42336, Q04206, P41597, P61073, P49841, P28482, P34947,
P32246, P08754, P04899, P27986, P27361, Q9Y 243, P25098, P09769, Q05655,
Chemokine signaling pathway path:hsa04062 41 | P40763, P31751, P25963, P13500, P12931.

P12931, P31749, QINQ66, Q16539, Q15759, 015264, QI6RI0, Q15147, P24557,
P23219, Q01970, Q00722, P47712, P29474, P53778, P50148, P47900, P43119,
P42336, P63092, P28482, P08754, P04899, P27986, P27361, Q9Y 243, P25116,

Platelet activation path:hsa04611 30 | P06241, P21731, P31751.
Antigen processing and
presentation path:hsa04612 9 | P01375, Q13952, P07858, P61769, PO7711, P25774, P25208, P23511, P16220,

P31749, 014920, P10145, P19838, P05231, P01584, P01375, Q16539, 060603,
Q15759, 015264, P53779, 000206, P45984, P45983, Q14790, P53778, P05412,
Toll-like receptor signaling P42336, Q04206, P28482, P27986, P01100, P27361, P43235, Q9Y243, QINR96,
pathway path:hsa04620 29 | P31751, P25963.

014920, P10415, P10145, P19838, P05231, P01584, P01375, QINQ66, Q16539,
Q9H3M7, Q15759, 015264, P53779, 000429, 000206, Q5T6X5, P45984, Q15147,

NOD-like receptor signaling P45983, P07858, Q14790, Q01970, Q00722, P53778, P05412, Q9Y5S1, Q04206,
pathway path:hsa04621 33 | P41180, P28482, P27361, Q05655, P13500, P25963.
RIG-I-like receptor signaling 014920, P10145, P19838, P01375, Q16539, Q15759, 015264, P53779, P45984,
pathway path:hsa04622 14 | P45983, Q14790, P53778, Q04206, P25963.
Cytosolic DNA-sensing pathway | path:hsa04623 6 | 014920, P19838, P05231, P01584, Q04206, P25963.

P31749, P10415, P60568, P01106, P05231, Q92793, P22301, P17706, P42345,
Jak-STAT signaling pathway path:hsa04630 17 | P42336, P27986, P04141, Q9Y243, Q09472, P24385, P40763, P31751.

P15144, P05231, P01584, P01375, P04141, P08473, P07333, P16671, P15813,
Hematopoietic cell lineage path:hsa04640 10 | P15812.
Natural killer cell mediated P06239, P01375, P42574, P17252, P05771, P05129, P42336, 014763, P28482,
cytotoxicity path:hsa04650 13 | P27986, P04141, P27361, P06241.

014920, P10145, P19838, P14780, P05231, P01584, P01375, Q16539, Q15759,
015264, P53779, Q8TDO08, P45984, Q16659, P45983, P35354, Q13164, Q14790,
P45452, P08254, P03956, P42574, P53778, P17535, P05412, Q04206, P49841,

IL-17 signaling pathway path:hsa04657 34 | P28482, P31152, P04141, P01100, P27361, P13500, P25963.
014920, P60568, P19838, P06239, Q16539, Q15759, 015264, P53779, P45984,
Th1 and Th2 cell differentiation path:hsa04658 18 | P45983, P53778, P05412, Q04206, P28482, P01100, P27361, Q04759, P25963.

014920, P60568, P19838, P06239, P05231, P01584, Q16539, Q15759, 015264,
P53779, P45984, P45983, P53778, P42345, P05412, Q04206, P51449, P35869,

Q16665, P35398, P84022, P28482, P01100, P27361, P19793, Q04759, P36897,
Th17 cell differentiation path:hsa04659 29 | P40763, P25963.

P31749, 014920, P60568, P19838, P06239, P01375, Q16539, Q15759, 015264,
P45984, P22301, P53778, P08575, P11802, P05412, P42336, Q04206, P49841,
P28482, P27986, P04141, P01100, P27361, Q9Y243, P06241, Q04759, P31751,

T cell receptor signaling pathway | path:hsa04660 28 | P25963.
P31749, 014920, P19838, 015357, P0O5771, P05412, P42336, Q04206, P49841,
B cell receptor signaling pathway | path:hsa04662 16 | P28482, P27986, P01100, P27361, Q9Y243, P31751, P25963.

P31749, P01375, Q16539, Q15759, 015264, P53779, P45984, P45983, P09917,
P4T7712, P17252, P53778, P42336, P28482, P27986, P04141, P27361, Q9Y243,

Fc epsilon RI signaling pathway path:hsa04664 20 | P06241, P31751.

Fc gamma R-mediated P31749, P50570, 015357, P47712, P17252, P05771, P05129, P08575, P42336,
phagocytosis path:hsa04666 17 | P28482, P27986, P27361, Q9Y243, P23443, Q05655, Q02156, P31751.
Leukocyte transendothelial P08253, P14780, Q16539, Q15759, 015264, P17252, P53778, P05771, P05129,
migration path:hsa04670 15 | P42336, P61073, P35222, P08754, P04899, P27986.

Intestinal immune network for
IgA production path:hsa04672 5 | P60568, P05231, P22301, P51686, P61073.
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Although, various studies have supported the anti-inflammatory behaviour of P. longum, our
work reveals that this effect is not due to a limited number phytochemicals rather a vast number
of phytochemicals are involved in this property. Among 105 phytochemicals involved in
immunomodulation, palmitic acid (PL70), demethoxycurcumin (PL11), bisdemethoxycurcumin
(PL10), 1,2-benzenedicarboxylic acid (PL66), sesamin (PL96) and piperine (PL25) are the top-
immunomodulators with 76, 15,12, 11, 11, 10 protein targets respectively. Thus, combining the
effect of other phytochemicals reported in our study will help to provide a whole-sum picture of
the herb’s immunomodulatory potency. Additionally, the use of analytical and structural
chemistry of the phytochemicals and phytochemical-protein target complexes will help in
understanding the molecular mechanism in detail. The detailed information of the immune
pathways considered and the number of target proteins involved in each class is represented in
Table 2.

3.5. Phytochemical, Protein target and Disease association (PC-PT-DA) network

The data of protein targets and the diseases in which they are involved was collected and a
tripartite network was drawn (Figure 3a). The diseases were classified into 27 classes and
distribution of proteins among each class is shown in Figure 3b. It can be easily seen that
majority of protein targets have their association with neoplasm and nervous system diseases,
with 908 and 770 proteins respectively. Numerous studies have shown the effect of pepper plant
in treatment of different cancers including prostate, breast, lung, colon, lymphoma, leukemia,
primary brain tumors, and gastric cancer. A recent study states that the plant’s anti-cancerous
property is due to the inhibitory mechanism of Glutathione S-transferase pi 1 (GSTP1) by its
compound piperlongumine (PL29). GSTP1 is overexpressing protein in cancerous cells and the
reactive olefins in the piperine (PL25) attenuate the cancer-cell proliferation by blocking its

active site (Harshbarge et al., 2017).

According to the network data, association between P. longum and nervous system diseases is
mainly by the regulation of 434 protein targets. Among these, majority of proteins are involved
in signaling transmission and developmental pathways. Out of total 434, 29 protein targets are
found to be interacting with piperine (PL25) that is known to have antiepileptic (Pattanaik et al.,

2006), analgesic, anticonvulsant (Bukhari et al., 2013) nature. Anti-depression like activity of
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this compound on animal samples suggests that the compound may act a potential functional

food to improve brain function (Wattanathorn et al., 2008).
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Figure 3 (a). Phytochemical - protein target - disease association (PC-PT-DA) network of Piper
longum. Top layer (blue) represents phytochemicals (159), middle layer (red) represents their protein
targets (1109) and the bottom layer (green) represents association of protein targets with 27 disease
classes obtained from DisGeNET. Size of the nodes in third layer (green) is proportional to their degree
value. (b) Piper longum protein targets and their involvement in 27 disease classes. Number of
potential protein targets associated with various disease classes as obtained from DisGeNETVA4.0.
Maximum numbers of targets are related with neoplasm and nervous system while least with the muscular

dystrophy and occupational diseases.

Analysis of degree distribution shows that 1,2-Benzenedicarboxylic acid (PL66),
demethoxycurcumin (PL11) and D-camphor (PL99) are having more number of protein
interactors in comparison to piperine (PL25) i.e 36, 34 and 33 respectively. Thus, it may be
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inferred that these phytochemicals may also have effect in neuroprotection and may act as new

lead compounds for neurodegenerative disorders.

The prioritization of the target proteins of P. longum was performed by mapping them to the
approved drug targets of DrugBank with intent of selecting known drug targets for identifying
their novel regulators from this herb’s constituents. For this, common target proteins among all
the four target prediction softwares were selected. Five proteins (P04150, P37231, Q8NER1,
P21397 and P27338) among these are FDA approved drug-targets, reflecting their importance
for identification of their novel regulators. The position of these potential targets in the PC-PT-

DA network shows that, 77 phytochemicals are involved in their regulation (Figure 4).

Figure 4. Potential FDA-approved targets from target dataset of Piper longum. Middle layer (red)
represents the 5 key protein targets, which are regulated by 77 phytochemicals of Piper longum,
represented in the top layer (blue). Third layer (green) represents the mapping of these targets in 825
diseases.

Further, these key targets are associated with diverse array of diseases that means they are
involved in multiple levels in the biological system. 28 protein targets were predicted by three of
the four softwares used for phytochemical-protein interaction prediction. These may be
considered as novel targets as compared to DrugBank entries and may be further explored with

respect to the phytochemicals involved in their regulation (Supplementary table 3). The network
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data provides a scope to explore the interrelationship of the target proteins with phytochemicals
using computer aided drug discovery approaches, which will be helpful in understanding the
medicinal and multi-targeting potential of the herb in detail. Further, pleiotropic nature of the

genes at the system level can be investigated.

3.6. Module and GO enrichment analysis of human PIN

First degree interactors of all the target proteins of P. longum were used to construct a
subnetwork of PIN of Homo sapiens (Figure 5). Topological analysis of the network shows that
its degree distribution follows a power-law with y = 975.99x™?*°. The PIN was analysed using
MCL clustering algorithm for module identification. Modules are shown in supplementary figure
1. Functional enrichment analysis of the modules with dense connection shows that P. longum
exerts its effect mainly through regulating cell cycle, signal transduction, genetic information
processing and metabolism machinery (Table-3)

Replication and repair mechanism (Module-1) involve proteins such as ATM, BLM and BRCA2.
ATM is serine/threonine kinase gene and acts as an important cell-cycle check point kinase
(Abraham, 2001). BLM gene is a Bloom syndrome RecQ like helicase; protein encoded by this
gene is involved in suppression of inappropriate recombination event in the cell (Hickson, 2003).
BRCA gene helps in maintaining the stability of the genome. BRCAZ2 is involved in double
stranded DNA repair by regulating the homologous recombination pathway (Karran, 2000).
Mitotic cell cycle (Module-3) contains gene like ANAPC10, CDC 20 etc. ANAPC10 is a core
subunit of anaphase promoting complex and it is known that APC genes get altered in human
colon cancer (Wang et al., 2003). CDC20 (cell division cycle 20) acts as a regulatory protein and
it has been shown in vitro that it is a promising therapeutic target for cancer treatment (Wang et
al., 2013). This shows that P. longum anti-cancerous activities are mainly due to regulation of
cell-cycle events and DNA-repair mechanisms.

It is commonly observed that disease occurrence is associated with the signal transduction
failure, but the degree of its association varies greatly depending on the severity of disease. Wnt
signalling pathways (Module-8) contain genes such as APC2, WNT7A and FRAT-1. Mutation in
Whnt signalling pathway genes like APC (Adenomatous polyposis coli) are particularly evident in

memory deficit cases.
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b)

Figure 5(a). Protein-protein interaction subnetwork of Homo sapiens targeted by phytochemicals of
P. longum. First neighbours of all the targets proteins were mapped into the human PPI as obtained from
STRING having high confidence level (score > 900). Green highlighted nodes in the network represent
the location of the target proteins of P. longum. (b) Node degree distribution of the PPl subnetwork.
The neighbourhood connectivity of each node is represented using node degree distribution graph,
analysed using Cytoscape. Both axes of the graph are represented in the logarithmic scale.

Gene knockout studies on the mice sample shows that the gene plays an important role in the
regulation of spinal locomotor activity and memory performance (Koshimizu et al., 2011). Its
involvement in ocular, bone density disorders (Canalis, 2013; MacDonald et al., 2009) and
colorectal cancer (Schneikert and Behrens, 2007) are also well studied. The proteins of WNT
gene family like WNT7A (Wnt family member 7A) encode secreted signalling proteins (Smolich
et al., 1993). An earlier report in the developmental biology shows that Wnt7a is a highly

conserved gene and play an important role in early development of midbrain and telencephalon
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region of human brain (Fougerousse et al., 2000). Target data analysis shows that “P12644”
encoded by BMP4 (Bone morphogenetic protein-4) is the target gene of WNT/beta-catenin
signalling pathway (Kim et al., 2002). Thus, it may be hypothesised that the herb’s nootropic
effect is mainly associated with the proteins constituting this module.

P. longum’s anti-inflammatory quality may be linked to G-protein coupled signalling process
(Module-4). This module contains genes like GRK2 and GRK®6. Inflammatory mediators
modulate GRKs signaling either by transcription regulation or its degradation. GRK2 act as
mediator in the pathway that causes inflammatory pain (Sun and Richard, 2012). Thus, targeting
GRKS by P. longum could be the reason of its anti-inflammatory properties. Pain relieving

properties of this herb can be easily linked to the proteins in Module-4.

Proteins of module 10 and 14 are involved in genetic information processing by regulating
transcription and translation machinery respectively. Genes like HES1, RUNX1, TGFB1, EP300
constitute module 10. HES1 is a hes family bHLH transcription factor-1. RUNX-1 is runt related
transcription factor 1 which participates in haematopoiesis. Its involvement in leukaemia
conditions is well documented (Huang et al., 2009). TGFBL1 is a transformation growth factor
beta-1 and it regulates cell-proliferation, differentiation and unregulated in tumor cells (Cohen,
2003). EP300 encodes E1-A associated cellular p300 transcriptional co-activator protein. It also
helps in stimulating hypoxia-induce genes. A defect in the gene leads to Rubinstein-Taybi
syndrome (Roelfsema et al., 2005). Thus, P. longum may be effective in improving

transcriptional errors or the diseases associated with it.

Module 14 constitutes ribosomal proteins like RPL36, RPS3, RPL8, RPS7, RPS13 and RPL3.
These proteins help in maintaining the structural integrity of ribosomal assembly. Extra-
ribosomal function of ribosomal proteins include regulation of gene expression, cell-cycle
control, regulation of apoptosis, modulation of DNA repair, regulation of development and
differentiation, modulation of cell migration and invasion and regulation of angiogenesis (Wang
et al., 2015). Dysfunction of ribosome leads to a condition known as ribosomopathies. Although
no data supports the herb’s effect in treating such dysfunction, but we believe that this area needs
a detailed investigation. P. longum phytochemicals may have a regulatory effect on

ribosomopathies.
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Table 3. GO based biological processes of 15 highly connected modules in the protein-protein
interaction subnetwork of Homo sapiens targeted by phytochemicals of P. longum.

Cluster-
Number GO-ID P-value Description
cluster-1 42770 | 1.61E-29 | DNA damage response, signal transduction
cluster-2 23052 | 7.10E-28 | Signaling
cluster-3 278 | 9.18E-122 | Mitotic cell cycle
G-protein coupled receptor protein signaling
cluster-4 7186 | 2.09E-122 | pathway
cluster-5 6325 | 8.92E-63 | Chromatin organization
cluster-6 7166 | 2.42E-47 | Cell surface receptor linked signaling pathway
cluster-7 22900 | 2.05E-118 | Electron transport chain
cluster-8 16055 | 1.77E-27 | Wnt receptor signaling pathway
cluster-9 19220 | 1.48E-14 | Regulation of phosphate metabolic process
Regulation of transcription from RNA polymerase
cluster-10 6357 | 7.67E-21 | Il promoter
cluster-11 6096 | 8.75E-33 | Glycolysis
cluster-12 6260 | 2.33E-48 | DNA replication
cluster-13 9889 | 2.84E-14 | Regulation of biosynthetic process
cluster-14 3735 | 1.28E-127 | Structural constituent of ribosome
cluster-15 7049 | 1.44E-41 | Cell cycle

Module-7 proteins are present in the metabolic machinery which is reported to regulate Electron
transport chain (ETC) and forms basis of the energy production in the cell. These proteins are
MT-CO1, UQRC1 and NDUFA6. MT-CO1 (mitochondrial cytochrome ¢ oxidase subunit-1),
UQRCL1 (ubiquonol-cytochrome ¢ reductase core protein) and NDUFA6 (NADH ubiquinone
reductase subunit A6) are associated with the redox processes of ETC (Herrero-Martin et al.,
2008; Cadenas et al., 1977; Zickermann et al., 2014) and aid in an essential aspect of ATP
generation. Abnormalities in ETC chain are characteristic feature of Alzheimer’s (Parker et al.,
1994) and Parkinson’s disease (Parker et al., 1989) of brain. Thus, the chemical compounds

produced in P. longum are involved in the crucial steps of ETC.

Glucose metabolism (Module-11) includes enzymes that are crucial for the conversion of glucose
into pyruvate. This process is carried out by the cell to meet its energy requirements. The module
contain genes like PGK2 (Phosphoglycerate kinase 2), ENO1 (Enolase 1), PKLR (Pyruvate
kinase) and ALDOA (Aldolase, fructose-bisphosphate A). This shows that the herb may also be

helpful in regulating energy metabolism. Additionally, high rate of glycolysis have been reported
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in cancerous cells (Elstrom et al., 2004). In such condition P. longum anti-cancerous property

may be correlated with its interaction with modules involved in glucose metabolism.
3.7. Drugability analysis and docking studies

The estimation of ADMET and other drug like properties are important to consider at early stage
of drug-discovery process as majority of the drug candidates fail the clinical trial due to poor
ADMET properties (Van De Waterbeemd and Gifford et al., 2003). We evaluated the complete
pharmacokinetic and toxicity profile of each phytochemical of P. longum for characterizing their

drug likeliness (Supplementary Table 2).

In silico estimation shows that the percentage intestinal absorption of the phytochemicals is more
than 90% for 136 phytochemicals. 93% of the phytochemicals are likely to permeate the Caco2
cells as they have permeability value greater than 1. Longumosides B (PL13), piperazine adipate
(PL63), 2-amino-4-hydroxypteridine-6-carboxylic acid (PL67) and 4-[(1-Carboxy-2-
methylbutyl) amino]-2(1H)-pyrimidinone (PL141) are predicted to have least permeability
among other phytochemicals. The possible distribution of compounds through various
compartments of the body was accessed using its Blood-brain barrier (BBB) penetration and
Central nervous system (CNS) penetration coefficient. One of the criteria for a successful CNS
drug is that the compound should not have binding affinity for P-glycoprotein (Pajouhesh and
Lenz et al., 2005). The result shows that 111 phytochemicals may act as non-substrate of P-
glycoprotein, thus possess the ability to be a potential CNS drug. Piperine (PL25) is known to
have CNS acting power (Lee et al., 2005), the BBB and CNS penetration values were found to
be -0.131 and -1.932 respectively. 115 phytochemicals of P. longum were showing the BBB and
CNS penetration values similar to or greater than the piperine (PL25) values. This indicates that

CNS targeting potential of other phytochemicals is noteworthy and can be explored further.
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Figure 6. Box and Whisker plots showing ADMET properties distribution of the Piper longum’s
phytochemicals. The graph shows the plots of ADMET variables corresponding to octanal-water
partition coefficient (log_P), water solubility (Water_sol.), skin permeability (Skin_perm.), blood-brain
permeability (BBB_per), central nervous system permeability (CNS_perm.), total clearance
(Total_clear.), maximum tolerated dose-humans (MTD_humans), oral rat acute toxicity (ORA_tox.), oral
rat chronic toxicity (ORC_tox.), T. Pyriformis toxicity (T_pyri. tox), minnow toxicity (Minnow_tox),
caco2 cell permeability (Caco2_per.) and intestinal absorption (Intestinal_abs.).

Lipinski’s “rule of five” criterion was adopted to estimate the likeliness of the phytochemicals to
act as drug molecule (Lipinski et al., 1997). 105 phytochemicals are shown to maintain the
criteria of molecular weight less than 500 Dalton, number of hydrogen bond donors less than 5,
hydrogen bond acceptors less than 10 and logP value (octanal-water partition coefficient) less
than 5. Toxicity risk was also evaluated by checking Ames toxicity, oral-rat acute toxicity, oral-
rat chronic toxicity, hepatotoxicity, cardiotoxicity, T. pyriformis toxicity and Minnow toxicity.
13% of the compounds are predicted to be positive for hepatotoxicity. The cardiotoxicity was
evaluated with hERG (human ether-a-go-go related gene) inhibition. Interestingly, not a single
phytochemical is positive for hRERGL1 inhibition, which reflects the cardio-protective nature of P.
longum.

Final screening of all the parameters in phytochemical dataset resulted in identification of 20
phytochemicals that possess high probability of acting as effective lead molecules
(Supplementary Table 2). For identifying the novel regulatory molecules to the previously

discussed 5 key protein targets, these 20 phytochemicals were back-mapped in the PC-PT
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network. This resulted in selection of 7 phytochemicals that were forming 16 phytochemical-
protein target pairs. To estimate the binding affinity of these potential phytochemical-protein
target pairs, docking studies were performed. This is essential to identify the best fit between the
phytochemical and protein molecule, both in terms of energy and geometry. Binding energy
calculations of each pair is represented in Table 4. Chemical features of all these phytochemicals
can be explored further to design their synthetic analogues with optimised pharmacological

activity.

Table 4. Docking energies of potential protein targets with their corresponding regulatory
phytochemicals.

Protein PDB ID Phytochemical Docking energy
Targets ID (Kcal/mol)
(Uniprot ID)
P04150 4MDD PL125 -4.72
P21397 2BXR PL6 -8.94
PL61 -4.68
PL81 -4.49
PL95 -4.39
PL125 -8.47
PL152 -1.4
P27338 2BXS PL6 -8.71
PL61 -4.31
PL81 -4.84
PL95 -4.63
PL125 -1.7
PL152 -7.19
P37231 4EMA PL125 -7.6
Q8NER1 3J5P PL6 -9.04
PL71 -4.59
4. Summary

Traditional Indian medicine (TIM) system commonly known as Ayurveda is about 5000 BC old
heritage of Indian subcontinent and is a huge repository of information about multiple natural
medicines for their therapeutic potential. P. longum is an important constituent of many

Ayurvedic formulations; the most widely used among these is “Trikatu”. However, the multi-
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targeting potential of this herb and underlying mechanism of its cellular-level action are still
unexplored. The approach of network pharmacology in recent years has provided a way to
investigate the healing potential of the traditional herbs for drug discovery and drug development
procedures. Therefore, in the current study, we have examined the medicinal effect of P. longum
using network pharmacology. The methodology involves literature survey, database mining,
drug-likeliness prediction, phytochemical-protein target and protein target-disease relationship
study to examine the multifaceted potential of this herb. The extensive text mining of its
phytochemicals and their effect on the human proteins (involved in diseases) has led to the
identification of novel phytochemical-protein target relationships. Our study highlights 5 key
FDA approved targets and their 77 regulating phytochemical partners, for which chemical
scaffold analysis can be performed to investigate the important drug-ligand interactions at the
atomic level. Immune pathway network analysis has led to the identification of top
immunomodulatory phytochemicals which involves palmitic acid (PL70), demethoxycurcumin
(PL11), bisdemethoxycurcumin (PL10), 1, 2-benzenedicarboxylic acid (PL66), sesamin (PL96)
and piperine (PL25).

Further, module analysis in the human protein-protein interaction network was carried out to
decipher the effects of phytochemicals at global perspective. Significant modules include
proteins involved in the regulation of cell cycle, signal transduction, metabolism and genetic
information processing. Among 159 phytochemicals, 20 are estimated to be effective lead
molecules based on drug-likeliness filter. We believe that our work based on systems level
network assisted studies of P. longum will offer a new way to look upon the hidden potentials of
this herb. The data obtained from docking analysis may be taken for in vitro studies, which may
eventually be helpful in identification of novel and effective lead molecules from natural pool of
compounds present in P. longum. We are hopeful that this study will prove to be an important
basis for understanding the phytochemical-protein level coordination in various Ayurvedic
formulae that uses P. longum as an integral part. Further, the phytochemical-protein target and
disease relationship represented in the form of interaction networks will be helpful in

understanding the underlying molecular mechanism in detail.
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