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Abstract

In today’s globalized and flat world, a patient can access and seek multiple health and disease
management options. A digitally enabled participatory framework that allows an evidence-based
informed choice is likely to assume an immense importance in the future. In India, traditional
knowledge systems, like Ayurveda, coexist with modern medicine. However, due to limited
crosstalk between the clinicians of both disciplines, a patient attempts integrative medicine by
seeking both options independently with limited understanding and evidence. There is a need
for an integrative medicine platform with a formalized approach, which allows practitioners
from the two diverse systems to crosstalk, coexist, and coevolve for an informed cross-referral
that benefits the patients. To be successful, this needs frameworks that enable the bridging of
disciplines through a common interface with shared ontologies. Ayurgenomics is an emerging
discipline that explores the principles and practices of Ayurveda combined with genomics
approaches for mainstream integration. The present review highlights how in conjunction with
different disciplines and technologies this has provided frameworks for (1) the discovery of
molecular correlates to build ontological links between the two systems, (2) the discovery of
biomarkers and targets for early actionable interventions, (3) understanding molecular mech-
anisms of drug action from its usage perspective in Ayurveda with applications in repurposing,
(4) understanding the network and P4 medicine perspective of Ayurveda through a common
organizing principle, (5) non-invasive stratification of healthy and diseased individuals using a
compendium of system-level phenotypes, and (6) developing evidence-based solutions for
practice in integrative medicine settings. The concordance between the two contrasting streams
has been built through extensive explorations and iterations of the concepts of Ayurveda and
genomic observations using state-of-the-art technologies, computational approaches, and
model system studies. These highlight the enormous potential of a trans-disciplinary approach
in evolving solutions for personalized interventions in integrative medicine settings.

Impact statement

Globally, there has been a significant shift in healthcare from a reactive to a proactive approach
with an emphasis on P4 (Preventive, Predictive, Personalized, and Participatory) and precision
medicine. Ayurveda, an ancient system of medicine, has been practicing this approach for
thousands of years, but its integration with modern medicine in clinical settings is still limited.
Currently, individuals who want to avail of both systems do so independently without an
evidence-based informed choice. The two medical streams have different approaches to diag-
nosis, treatment, and therapy.Modernmedicine focuses on treating diseases in an organ-specific
manner, while Ayurveda takes a holistic perspective, treating the individual in a personalized
manner based on their inherent constitution type “Prakriti.” Ayurvedic medicines consist of
complex herbal formulations, different frommodern medicine drugs that often prioritize active
principles. Both systems have their merits, but they currently do not have much cross-commu-
nication or collaboration. A dialogue betweenAyurveda andmodernmedicine can offer patients
more options for managing their health. The emerging field of Ayurgenomics shows promise in
bridging the two contrasting disciplines of medicine. Research in this area over the last two
decades has provided a unifying ontological framework to explore the molecular basis of
principles and practices. These have provided (a) a molecular basis of inter-individual differ-
ences between Prakriti that govern their differential health and disease trajectories, (b) methods
for phenotype-based non-invasive methods of stratification of healthy individuals, (c) biomark-
ers and targets for early actionable interventions, and (d) platforms for evidence-based usage of
Ayurvedic medicines. By combining the strengths of Ayurveda and modern medicine through
Ayurgenomics, there is potential to enhance patient care and promote a more precise, integra-
tive, and effective healthcare system that embraces preventive, predictive, personalized, and
participatory aspects.
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Introduction

Enormous inter-individual variability in susceptibility to common
and complex diseases, as well as response to geo-climatic condi-
tions, therapy, diet, and lifestyle exists in worldwide populations.
This has been acknowledged even more as we battled the COVID-
19 pandemic, where the same strain evoked a highly variable
infectivity and response, hypoxic and inflammatory consequences,
and even morbidity. This difference was seen even amongst closely
related family members. Also, as the virus and the disease evolved
within an individual, variable complication of “long COVID”
beyond a year of infection were reported. During the COVID-19
pandemic, we also witnessed an accelerated pace of drug discovery,
primarily through drug repurposing. Since the timelines for evolv-
ing therapeutic solutions were impossible, there were many trials
and errors, some with grave consequences. In many populations,
alternative options from traditional knowledge-based systems were
also sourced. In this backdrop, all the diverse arms of P4 (Predictive,
Preventive, Personalized, and Participatory) medicine that aims to
evolve solutions for the management of health and disease in a
stratified manner in population and precisely in individuals
assumed an immense importance (Hood and Friend, 2011; Hood
and Flores, 2012; Tian et al., 2012). P4 medicine resonates with the
principles of Ayurveda that dates back to thousands of years and are
still practiced widely (Prasher et al., 2016; Lemonnier et al., 2017).
AyurvedicMarket size was valued atUSD6.50 Billion in 2020 and is
projected to reachUSD21.12 Billion by 2028, growing at a CAGRof
15.63% from 2021 to 2028 according to a recent verified market
report (https://www.verifiedmarketresearch.com/product/ayur
vedic-market/).

In Ayurveda, the concepts of individuality that govern the
baselines of health, response to environment, and disease trajec-
tories and form the basis for personalized and precision interven-
tions is extensively documented (Prasher et al., 2016). Much to the
surprise of many, an Ayurveda clinician of today refers to the same
ancient documentation for evolving therapies for diseases that
seemingly are of recent origin (Sharma, 1981, 1999). These could
be for any complex syndrome that is precipitated by lifestyle factors
of today, for example, obesity, asthma, and diabetes, or the newly
emergent diseases such as COVID-19. It is amatter of curiosity as to
how they deconvolute modern diseases and descriptions, make
ontological links with ancient texts, and also repurposemedications
for a present-day ailment.

The medicines in Ayurveda are often mixed and complex
formulations derived from different herbs; many a times the
same herb is used in the treatment of diverse diseases. This is
in stark contrast to contemporary practices, where despite an
appreciation of shared aetiologies, individuality, as well as polypill
needs, a system’s perspective is rarely taken into account. A
patient with multiple ailments is treated by different specialists
and rarely a holistic as well as integrative approach is followed.
For an integrative medicine to be delivered in practice there needs
to be a shared vocabulary with unifying ontologies that enables
interpretation by experts of either disciplines, sharing of the
information and also evidence-based health management options
from both within and between the streams. Ayurgenomics pro-
vides a genomics-based interface to explore the ontological links
between the two streams. This field is gradually gaining recogni-
tion (Patwardhan and Bodeker, 2008; Patwardhan, 2014; Gupta,
2015; Mukerji and Prasher, 2015; Prasher et al., 2016; Sreedevi
et al., 2016; Lemonnier et al., 2017; R.T and Kalaichevan, 2020;
Wallace, 2020; Venkanna Rao, 2022).

Human genetic individuality, health baselines, and disease
trajectory: Modern medicine versus Ayurveda

Genomic advancements are blurring the boundaries between the
specialties of modern medicine and emphasis has now shifted to a
system-based network medicine (Loscalzo et al., 2007; Loscalzo and
Barabasi, 2011; Chen and Snyder, 2012; Noell et al., 2018). This has
primarily been propelled by the large-scale genome and phenome-
wide association studies (GWAS and PHEWAS) that have revealed
extensive pleiotropy, as well as overlap of genes and networks
between disparate diseases. Shared intermediate patho-phenotypes
are observed between diseases and different endophenotypes within
the same disease sometimes govern differential outcomes (Loscalzo
et al., 2007). The endophenotypes include inflammation, fibrosis,
wound healing, immune response, cell proliferation, and apopotosis/
necrosis that govern outcomes, such as stroke, hemolytic crisis, pain,
and so on. The specificity for a disease could thus be a cumulative
consequence of innate predisposition, modifier genes, and local
environment. For example, in sickle cell anemia, with the same
primary mutations a patient can have pain, hemolytic crisis, or
thrombosis due to variability in modifier genes and environment
such as dehydration, hypoxia, and infection and presently it is
difficult to predict trajectories from primary mutations.

Evidence of extensive inter-individual variability is also appar-
ent from observations of the numbers needed to treat (NNT) and
numbers needed to harm (NNH) from a large number of random-
ized control trials (https://www.thennt.com/). This has clearly
highlighted the need for stratification of population for most effect-
ive outcomes (Cook and Sackett, 1995). A large-scale study on
millions of patients on three common diseases, diabetes, hyperten-
sion, and depression, have reported extensive heterogeneity in
treatment practices of drugs with a trial-and-error approach
(Hripcsak et al., 2016). These are changing the clinical trial design
paradigm from conventional randomized controlled trials (RCTs)
to n-of-1 trials wherein interventions are planned through a
double-blinded randomized crossover trial conducted in a single
patient (Lillie et al., 2011).

A few aspects are now being appreciated in recent times
(1) There is an enormous inter-individual variability that governs
variable outcomes in health, disease as well as during management
and we need to evolve methods for risk stratification (Khera et al.,
2018; Gibson, 2019a, 2019b; Nagpal et al., 2022). (2) Health cannot
be defined by an absence of disease state and we need to evolve
measures for defining health and individuality (Olson, 2012; Topol,
2019). (3) Yield of biomarker discovery and association studies
could increase if there were methods to reduce phenotypic hetero-
geneity in reference controls (Olson, 2012; Prasher et al., 2016;
Noell et al., 2018; Juyal et al., 2022).

Ayurveda, in contrast, has a clear definition of health base-
lines that determines individuality, is scale-free (like waist to hip
ratio), and govern inter-individual differences in response, sus-
ceptibility as well as disease and therapeutic outcomes (exten-
sively reviewed in Prasher et al., 2016). Individuals in any
population can be stratified to seven broad constitution groups
“Prakriti” that are fixed very early in life, remain invariant
throughout lifetime (Sharma, 1981, 1999). These differences
arise from a unifying organizing principle that determines an
individual’s thresholds in health and perturbations during dis-
ease, predict risks for different diseases and allows optimization
of therapy. Drugs or therapy are mapped to specific imbalances
to restore homeostasis. All this is contextualized in the geo-
spatio-temporal context keeping ethnicity and heritability into
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perspective. The understanding of the linkage between cause,
features, and therapy through the common organizing principle
forms the basis of its translation from principle to practice in an
individualized perspective. This resonates with the current
approach of precision and networked medicine (Prasher et al.,
2016) (see Box 1).

Ayurgenomics: A framework for probing ontological links
between modern medicine and Ayurveda

Ayurgenomics is an emerging discipline that seeks to bridge and
build an operational framework for integrating the principles of
Ayurveda with modern medicine for translational applications
(Mukerji and Prasher, 2011; Sethi et al., 2011; Sreedevi et al.,
2016; Prasher et al., 2017; Singh et al., 2019; Wallace, 2020; Ven-
kanna Rao, 2022). This uses the tools of genomic and related omics
to explore and elucidate the molecular correlates of “tridosha,” the
common organizing principle in Ayurveda.

Amongst the seven broad Prakriti types the extreme/predom-
inant Vata, Pitta, Kapha are most readily distinguishable (Hankey,
2005; Prasher et al., 2016). These display contrasting phenotyping
attributes comprise 10% of the population and have predominance
of either of doshas. Prakriti of individuals is assessed using a
compendiumof composite phenotypes that encompass anatomical,
physiological, response, and activity-associated attributes. Nearly
two decades of exploratory research carried out by different groups

have provided molecular correlates of Prakriti from different func-
tional hierarchies – phenomic, genetic, genomic, epigenomic, tran-
scriptomic, metagenomic as well as at biochemical, immunological,
and cellular levels, and most recently, at the physiological level
(Bhushan et al., 2005; Prasher et al., 2008; Aggarwal et al., 2010,
2015; Joshi et al., 2011; Rotti et al., 2014, 2015; Satyamoorthy et al.,
2014; Govindaraj et al., 2015; Tiwari et al., 2017; Chauhan et al.,
2018; Chaudhari et al., 2019; Abbas et al., 2020, 2022; Mobeen et al.,
2020; Chakraborty et al., 2021; Shalini et al., 2021; Rani et al., 2022).
These studies have been primarily conducted on healthy individ-
uals of extreme and contrasting constitution types that are most
easily discernible at the level of composite phenotypes, and who
also have contrasting responses and vulnerability (Prasher et al.,
2017). There have been novel discoveries, iterative developments
and insights as well as opportunities for translation into integrative
medicine settings (Ahmad et al., 2012; Juyal et al., 2012, 2022;
Gheware et al., 2021a, 2021b; Haider et al., 2021, 2022; Table 1).

Ayurgenomics-based studies have provided the following
insights for application (1) a compendium of composite system-
level non-invasive phenotypes that could be assessed in healthy
individuals to predict inherent risk for different diseases, expos-
ures, and also for monitoring health trajectories, (2) molecular
correlates of “dosha”mapping to intermediate patho-phenotypes
that could enable setting of individualized baselines in health, (3) a
method to enrich for informative variations and molecular axes
that could enable development of marker panels as well as be
useful for computation of individual risk scores for early and
stratified interventions, (4) development of preclinical disease
models for molecular delineation of dosha specific interventions,
(5) operational frameworks for network medicine based on trisu-
tra principles and leads, and (6) Evidence-based solutions for
Ayurveda drug usage, actionable targets and novel molecules for
drug development and repurposing. The application space of
Ayurgenomics and the existing needs for technology develop-
ments is illustrated with specific examples in the subsequent
sections (Figure 1).

Molecular correlates from studies on extreme Prakriti types
could help define baselines of health

There is a common underlying theme to all diseases. In response to
diverse environmental triggers that could include heat, hypoxia,
Ultraviolet, infection, and dehydration, individuals are either resili-
ent or could present with variable outcomes, such as thrombosis,
bleeding, fibrosis, and pain, which aremainly restricted to a specific
organ (Loscalzo et al., 2007; Noell et al., 2018). These diseases
manifest through intermediate endophenotypes, such as immune
response, inflammation, cell adhesion, cell proliferation, apoptosis,
necrosis, and so on. A disease in an individual is thus a cumulative
effect of rare and common variations in highly penetrant, as well as,
modifier genes along with epigenetic effects. Threading the geno-
types to variable phenotypic outcome through the different levels of
functional hierarchy in an individualized manner is a major aim of
precision medicine.

There has been a massive deluge of variation data from whole
genome and exome sequencing, as well as genome-wide association
studies from diverse populations. Methods are now being evolved
to develop polygenic risk scores (PRS) that take into account the
cumulative involvement of risk/protective alleles for more effective
stratification in precision medicine (Khera et al., 2018; Gibson,
2019b; Nagpal et al., 2022). Genome-wide expression studies on

Box 1. Explanation of some terminologies.

Tridoshas as organizing principle: These are the three “tri”physiological entities
“doshas” that govern homeostasis in the system. The three entities are called
Vata (V), Pitta (P), and Kapha (K) that govern the kinetic, metabolic, and
potential axes of the systems respectively. Functions attributed to Vata – are
transport, signaling, communication, networking, and so on; Pitta
-metabolism, digestion, thermoregulation, immunity, inflammation, and so
on; and Kapha – structure, strength, stability, lubrication, and so on to the
system.
Prakriti: An individual has all three doshas but in varying proportions. This is
determinedat the timeof fertilization. The relativeproportionsofdoshasdefine
seven broad homeostatic states “Prakriti” of the system; predominant – V, P, K,
and mixed VP, PK, VK, and VPK. Homeostatic/baselines proportions of doshas
are dynamic and fluctuate with respect to temporal spatial and environmental
cues but within threshold ranges. For example, in humans, there are specific
hours of the day in morning and evening where the specific doshas peak
(6-10-K; 10-2-P, and 2-6-V). Dry weather/locations elevate V and hot weather P.
Prakriti assessment: System-level attributes, namely, anatomical,
physiological, response, and behavioral are assessed to assign Prakriti in
healthy individuals. Prakriti is assigned to an individual keeping in context
inheritance (shukra, shonita) and prenatal exposures (matur ahar, vihar),
ethnicity (Jatiprasakta), heritability (Kulprasakta), geography (Desh-
anupatini), age (Vaya-anupatini), and seasons (Kala-anuapatini). Prakriti of
an individual remains invariant throughout lifetime as this is assessed
keeping in context the proportions of doshas and their dynamics due to
the above-influencing factors and response attributes of the doshas.
Vikriti: Imbalance of proportions of doshas from their homeostatic state is
termed as Vikriti. Individuals could have imbalance of dosha in any of the three
axes but they are differentially susceptible due to their varying thresholds.
Thus the homeostatic thresholds for V in Vata individual might be an
imbalance for Pitta individuals and vice versa. Diseases are diagnosed on
the basis of manifestation of aberrant doshas at the system level. The goal of
Ayurveda is to restore baseline doshas keeping in a Prakriti-specific manner.
Trisutra: The drugs, diet, and lifestyle regimes are classified on the basis of
their actions on specific doshas. The understanding of the linkage between
the three aspects “trisutra” of cause (hetu), features (linga), and therapy
(aushadha) through the common organizing principle of tridosha forms the
basis of its translation from principle to practice in an individualized
perspective.
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Table 1. Studies of predominant Prakriti types in healthy individuals at different omic levels

Omics study Approach Differences amongst predominant Prakriti types

Biochemical and transcriptome
Subjects:
96 healthy individuals of predominant Prakriti screened
out of 850 subjects from a genetically homogeneous
population from North India (NI) of both genders
V-39, P-29, K-28
(Prasher et al., 2008)

Assay system
Transcriptomic – 19Kv8cDNA array (8,416
genes)

251 differentially expressed transcripts, for example,
Vata: up – nucleocytoplasmic transport, cell cycle, DNA
repair and recombination, dn – inflammatory and biotic
response
Pitta: up – response to biotic stimulus, dn – olfactory
transduction
Kapha: up – cellular biosynthesis, cofactor and purine
salvage
dn – complement activation

Biochemical – 33 parameters with
permutation tests

Biochemical – gender-specific differences in Baseline
levels of intermediate patho-phenotypes
Vata: up – serum prolactin and PTT
Pitta: up – hematological parameters
Kapha: up – lipid profiles, serum uric acid, GGPT, SGPT,
Zinc

High-throughput genotyping
Subjects:
Discovery cohort
Differentially expressed genes from above cohort (NI)
with 92 matched background controls
Validation cohort
HAPE subjects – 92
(Aggarwal et al., 2010)

Assay system
Illumina custom golden gate array141 tag
SNPs from 30 representative genes of 251
differentially expressed genes of NI
EGLN1 variation from 32 populations in
HGDP panel and 552 samples 24
populations in IGV panel
SNAPSHOT assay for EGLN1 genotyping
of EGLN1

Differentially expressed genes amongst Prakriti
associated with SNP frequency differences (eQTL)
14 SNPs significant in AKT3, EGLN1, FAS, FBN2, RAD51
genes
Pitta allele – dn – EGLN1 expression and adaptation to
high altitudes in IGV and HGDP population
Kapha allele correlated with up – EGLN1 expression is
associated with susceptibility to HAPE
EGLN1 SNPS (rs479200,rs480902) contribute to
expression difference in hypoxia

Custom array based High-throughput genotyping
Subjects:
96 samples from NI cohort and 552 samples from 24
Indian populations (IGV)
(Aggarwal et al., 2015)

Assay system
Illumina custom golden gate array
2,800 SNPs from 776 disease-candidate
genes
Validation study in mouse model

Allelic differences in SPTA1, VWF, OLR1, UCP2, OR6K3,
LEPR, OR10Z1 – hemostasis, olfaction, lipid metabolism,
and so on
Genetic interaction between EGLN1 (rs480902) and VWF
(rs 1,063,856) predict Pitta with bleeding and Kapha with
thrombosis outcomes in hypoxia

GWAS array-based genotyping
Subjects:
262 well-classified predominant Prakriti males
individuals from diverse ethnicity
V-94, P-75, and K-93
(Govindaraj et al., 2015)

Assay system
Affymetrix, 6.0 microarray platform
Validation – targeted sequencing of PGM1

52 Prakriti differentiating SNPs without any confounding
effect of stratification
PGM1 (metabolism-associated genes) variants
differentiate Pitta and correlates with metabolic
phenotype described in Ayurveda

Pharmacogenes from Exome sequencing
Subjects
72 subjects of Predominant Prakriti (18 of each) as well
as controls from NI cohort
(Prasher et al., 2017)

Assay system
Illumina Next Generation Sequencing
platform (NGS) Hiseq2000 platform
47 genes that are US-FDA-approved
pharmacogenomic biomarkers

28 SNPs of 11 FDA-approved genes – CYP2C19, CYP2B6,
ESR1, F2, PGR, HLA-B, HLA-DQA1, HLA-DRB1, LDLR, CFTR,
CPS1 differ between Prakriti – relevant in antiepileptic,
antithrombotic, antipsychotic, antiviral, lipid lowering,
cancer, diuretic, and so on
Novel – A nonsynonymous exonic variation (rs1137101) in
the LEPR gene associated with bodyweight gain due to
antiepileptic drug (valproic acid) higher in Kapha
compare to Pitta

Exome sequencing
Subjects
108 healthy individuals 54 each from NI and VADU
cohorts of North and Western India, respectively
V/P/K and background population – 18 samples in each
group
(Abbas et al., 2020, 2022)

Assay system
Illumina Next Generation Sequencing
platform (NGS) Hiseq2000 platform
Comparisons between cohorts and with
background controls
Fisher’s test with permutation tests
(80,000 iterations)

1,181 overlapping genes with 115 SNPS (91 eQTLS)
replicated across both cohorts
GO enrichments –
P versus K: interferon and IFNG, biological adhesion,
hemostasis
V versus K – synapse activity, cell development,
anatomical structure development
V versus P – neurogenesis, + regulation of
nucleocytoplasmic transport, cAMP, and carbohydrate
derivative synthesis
GWAS: 6 replicated GWAS SNPs associated with
anthropometric traits, obesity, WHR, skin pigmentation,
circadian rhythm, sleep, and sensory functions

Epigenomics
Subjects:
147male subjects of predominant Prakriti (20-30 years)
out of screening of 3,416 subjects across diverse ethnic
and linguistic groups, and geography
K-52, P-48, V-47
(Rotti et al., 2014)

Assay system
Methylated DNA immunoprecipitation
(MEDIP) and microarray analysis on
illumina platform
Validation through bisulfite DNA
sequencing

Global methylation difference specific to Prakriti types
and at sites associated with diseases
Kapha: up – promoter, obesity, cell growth, cellular
adhesion, and maintenance of cellular integrity, for
example, CDH22
Pitta: up – gene body, metabolism, hormone secretion
nucleic acid metabolism, for example, UNBA, SK1, TP73,

(Continued)
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healthy individuals have also revealed high inter-individual vari-
ance within a population (Montgomery and Dermitzakis, 2011;
Martin et al., 2014). A major challenge, however, is threading
genotypes to phenotypes through enormous genetic heterogeneity
within populations. The effect of common genetic variants asso-
ciated with many diverse diseases in GWAS studies is often
masked in this heterogeneity as there are no adequate methods
to comprehensively define and distinguish healthy individuals
within a population (Manolio et al., 2009; Eichler et al., 2010).
Using millions of electronic health records that are available in
cohorts on whom genome-wide association studies have been
conducted for specific traits, phenotype–phenotype associations
are being derived through phenome-wide association studies
(Denny et al., 2010). The presence of overlapping phenotypes
that are captured in health records has enabled the discovery of
pleiotropic variants that connect different diseases and pheno-
types through shared variants.

Genome-wide expression, genetic variation (microarray based
as well as exome), and epigenome (global methylation and array
based) studies on extreme Prakriti healthy individuals that have
predominance of one of the doshas, have provided molecular
correlates of tridosha (Prasher et al., 2008; Govindaraj et al., 2015;
Rotti et al., 2015; Abbas et al., 2020, 2022). Some of the highlights of
these studies have been provided in Table 1. Contrasting doshas
exhibit differences with respect to gene-ontology enrichments. In
the first of such studies carried out on healthy individuals the
authors reported ontological differences between the individuals
of contrasting constitution types at genome-wide expression and
biochemical levels (Prasher et al., 2008). Corroborating observa-
tions of differences in ontological enrichments between different
constitution types have been reported from multiple studies that
have been carried out at different functional hierarchies and in
different population cohorts. For instance cell proliferation and
DNAdamage response differentiatesVata Prakriti, T-cell mediated

Table 1. (Continued)

Omics study Approach Differences amongst predominant Prakriti types

RUNX3, SOX11
Vata – up – cell communication, transcription, signal
transduction, development, for example, HOXB1, LMX1B,
LHX1, EN2

Gut metagenomics
Subjects:
135 healthy individuals of predominant Prakriti from
528 individuals of VADU cohort both genders
V-48, P-35, K-52
(Chauhan et al., 2018)

Assay system
16S rRNA sequencing of gut metagenome
with V2-V6 on Roche FLX platform

Sharing of core microbiome amongst Prakriti. Prakriti
specific signatures more specifically in females whose
dysbiosis is associated with health and disease states –
for example,
Pitta – butyrate-producing microbes (protective against
inflammation, IBS)
Kapha – Prevotella copri (correlated with inflammation
and known to induce insulin resistance)
Vata females – E. Rectale and R. Hominis that are butyrate
producers

Computational functional metagenomics
Functional profiling of gut metagenome of Vadu cohort
from the above study
(Mobeen et al., 2020)

Assay system
Imputed metagenomics approach with
predicted functional profiles from KEGG

Kapha – amino acid metabolism and biosynthesis
pathway, replication, translational repair and stress
response, high abundance of potential pathogen
Pitta – biosynthesis of amino acids, up – metabolism-
related pathways cholrakane, chloralkene,
nitrotolouene, nitrogen metabolism
Vata – Butyrate producers (lean body)

Gut and stool metagenomics
Healthy individuals of Predominant Prakriti of both
genders from cosmopolitan population of South India
Gut
Males – K-46, 52-P, 35-V; Females – 35-K, 12-P, 29-V
Buccal
Males – 41-K, 48-P, 34-V; Females – 36-K, 10-P, 31-V
(Shalini et al., 2021)

Assay system
Illumina Miseq platform
16srRNA sequencing with primers for V3
and V4 regions

Large sharing of microbes amongst Prakriti
Gut signature microbes resonate with Ayurveda
description, for example,
Kapha – Butyricicoccus that is known to suppress
inflammation
Pitta – Turicibacter linked to host immunity and
associated with inflammation
Vata – Paraprevotellais usually found to be negatively
correlated with BMI, percentage body fat, adiposity
index, and estimated visceral fat
Oral – the proportion of pathogenic bacteria was least in
Pitta

* Candidate genes
HLA-DRB1 variants in 76 subjects: 32 P, 34 K, 10 V
(Bhushan et al., 2005)

Polymorphism assay by PCR Frequency of HLADRB1*13 associated with protection
against dementia and autoimmune lower in Vata

* Candidate genes
CYP2C19 *1*2*3 polymorphism
167 predominant Prakriti (26 V, 43 P, and 63 K) from a
screening of 489 subjects (Joshi et al., 2011)

PCR-RFLP method Fast metaboliser in P
Poor Metabolizer in K

Note: These studies have been carried out on healthy individuals of predominant and contrasting Prakriti types – Vata (V), Pitta (P), and Kapha (K) from diverse cohorts. The number of subjects,
population details, and gender information are included. A brief summary of key results with few examples in each of the studies has been highlighted. The references for the studies are also
included. *A few candidate gene-based studies are included. eQTL, expression quantitative trait loci; HAPE, high altitude pulmonary edema; HGDP, human genome diversity panel; IGV, Indian
Genome Variation Consortium Project. Up and dn indicates the direction of expression/levels towards positive and negative, respectively.
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immunity, elevatedmetabolism and inflammation in Pitta Prakriti,
and lipid profiles and BMI-associated correlates differentiate
Kapha have been observed from expression, epigenetic as well as
genetic studies (Prasher et al., 2008; Rotti et al., 2015; Abbas et al.,
2020, 2022). Besides these, there are differences in different cellular
and physiological axes that are associated with development, cell
adhesion, signaling, and transport functions as well as processes
that govern circadian rhythm, olfaction, and so on. Differences in
gut microbiome that are correlated with many disease predisposi-
tions have also been reported amongst Prakriti type (Chauhan et al.,
2018; Chaudhari et al., 2019; Mobeen et al., 2020; Shalini et al.,
2021). Recently a study on two cohorts has also reported physio-
logical difference in response to orthostatic stress that was evaluated
by heart rate variability (Rani et al., 2022). All these studies sub-
stantiate that the assessment of extreme Prakriti can be used to
assess the proportions of different “doshas,” their dynamics in a
healthy individual, and predict the associated risk and trajectories.
Noteworthy, the healthy individuals displayed baseline differences
in the processes linked to intermediate patho-phenotypes that are
often perturbed in diseases (Prasher et al., 2008).

It seems probable that differences in baselines of intermediate
phenotypes of healthy individuals could be governed by a need to
maintain a homeostatic state in an individual and subvert the
deleterious consequences of an epistatic variant. For example, in
one of our studies, we demonstrated that the elevated bleeding risk
in Pitta could be a protective phenotype to subvert the epistatic
effect of a variation in oxygen sensor gene EGLN1 that contributes
to higher baseline levels of hypoxia responsiveness (Aggarwal et al.,
2010, 2015). Hypoxic conditions lead to increase in angiogenesis

and enhanced formation of platelet glycoprotein as a protective
phenotype. However, in a chronic state of hypoxia this could put an
individual to enhanced risk of thrombosis. In individuals where
baseline levels of hypoxia are higher, a bleeding-linked state could
thus be physiologically favorable. In another study, we demonstrate
how elevated baseline levels of cell proliferationVata Prakriti could
be advantageous if the individuals have an inherent sensitivity to
DNA-damaging conditions (Chakraborty et al., 2021). An inherent
susceptibility to DNA-damaging agents at the embryonic stage
might have led to a genetic rewiring that ensures higher baseline
states of cell proliferation for more effective recovery. This, how-
ever, later in life might contribute to differences in outcomes due to
the involvement of the cell proliferation axes.

The above observations suggest if interventions are targeted
toward elevated levels of intermediate patho-phenotypes without
taking cognizance of an individual’s baselines, this could lead to
ineffective outcomes in diseases or even drastic consequences. For
instance, ischemic consequences in hypoxia might differ amongst
individuals based on their constitution types and would have
different treatment and dose calibration requirements. Also,
DNA-damaging agents in cancer conditions, if calibrated on the
basis of thresholds of DNAdamage sensitivity of cancerous tissues
without a cognizance of inherently baseline proliferation rates in
response to such conditions, could result in higher recurrence in
some individuals. Could different constitution types govern such
differences? Interestingly, according to textual descriptions there
are many intermediate pathophenotype that are described to be
Prakriti specific. For instance, amongst many distinguishing fea-
tures, pain-related outcomes are more prevalent in individuals

Tridosha- Trisutra
Principles

Prakri� and cell
model based
omic studies

Doshas &
Gene�c links

Perturba�on of 
dosha candidates
in model systems

Dosha modula�ng
herbal formula�on
in disease models

Mul�-omic correlates and
gene ontological links  with
doshas

Development of 
working hypothesis
based on principles
and usage

Associa�ons with
phenotypes, suscep�bility
and response

Model systems for
dosha modula�on and
vikri�

Tridosha as a
common organising
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Dosha based usage 
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Therapy
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Figure 1. Summary of research highlights and potential of Ayurgenomics. Molecular correlates of Tridosha, the common organizing principle in Ayurveda have been explored
through studies on healthy individual of three extreme Prakriti constitution types that have predominance of either Vata, Pitta, or Kapha doshas as well as have been validated in
model systems. These have been studied at various levels of functional hierarchy from molecular (genetic and epigenetic) to expression and response at cellular (transcriptomic,
metagenomic, biochemical) and organ – physiome level and also with respect tomultisystem phenotypic attributes in diverse populations. These have been validated through cell-
based studies, in LCL and disease models (cell-based andmouse), and machine learning approaches. The studies have highlighted the application of Ayurgenomics for elucidating
PhenotypetoPhenotype linkages in an individual, understanding the genetic and phenotypic basis of human individuality, identification of different baselines of intermediate
patho-phenotypes that govern outcomes in health, genetic variations, and biomarkers for risk and response stratification in healthy individuals, novel therapeutic targets, systems’
understanding and drug repurposing through trisutra framework. These could be useful for noninvasive risk stratification of healthy individual, endophenotype identification in
diseases, evolving polygenic risk scores fromGWAS studies formore effective risk stratification, identification of actionable targets and genes with pleiotropic effects from PHEWAS
cohorts, development of preclinical models for exploring and generating evidence-based usage Ayurveda formulations and in developing endophenotype based precision and
networked medicine.
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with heightened Vata, bleeding in Pitta, and thrombosis in Kapha
Prakriti. Of interest, there are also textual descriptions that
describe certain biological processes being enriched in particular
doshas, for example, enhanced cell proliferation in Vata and
inflammation in Pitta and adhesion in Kapha. Many of the
molecular observations resonate with descriptions of Ayurveda
(Tables 1 and 2).

Since we observe hypoxia responsiveness as an axis that differs
between Pitta and Kapha and also govern differences in bleeding
versus thrombotic risks, it is testable whether we might be able to
predict trajectories of sickle cell patients based on their Prakriti
types. There are a number of modalities through lifestyle, dietary as
well as drugs through which doshic imbalances are managed. It
might therefore be possible to manage the quality of life through
dosha modulating formulations once the Prakriti phenotypes are
assessed, and is testable in retrospective cohorts. The relevance of
this is borne out by the most recent observations across the world

where there was a wide variability in hypoxia response and inflam-
matory consequences even between related family members. Could
these be governed by constitutional types?

ExtremePrakriti genomics enables the enrichment of genetic
markers associated with pleiotropic effects, differential
susceptibilities, drug, and environmental response

Exome sequencing of healthy individuals of extreme Prakriti types
has provided some interesting insights (Abbas et al., 2020, 2022).
Extreme Prakriti types in a population are rare and are often the
most vulnerable to specific types of diseases. Genetic, genome-wide
arrays and sequencing have revealed the enrichment of biological
processes in Prakriti specific manner (Table 1). Variations that
govern differences in expression (eQTLs) were also enriched in
Prakriti specific manner amongst healthy individuals and govern

Table 2. Prakriti (dosha) associated differential functional outcomes in baseline physiology, stress response, and diseases

Baseline differences in LCL lines of Predominant
Prakriti
8 Lymphoblastoid cell lines of predominant
Prakriti (V-3, P-2, K-3) frommales of VADU cohort
(Chakraborty et al., 2021)

Growth characteristics of LCLs
Cell proliferation and cell death in response to UV

Significant differences in cell proliferation
Kapha: slower than Vata and Pitta.
Vata: up (p < 0.001) – cell death in response to
UV, but recovers its numbers due to an
inherent higher rates of proliferation

Variability in aggregation response amongst
Prakriti
Subjects: VK-4; VP-16; PK-65; PV-12; KV-4; KP-36
(Bhalerao et al., 2012)

Platelet aggregatory response after treatment with aspirin
(2.5 and 5 uM) using the turbidometric method on a
Chronolog platelet aggregocorder

Largest response-VP > KV > PV
Slow response in PK at 2.5 uM

Immunophenotypes of predominant Prakriti
Subjects: 222 Males from diverse ethnicity of
predominant Prakriti male individuals – V-70,
P-57, and K-95 (Satyamoorthy et al., 2014)

Immunophenotyping using fluorochrome labeled
antibodies using FACs analysis – CD3, CD4, CD8, CD14, CD25,
CD56, CD 69, CD71, and HLADR

Pitta: positive corelation with CD14
associated with hypersensitivity reaction
Kapha: positive corelation with CD 25 and
CD56 associated with cell adhesion and
better immune response
Vata: negative corelation with CD 25 is
associated with recurrent infections and
CD56 poor immune response

Physiological response to orthostatic stress
Subjects: 379 subjects from North (NI) and Vadu
Cohorts
V-97, P-68, and K-68 K and 146 mixed
(Rani et al., 2022)

Assessment of Differential response by Head Up Tilt (HUT)
test using heart rate variability (HRV)

Kapha lower baseline HRV and significantly
lower change in HRV parameters in response
to HUT
Vata – maximum drop in parasympathetic
activity in HUT suggestive of early autonomic
dysfunctions

Response to stress in diabetics of different Prakriti
Subjects – 60 individuals from three
predominant Prakriti, each consisting of 10
diabetic patients and 10 healthy individuals
(Banerjee et al., 2021)

Cell-based assay for Reactive oxygen species (ROS)
generation, blood DNA content, DNA damage, apoptosis of
blood cells, and interaction of DNA with various carcinogens
in patient samples

Vata: Significantly lower ROS and total cell
damage (p < 0.001); more prone to lead and
arsenic
and
reduced – DNA content and more DNA
damage in T2DM

Endophenotypes of Rheumatoid arthritis in
predominant Prakriti
Subjects: 325 controls of RA (V-39, P-207, K-99)
and 356 cases (V-48, P-186, K-78)
18–50 years both genders
(Juyal et al., 2012)

12 Candidate gene of inflammatory and oxidative stress
pathway in a case-control study in total versus three
subgroups of rheumatoid arthritis using the PCR-RFLP
method

Excess of RA patients with Pitta predominant
prakriti
Severity more pronounced in Vata with high
anti-CCP antibody titer, ESR and RA factors,
and low Hb and age
Vata – inflammatory pathway; ESR, TNFα SNP
(rs1800629) and CD40 (rs4810485)
Pitta – oxidative stress, BMI, ESR, and SOD3
(rs2536512)
Kapha – Age, Hb, and tnfα (rs1800630)

Prakriti based GWAS in RA in north India cohort
Subjects: 293 controls (33 V, 175 P, 85 K)
and 244 RA cases (49 V, 117 P, 78 K)
Age (18–50 years) (Juyal et al., 2022)

High-throughput genotyping using illumina Human 660 W
Quad BeadChip v1.C (655 216 markers)

Novel SNPs with suggestive p-value 1 E-05
were associated with the three RA subgroups
Vata: RP11-536O18.1; CTC-498 M16.4
Pitta: TXNDC16, PCDH8, KLHL25, NTF3, RP11-
93I21.3 and SERTM1
Kapha: ZBTB34, ITGB8, and GPR12
(rs9512378)
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differences with respect to environmental triggers for example
hypoxia, UV, DNA damage, and so on. Also, a significant fraction
of GWAS-associated variants (that are normally identified from
disease associations) differ in frequency between the Prakriti
groups. When the Prakriti groups are pooled their frequency gets
averaged and assumed to be a similar frequency as the background
population. Since variations associated with GWAS traits are com-
mon in the population, extreme Prakriti could be individuals who
aremost predisposed, thus, thismethod of phenotypingmight allow
identification of predisposed individuals and associated genes
(Table 2). Many of these variants are also reported to have pleio-
tropic effects as evidenced from their overlap with reported variants
in PHEWAS studies and also drug targets. This shows it is possible
to identify actionable variations and associated composite pheno-
types based on Prakriti for risk stratification. Similar to genome-
wide expression, exome sequencing also revealed specific onto-
logical enrichments in differentiating genes for specific Prakriti
types. This approach could also be useful in pharmacogenomics
settings as the variations that are linked to differences in drug
metabolisms differ between Prakriti types (Joshi et al., 2011; Prasher
et al., 2017). Some of the prominent examples include human
leukocyte antigen (HLA) types as well as genes in whom variations
have been approved by FDA for optimizing drug dosage, for
example, clopidogrel, bupropion, warfarin, abacavir, and so
on. Interestingly, some of the variations in genes such as VWF,
F2, and SERPINA10 genes associated with specific risks, of bleeding
and thrombosis were enriched in Pitta and Kapha Prakriti respect-
ively. Such risks are described for these Prakriti groups in Ayurveda.
Sequencing of phenotypic extremes is assuming immense import-
ance in the identification of disease susceptible genes as well as drug
targets (Harper et al., 2015; Heck et al., 2017). Such a sequencing
strategy in Prakriti provides an added advantage of linkage with
multisystem phenotypes.

Prakriti based noninvasive risk stratification in phenomics
studies

Previous studies described emphasize that healthy individuals
stratified on the basis of Prakriti type could be useful for early
identification of at-risk individuals who might have different man-
agement needs. As described earlier, Prakriti types are distin-
guished on the basis of system-level composite phenotypes.
Integration of knowledge of these composite phenotypes that are
connected in an individual-specific manner could enable an afford-
able and noninvasive approach of stratification across large popu-
lations. Since Prakriti of an individual remains invariant
throughout lifetime, a single assessment of an individual is highly
affordable and can also be implemented in prospective cohorts
(Juyal et al., 2012, 2022). Conjoint assessment with health and
disease indications could be highly revealing. This may no longer
seem incongruous to the modern audience as there is now ample
evidence accumulating that demonstrates the association of non-
invasive phenotypes with disease risk. For instance, the relatively
innocuous measures, like the 2D/4D finger length ratio is highly
informative in predicting many diverse outcomes, such as risk for
cardiovascular diseases, Attention deficit hyperactivity disorder
ADHD, and behavioral traits, and so on (Manning et al., 1998;
Manning et al., 2001; Manning et al., 2007; Coates et al., 2009;
Fischer Pedersen et al., 2021).

The composite nature of these phenotypes in an individual-
specific manner has also been recapitulated by unsupervised

machine learning and advanced statistics approaches in a study
on two cohorts (Tiwari et al., 2017). This has enabled the develop-
ment of predictive models and the identification of classifiers that
distinguish individuals with contrasting doshic proportions. Evi-
dence of phenotypes to phenotype connectivity is also being
uncovered through phenome-wide association studies
(PHEWAS). The EHR records in millions of subjects are used to
create a picture of composite phenotype through a common genetic
lead and associated overlapping phenotypes (Denny et al., 2010,
2013; Pendergrass and Ritchie, 2015; Liu and Crawford, 2022).
Integration of assessment of composite phenotypes/Prakriti in
these cohorts can accelerate the phenome assembly process by
providing a phenotype scaffold in a manner analogous to genome
sequence assemblies (Abbas et al., 2020, 2022). Just like in the
absence of a scaffold, a de novo genome assembly requires millions
of reads, PHEWAS studies require millions of health records for
phenome assemblies.

Prakriti phenotyping in retrospective cohorts could be an alter-
native route, for the identification of endophenotypes that could
govern differential outcomes (Table 2). The importance of Prakriti
assessment in disease cohorts is borne out of two studies on
rheumatoid arthritis that demonstrate conditioning disease groups
with Prakriti labels allows identification of variants with higher
effect sizes and also different endophenotypes (Juyal et al., 2012,
2022; Table 2). These are also supported by genetic and exome
studies that demonstrate risk alleles that associate with different
diseases are partitioned differently amongst the healthy individual
of different constitutions. In a population, the frequency of these
risk alleles is masked due to extensive phenotypic heterogeneity
(Aggarwal et al., 2010; Abbas et al., 2022).

Although the composite phenotypes in individuals of extreme
phenotypes are readily distinguishable and explainable, methods
are needed to objectively define the dual types that comprise a
major fraction of the population (~90%) and have mixture of
different doshic proportions. Since the doshas govern physiological
entities, it is likely that some emergent phenotypes in the dual types
could help distinguish and stratify these groups. Large-scale phe-
notyping using digital devices that can capture the compendium of
phenotypes described for Prakriti in diverse settings could be of
enormous utility. As a large number of combinatorial possibilities
exist for dual Prakriti, the development of AI-based predictive
models for objectively assigning Prakriti in large datasets is
required. These could be attempted in large cohorts that are being
developed by the government of India initiatives, which aim to
integrate Prakriti information in health cards and involves pheno-
typing individuals across the country in AYUSH health and well-
ness centers using uniform protocols.

Molecular correlates in Trisutra framework: Platform for
evidence-based usage of Ayurveda formulation and drug
repurposing

Most often a herb that forms a constituent of a medicinal formu-
lation in Ayurveda is used in drug discovery programs. However,
the therapeutic approach in Ayurveda contrasts with the conven-
tional pharmacological reductionist approach that is inspired from
herbal formulations. In the latter, the focus is mostly to identify the
active principle that could be further synthesized chemically, and
then taken forth for further mechanistic and preclinical/clinical
studies. This approach though has been useful for the discovery of
many small molecules, has not been able to provide an
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understanding of their mechanisms from a clinical and systems
perspective. A drug in such a form (with only the active principle)
cannot be prescribed in an Ayurveda setting. Drugs typically are
discovered with a particular disease focus, but now with thousands
of genome-wide association studies, it is becoming evident that
there is an extensive disease gene network. Different diseases could
have shared mutations and genes. In most complex diseases ultim-
ately a patient has to have a polypill which could be either multiple
medicines (modern) or a formulation with multiple active prin-
ciples (Ayurveda). There is a large focus on research on drug
repurposing to reduce the time and cost for drug discovery as has
been evident throughout the COVID-19 pandemic.

In Ayurveda, a systemic understanding seems to be implicitly
applied in practice as a single herb is most often used in multiple
and diverse conditions, and a single clinician can treat multiple
diseases (Patwardhan and Mashelkar, 2009). Also, the treatment
strategies seem to consider emergent properties in terms of the
disease, as well as diseased states within a spatio-temporal context.
In today’s precision medicine, this is the ultimate aim. The
“trisutra” framework resonates with the network medicine concept
where the features (phenotypes), causes (diseases), and therapy
(drugs) are unified through a common organizing principle of
tridosha. If tridosha has a molecular correlate then it is possible
to query this network from any of the axes. The two following
examples would demonstrate how this is testable and applicable for
translation, where the query is initiated from the phenotype and the
other from the drug perspective.

In the first example, a gene “EGLN1” that is an oxygen sensor
and regulates the hypoxia responsiveness axis through HIF1 dif-
fered between two constitution types “Pitta and Kapha” amongst
healthy individuals at the expression and genetic level (Aggarwal
et al., 2010). This genetic difference contributes to either adaptation
to high altitude or susceptibility to high altitude pulmonary edema.
A small molecular inhibitor of EGLN1 in a mouse model of asthma
revealed that modulation of hypoxia axis could lead to airway
hyper-responsiveness, exacerbate inflammatory consequences
and mitochondrial dysfunction and elicit steroid-resistant asthma
features (Ahmad et al., 2012). A herbal formulation, Adathoda
vasica, widely used to treat asthma and is described in Ayurveda

to modulate perturbations of the Pitta-Kapha axis was further
tested in the above model (Gheware et al., 2021b). The hypothesis
was if in Ayurveda, medicines are selected on the basis of doshic
imbalances, then the molecular correlates to the doshic imbalances
would be actionable points. When used in the above model,
Adathoda vasica alleviated all the above conditions including
inflammation, restored mitochondrial dysfunction and was valid-
ated as a HIF1a inhibitor. The effect of the formulation in the
hypoxia axis was also evident in the lung transcriptome, thus
explaining why this medicine could work in other diseases where
hypoxia is a cause or consequence, and could be repurposed in
preclinical models of sepsis and COVID-19 (Gheware et al., 2021a).
This entire framework provided EGLN1 as a biomarker, which is
now been widely accepted to be a target a large number of diseases
and associated genetic variations have been replicated in multiple
studies and altitudes of the world (Simonson et al., 2010; Brutsaert
et al., 2019). Differences in the wound healing axis between Pitta
and Kapha Prakriti have been corroborated in genome-wide
expression and exome studies (Prasher et al., 2008; Abbas et al.,
2022). Adhathoda vasica has been extensively studied from the
active principle perspective, but this is the first time that a complete
formulation was demonstrated to work on the hypoxia axis. This
provides a unifying link to its usage in multiple indications and in
all instances hypoxia could be a primary determinant. Thus the
trisutra framework for translation of concepts of ayurveda that is
linkage between feature-cause-therapy could be established
through a molecular correlate (EGLN1) of tridosha (the common
organizing principle) (Figure 2).

A second way to probe the networked concept of trisutra could
be from the therapy perspective. In Ayurveda, a drug can be used
for multiple and seemingly diverse diseases. This could be because
multiple molecules in a formulation are targeting different diseases,
or that a shared pathway connects diverse diseases. Our group took
an example drug, Cessamplous pareira (CIPA) that is widely used
to treat fever-like conditions and hormonal disturbance in women
to test this hypothesis. We tested this through a connectivity map
(CMAP) framework. Connectivity maps provide a compendium of
transcriptional signature profiles from millions of perturbations
(small molecules, drugs, gene knock outs, over-expression) from

Figure 2. Iterative approach of Ayurgenomcs for the development of an operational framework of network medicine based on concepts of Ayurveda. In Ayurveda, the three axes of
causes, features, and therapy (trisutra) are linked through a common organizing principle (tridosha) that govern three physiological entities described broadly by kinetic (Vata),
metabolic (Pitta), and structural (Kapha) attributes respectively. Tridosha feature descriptions resonatewithmodern GO (gene ontology) descriptors. Relative proportion of tridosha
governs human constitutions (Prakriti) with extreme types having predominance of one of the doshas. The extreme individual Prakriti have contrasting phenotypes, responses and
health trajectories and are more vulnerable to specific groups of diseases. Multiomic studies on extreme constitution reveal molecular correlate of Tridosha that have different GO
and pathway enrichments and are associated with contrasting susceptibilities, environmental response, and drugs. Perturbation of the dosha associated genes in model systems
provide molecular evidence for dosha involvement in disease states (Vikriti) through specific axis. This provides a test bed for exploring mechanism of action of herbal formulation
used for modulation of specific disease and dosha perturbations. The above framework has been validated with respect to hypoxia axis through this iterative approach and is
described in the text. It has also providedmechanismof action of Cessamplous pareira from its usage perspective and evidence for recommendation in COVID-19 both from its effect
on host and pathogen.
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different cell lines (Lamb et al., 2006; Subramanian et al., 2017). One
can use a test drug and compare the signatures to infer possible
modes of action of a novel compound or a mixed formulation.
CMAP analysis of CIPA revealed that the molecules in this drug
have matching signatures with protein synthesis inhibitors, many
of which are antiviral, and this could work through ESR1 axis
(Haider et al., 2021). These were validated in infection models of
dengue in cell lines and also showed a repurposing possibility in
SARS-CoV2 infection (Haider et al., 2022). Moreover, the complete
formulation was more effective compared to single molecules in
SARS-CoV2 inhibition. Transcriptome analysis and conjoint ana-
lysis with GSEA also revealed its involvement in the estrogen axis
and possible usage in diseases where these need to be alleviated.
Also docking studies revealed potential binding of a large number
of molecules of CIPA to bind to ESR1 as also SARSCoV2. There is
accumulating literature on the evidence of a link between the
estrogen axis and viral inhibition. This study not only provides
an evidence-based usage of Ayurveda formulation, but also pro-
vides new targets andmolecules for therapeutic intervention. Note-
worthy, both studies described above have integrated the principles
and usage of the formulation from Ayurveda perspective in the
study. Both drugs have been widely used and studied, but the above
studies highlight the difference if traditional knowledge is inte-
grated in these studies.

Therefore, the incorporation of principle and clinical usage in
drug discovery programs that are sourced from herbs described in
Ayurveda could provide interesting scaffold for discovering novel
links, targets, and molecules. However, there is a need to develop,
(1) experimental assays and models that can probe mechanisms in
poly-pharmacological framework, (2) Patient-specific models that
recapitulate the evolution of different stages of the diseases coupled
with multi-omic (genomic, transcriptomic, proteomic, metabolo-
mic) approaches for high-throughput and integrative screening of
herbal formulations and discovery of targets, and (3) Poly-
pharmacological based computational frameworks for docking, in
silico identification of plausible therapeutic targets of the plant
secondary metabolites as well as structure-guided discovery of
molecules and targets. This should allow combinatorial synthesis
of active constituents for the most effective outcomes. The route to
such discoveries could be reduced if we are able to build an
integrative platform that allows crosstalk between the two systems.
Ayurgenomics-based approaches could have wide applications in
defining the requirement for a platform for crosstalk and an inter-
operable framework in integrative medicine.

Ayurgenomics applications in integrative medicine settings

In the present times, patients are faced with multiple options for
health and disease management, especially in India and Asian
countries where traditional medicine is widely practiced. There is
also an increased recognition for this in many populations of West.
Besides, changing demographics that include a burgeoning younger
population, an increase in mobility to nonnative environments,
proportionately high aging population, and other cultural transi-
tions, pose a major economic burden. Integrative medicine that
combines principles and practices of traditional medicine, such as
Ayurveda, could increase health and disease management options
for individuals. This would also complement the current move
toward digital, systemic, wholistic, and precise P4 (Predictive,
Preventive, Personalized, Participatory) medicine of the contem-
porary times with an additional promotive component (Topol,

2014, 2019; Banerjee et al., 2015; Mukerji and Prasher, 2015;
Lemonnier et al., 2017).

Ayurgenomics thus provides an operational framework and
platform for integration of principles and practices of Ayurveda
with modern medicine (Figure 2). Through an iterative approach,
the utility of this framework in translation has been demonstrated.
This platform can propel new knowledge and developments. It
allows the discovery of molecular and multi-omic correlates of
the common organizing principle tridosha that govern constitution
types “Prakriti.” These molecular correlates (1) differentiate
healthy individuals, (2) exhibit different baselines of intermediate
patho-phenotypes that are associated with disease predisposition,
(3) provide genetic links to disease predisposition and environmen-
tal responsiveness, and (4) can provide new leads for early action-
able interventions and therapeutic targets. We observed recurrent
themes across studies wherein intermediate patho-phenotypic
states differ amongst Prakriti at baselines (Table 1). This is relevant
in predicting individualized health trajectories and calibrating
interventions. The contemporary relevance of this framework is
evident from its potential in situations like the COVID-19 pan-
demic. For example, the pathways discovered to differ between
Prakriti govern differential outcomes in COVID-19, more specif-
ically, the ability to cope with hypoxia or the susceptibility to
inflammatory consequences. This highlights a scope for risk strati-
fication and prioritization of informative markers using Prakriti
methods. Secondly, the intervention points are actionable with
Ayurveda medicines as has been demonstrated by both Adathoda
vasica and Cessamplous pareira. This evidence-based approach can
increase the acceptability of Ayurveda recommendations and also
highlights herbal recommendations from Ayurveda are testable in
an Ayurgenomics framework. Such studies can provide new bio-
marker targets, drug repurposing possibilities, and enables biopros-
pecting for new molecules.

Thus, Ayurgenomics provides molecular subtitles to Ayurveda
concepts and enables ontological links with modern medicine
through a shared genomics dictionary. In addition, the develop-
ment of technology-enabled platforms that wouldmakes this infor-
mation interoperable withmodernmedicine could provide exciting
opportunities for integrative medicine especially in precision medi-
cine settings (Singh et al., 2018; Mukerji and Sagner, 2019). For
example, predominant “Vata” individuals have higher cell prolif-
eration rates in baseline and are alsomore prone toDNA-damaging
agents. Inherent differences in cell proliferation have been demon-
strated to govern variability in lithium response in cell lines derived
from bipolar disorder patients (Paul et al., 2020). Also, analysis of
predominant Prakriti in a cohort of diabetes has shown that Vata
Prakriti individuals are not only more prone but also exhibit
heightened response to DNA-damaging agents (Banerjee et al.,
2021). Could Prakriti phenotyping provide an additional assistance
in pharmacogenomic settings? Prakriti and cell proliferation rate
assessment from healthy tissues might be additionally useful for in
cancer management. Higher baseline of cell proliferation rates that
have evolved tomodulate response to DNA-damaging agents could
confound calibration of dosage of DNA-damaging agents and
promote recurrence. Genetic as well as exome analysis reveals
differences in pharmacogenes as well as response to drugs amongst
extreme constitution types (Joshi et al., 2011; Bhalerao et al., 2012;
Prasher et al., 2017). Thus, the integration of Ayurveda-based
phenotyping could be of use in pharmacological settings. A third
aspect is the scope of Ayurgenomics in translation. Differences in
probing the molecular pathways involved in poly-herbal formula-
tion through this framework could not only provide molecular
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links to its usage, but also allow development of novel drug discov-
ery paradigms with a poly-pharmacological framework and
inspire combinatorial synthesis of multiple molecules for network
medicine.

Concluding remarks

“Integrative Medicine” formalized as another option for health
management is urgently required. However, Ayurveda faces a dis-
connect with amodern audience. There is limited scientific evidence
in contemporary language about the principles of systems’medicine
and there are also challenges in understanding the heterogeneity in
treatment modalities. There is a need for developing and evolving a
common language and evidence-based technology solutions for its
integration into mainstream and interoperability with other medi-
cinal systems.Moving forward, these gap areas need to be addressed.
A technology-enabled ecosystem for evolving harmonized protocol
for integrative medicine is required. These would involve the inte-
gration of digital devices and IOT-based technologies that not only
allow automated capture of large-scale data but also enable the
development of AI-based recommendation engines that could assist
the Ayurveda clinicians in objective decision-making. Big data
analytics and natural language processing-based methods could
enable integration of ontologies from modern and Ayurveda sys-
tems in an interoperable framework. Integration of multi-omic
technologies, including electronics and sensors with devices, chem-
ical, genomics, molecular as well as digital markers for calibrating
therapy, evolving standardized protocols, as well as monitoring
treatment and outcomes and uniform data sharing platforms and
architecture could all be enablers for realizing “Evidence-based
Ayurveda” solutions and a participatory framework for managing
health. Besides integrative medicine, this could also increase out-
reach, access, and surveillance, as well as affordable solutions.
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