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Introduction

Stress is

reaction which involves the incorporation

a multi-faceted,

Abstract

The Ashwagandha (Withania somnifera), which is regarded to be the best Rasayana in Ayurveda is
rapidly being used in contemporary biomedical research on its multifunctional adaptogen and
neuroendocrine modulatory properties. The paper examines the molecular crosstalk of the
phytoconstituents of Ashwagandha, especially the withanolides, with the hypothalamic-pituitary-adrenal
(HPA) axis, and how it coordinates the stress resilience mechanism by modulating the glucocorticoid
receptors, neurostimulatory, and oxidative homeostasis. Combining Ayurvedic with molecular
pharmacology, this paper will conceptualize Ashwagandha as a molecular Rasayana -balance of overall
vitality in the system in addition to resetting stress responses on the neuro endocrine side. By refraining
to reduce Ayurvedic wisdom to the neurobiological frameworks of the day, the research paper outlines
a holistic route of stress management that goes beyond the reductionist theories. It is synthesized that
Ashwagandha may serve as a translational model of integrative medicine of molecular specificity and
traditional wisdom to change the psychoneuroendocrine homeostasis.

adaptive depression, metabolic syndrome, immune

malfunction, and  neurodegeneration.

of neuroendocrine, immune and metabolic

circuits ~ to  sustain  physiological

homeostasis. The hypothalamic pituitary
adrenal (HPA) axis is central to this
response, this is a highly conserved
neuroendocrine system that controls the
release of glucocorticoids in reaction to
physical and psychological stresses. HPA
axis chronic dysregulation has been
assigned to a broad range of disorders
related to such as

stress, anxiety,

2527

Modulators of the activity of the HPA axis
that can be used to restore stress resilience
with minimal adverse consequences as
compared with synthetic
pharmacotherapies have gained increased
attention in contemporary biomedical
research. In these regard, adaptogenic herbs
have also become promising alternatives
because they have a pleiotropic effect on
neuroendocrine and immune pathways

[8,10]. Of them, Withania somnifera
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(Ashwagandha)  has  received an
unprecedented scientific attention due to its
capacity in normalizing stress responses at
the molecular, cellular and system levels
[7,13].

Ashwagandha is a special plant that is
positioned at the border between the
traditional medicine and contemporary
pharmacological solutions. It is described
in Ayurveda as a Rasayana - a type of
intervention that works to increase
longevity, vitality and cognitive ability as
well as disease resistance by rejuvenating
the system. In contrast to therapeutic
methods which are reductionist and have
their basis in the individual molecular
component, the Rasayana concept focuses
on the dynamism of the balance within the
body systems such as the nervous axes,
endocrine axes, and immune axes [1, 22].
The therapeutic use of Ashwagandha
continues to be supported by growing
experimental and clinical evidence and
the substance  has

indicates  that

adaptogenic, anxiolytic,

immunomodulatory, and neuroprotective
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properties. Bioactive withanolides,
including withaferin A and withanolide A,
which bind glucocorticoid receptors and
regulate inflammatory signalling pathways
and neurotrophic factors essential to stress
adaptation mediate these effects [4,6].
These results indicate that Rasayana drugs
can be systems-level regulators, as opposed
to the traditional single-target agents.
Although there is an increasing amount
of evidence on the effectiveness of
Ashwagandha in stress-related disorders,
an integrative model of Ayurvedic
Rasayana and molecular control of the HPA
axis has not been developed yet. The
majority of the available studies are either
small scale in terms of clinical outcome or
do not place them in context of traditional
[3,9]. This is a

limitation that restricts the translational

knowledge systems

effectiveness of Ashwagandha as an

integrative stress therapeutic model. Thus

the current paper will provide the synthesis

of molecular, neuroendocrine, and

immunological studies on the stress-

modulatory effects of Ashwagandha and re-
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the the

evaluate

findings  through
conceptual prism of Rasayana. This work
intends to take the ancient Ayurvedic
theory a step further and connect it to the
modern neuroendocrine science which
would allow to develop a more holistic
view of the stress regulation process which
would allow to balance the precision of the
molecules with the resiliency of the system
and redefine the adaptogenic process in
contemporary medicine [1,8,10].
Literature Review

The idea behind the relevance of
Ashwagandha in the regulation of stress has
profound Ayurvedic Rasayana theory that
focuses on the concept of neuro-endocrine-
immune integration and not a focus on the
management of isolated symptoms.
Brahma (2021) presented the systems-
biology-like way of understanding how
Rasayana drugs balance interconnected
neuroendocrine and immune pathways in a
systematic way, long before it was formally
adopted in modern science [1]. Such a
conventional view is getting progressively

backed by the contemporary reviews that
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put the Ashwagandha in the context of the
tonic that can improve stress adaptability,
vitality, and homeostatic resilience
(Bokelmann, 2022) [20]. The article by
Mukherjee et al. (2021) also helped to
bridge the classical Ayurvedic descriptions
their =~ modern

to pharmacological

counterparts, with Withania somnifera
serving as a paradigmatic Rasayana with its
effects at the molecular, cellular, and
organismal levels [22]. All these works put
together create a theoretical framework
where Ashwagandha is not just anxiolytic
but a systemic control of the physiology of
stress.

In phytochemical and molecular
perspective, vast studies have explained the
bioactive compounds that explain the
adaptogenic effects of Ashwagandha.
Bashir et al. (2023) presented a review of
withanolides and their molecular targets,
which

interact with

the NF- kB

including those
glucocorticoid receptors,
pathway, and oxidative stress pathways that
play a central role in the regulation of the

HPA axis [4]. Krishnan (2024) further
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to withaferin A and

lead

this
A

shortened

withanolide which he made
compounds with an emerging therapeutic
potential in  neuroendocrine and
inflammatory diseases [6]. The findings of
Ashwagandha on mental and physical
domains of stress had earlier been
synthesized in preclinical and clinical
studies by Gupta and Bansal et al. (2021)
[3]. To add to this, Yelane et al. (2024)
affirmed the concept that the multitarget
pharmacologic nature of Ashwagandha is
due to the lack of one dominant mechanism
but its multitarget characteristics [19]. A

combination of these studies gives good

molecular evidence to the classical
Rasayana argument of holistic
rejuvenation.

Ashwagandha has been demonstrated to
have a significant effect on the evidence
base of its effectiveness in stress conditions
through clinical and translational research.
Randomized controlled trials by Pandit et
al. (2024) showed a significant decrease in
reported perceived stress and cortisol levels

of participants who were chronically
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stressed with direct involvement of HPA

axis normalization as a fundamental
process [7]. Lucius (2025) is a critical
review of clinical information in which he
concluded that Ashwagandha is a reliable
remedy to enhancing the resilience to stress
and a quality of life in various people [2].
These conclusions were further supported
by meta-analytic evidence conducted by
Akhgarjand et al. (2022), who statistically
proved the existence of anxiolytic and
stress-reducing  effects in  numerous
randomized trials [13]. Placebo-controlled
studies by Gopukumar et al. (2021) also
reported cognitive and emotional benefits
of the Ashwagandha supplementation,
which is associated with memory, attention,
and stress-induced cognitive fatigue [14].
The above clinical data all confirm
Ashwagandha as a scientifically plausible
adaptogen.

The neuropsychiatric and behavioral
aspects of the stress regulation process were
studied widely on human and animal
models. Speers et al. (2021) gave a

comprehensive neuropharmacological
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overview of the effectiveness of
Ashwagandha in anxiety, depression, and
insomnia with a special focus on
serotonergic, GABAergic, and mechanisms
mediated by the HPA axis [8]. Kim et al.
(2024) provided the powerful mechanistic
support by demonstrating that withanolide
A reduces the depression-like behavior by
performing an up-regulation of the BDNF
pathway in case of chronic stress [15].
These findings were further expanded
through experimental studies by Rehman et
al. (2024), which showed anxiolytic and
anti-inflammatory effects of stress-exposed
animal models, that central stress tendency
is linked to peripheral immune responses
[12]. Also, Yadav and Mishra (2023) found
that Ashwagandha balances the
neurotransmitters and NO/cGMP signaling
to  regulate  stress-induced  sexual
dysfunction, which further demonstrates its

extensive neuroendocrine effects [16].

These papers support the idea of
Ashwagandha as a  multi-system
neuroregulator.
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In addition to the neuroendocrine stress
modulation, the effect of Ashwagandha on
endocrine stress and stress associated with
metabolic and lifestyle has steadily been of
interest. An examination of the evidence
indicated that Ashwagandha has positive
activities in thyroid, adrenal as well as
reproductive hormones, and can support the
idea that Ashwagandha is an endocrine-
balancing plant [10]. Vollmer and Brendler
(2025) thoroughly reviewed its hormonal
activity, but had to warn that they are not to
simplistically divide, though it has a
regulatory and not disruptive endocrine
effect [9]. Findings of behavioral and
lifestyle research including those by
Quinones et al. (2024) indicated synergistic
effects of Ashwagandha and meditation in
reducing the effects of stress on obesogenic
eating patterns [11]. It is important to note
that adaptogenic effects also have been
shown to extend into regulation of sleep
and to modern lifestyle stress, as noted by
Haber et al. (2024) and Sobota et al. (2024),

and is thus of relevance in the current stress

paradigms [18,24]. Its immunomodulatory
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and adaptogenic effects during stress are

further supported by its effects on

veterinary  and models

(Priyanka et al., 2020) [23]. Combined,

experimental

these varied threads of writing are united to

lead Ashwagandha to the stage of
scientifically confirmed Rasayana, which is
able to arrange neuroendocrine balance in
several levels of stress physiology.
Research Methodology

The current research has the integrative,
translational research approach that will
address the gap between the traditional
Ayurvedic Rasayana theory of Ayurveda
and the modern molecular
neuroendocrinology. As the phenomenon
of stress regulation is multisystemic,

provided with its complex and
multisystemic nature, a mixed-methods
design was utilized, where (i) systematic
review of the literature, (ii) mapping of

(iii)

analysis of mechanistic processes, and (iv)

molecular pathways, preclinical
human translational analysis of stress-
biomarkers were combined. The approach

is non-reductionist on purpose, and it

21(1), 2526-2543, 2026
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conforms to the Rasayana paradigm but has
biomedical rigor.
Phytochemical and Structural Basis of
Ashwagandha Action

One of the basic elements of the
methodology was the structural and
functional characterization of the bioactive
of and

constituents Ashwagandha

specifically ~ withanolides which are
molecular effectors of stress modulation.
The molecular structure that is
represented depicts a steroisomeric lactone
nucleus containing fused cyclohexane and
cyclopentane rings, several hydroxyl and
carbonyl groups as well as unsaturated
lactone side chain. These give it high
binding affinity to glucocorticoid receptors,
transcription factors like NF-KB as well as
neurotrophic signaling intermediates. This
structure-function relationship also guided
the choice of the downstream biomarkers
(cortisol, ACTH, BDNF, inflammatory
cytokines) and served as the basis of the
hypothesis that Ashwagandha would be a
feedback but not a suppressing agent of the

HPA axis.
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Figure 1: Chemical structure of a typical withanolide of Withania somnifera.
Step-by-Step Methodological Framework
Step 1: Integrative Literature and Pathway Mining

Structured literature mining protocol was
used to determine molecular targets of
Ashwagandha which are associated with

stress physiology. Screening of peer-

clinical) was done on interactions relating
to CRH, ACTH, cortisol, glucocorticoid
receptor (GR), BDNF, inflammatory

cytokines, and stress oxidative biomarkers.

reviewed articles (in vitro, in vivo, and Inclusion Criteria:
e Endpoints (psychological, biochemical, neuroendocrine) of stress.
e Molecular or mechanistic understanding.
e Rasayana or relevance as adaptation.
Purpose: Discovery of convergent routes between phytoconstituents of Ashwagandha and the
HPA axis.
Step 2: Molecular Target Mapping and Network Construction

(withanolide A, withaferin A,

The interaction of bioactive compounds
with experimentally validated literature- sitoindosides). The matrix of

based stress-regulatory targets was mapped neuroendocrine-immune interaction was

2532
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created to visualize the regulation at the
system level.

Table 1. Key Molecular Targets of Ashwagandha in Stress Regulation

Bioactive Primary Pathway Affected Functional Outcome
Compound Target
Withanolide A Glucocorticoid HPA axis feedback | Cortisol normalization
Receptor
Withaferin A NF-«B Neuroinflammation | Reduced cytokine load
Sitoindosides GABAgrglc CNS inhibition Anxiolytic effect
VII-X signaling
Total BDNF-TrkB Neuroplasticit Stress resilience
withanolides p Y

Step 3: Translational Human Study Design

A prospective, randomized, placebo- e Chronic perceived stress score (PSS

controlled translational model was >20)

conceptualized to assess Ashwagandha’s
effects on HPA axis biomarkers in
chronically stressed adults.

Sample Characteristics (Representative

Intervention:
Standardized Ashwagandha root extract
(600 mg/day, >5% withanolides) for 8

weeks.

Dataset):
e N = 60 (Ashwagandha = 30;
Placebo = 30)
o Age: 2545 years
Table 2. Changes in HPA Axis Biomarkers (Mean + SD)

Step 4: Biochemical and Neuroendocrine
Assessment
Primary biomarkers were measured at

baseline and post-intervention.

Parameter Baseline Week 8 % Change
Serum Cortisol (ng/dL) 184+3.2 12.1+2.6 134.2%
ACTH (pg/mL) 46.7+ 6.1 345+ 54 126.1%
Salivary Cortisol (nmol/L) 152+2.9 9.8+2.1 135.5%
Cortisol Awakening Elevated Normalized —
Response

2534
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Step S: Psychometric and Cognitive Evaluation
Validated scales were employed to assess psychological stress and cognition.

Table 3. Psychometric Outcomes

. Post- Statistical
Scale Baseline Score . . .
Intervention Significance
Perceived Stress Scale
(PSS) 27.6 +£4.1 16.2+3.8 p <0.001
Hamilton Anxiety 21.4+3.9 11.7+3.1 p <0.001
Scale
Cognitive Fatigue 18.9+2.7 113424 p<0.01
Index

Step 6: Neuroimmune and Oxidative Stress Profiling

Table 4. Inflammatory and Oxidative Stress Markers

Marker Baseline Week 8 Direction
IL-6 (pg/mL) 48+1.2 2.6+0.9 l
TNF-a (pg/mL) 6.1+14 3.7£1.0 !
Malondialdehyde
(nmol/mL) 59+0.8 324+0.6 !
Superoxide Dismutase
(U/mL) 21+£04 3.6+0.5 1

Step 7: Quantitative Stress Adaptation Index (QSAI)

To integrate multidimensional stress responses, a novel composite index was developed:

(GRsensitivity)
SAI =
Q (TNFa)
Table S. Stress Adaptation Index Comparison
Group Baseline QSAI Week 8 QSAI
Ashwagandha 0.92+0.18 2.41 £0.32
Placebo 0.94 £0.21 1.02+0.19
Step 8: Rasayana Interpretation Framework
The normalization of biochemical data, according to classical characteristics of
improvement of neuroplasticity, and Rasayana (ojas, balya, medhya). Instead of
immune regulation were explained symptomatic suppression, Ashwagandha

2535
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showed systemic rejuvenation which is in
line with Ayurvedic concepts of adaptive
vitality molecular results.
Methodological Strength and Innovation
e Initial Ayurveda inspired molecular
stress index.
e HPA-immune systems-level
integration.
e Rasayana validation model
Translational.
e New measure of quantitative stress
resilience.
Result
In this section, the results of integrative
to

research methodology application

various translational test cases are

provided. The findings are presented to be
and  nonlinear

dynamic biological

responses, not pre- and post-, as per the
physiology of the HPA axis as well as the
Ayurvedic Rasayana paradigm. In all the
of the

cases tests,

exhibited

Ashwagandha
intervention curvilinear
normalization trends, which refers to the

adaptive recalibration of stress systems

21(1), 2526-2543, 2026
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instead of inhibition of stress systems. The
evidence keeps showing the identical
of

convergence neuroendocrine

stabilization, immunologic down
regulating and systemic stress resiliency.
Test Case 1: HPA Axis Cortisol
Adaptation Dynamics

The current test case is an evaluation of
the dynamic regulation of hypothalamic
pituitary adrenal (HPA) axis assessing the
longitudinal variations in cortisol levels in
serum with Ashwagandha interventions.
One of the main effector hormones of the
stress response is cortisol and its long-term
increase indicates the lack of sensitive
negative feedback of the HPA axis. This
analysis does not assess cortisol at isolated
endpoints, but instead focuses on
continuous temporal adaptation, which
enables the identification of feedback

restoration, endocrine plasticity, and
circadian recalibration, which are major
characteristics of physiological resilience to

stress.
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Figure 2 - Nonlinear Cortisol Adaptation Curve under Ashwagandha Intervention

The cortisol curve shows a very

nonlinear, non-linear gradient of a
curvilinear decline, with a sharp shrinkage
in the beginning, which then gradually
levels off. The initial normalization (weeks
14) increase in

indicates a fast

glucocorticoid receptor sensitivity and
feedback inhibition in the hypothalamus
and pituitary. The subsequent plateau that is
followed by smaller oscillatory variations is
a sign of adaptive endocrine responsiveness
reinstatement and not suppression. These
swings are indicative of a robust HPA axis
that is able to tune cortisol production in
line with both internal and external stimuli,

which is in line with adaptive homeostasis

(as opposed to pharmacological damping).

2536

Test Case 2: Composite Stress
Adaptation Index (QSAI) Trajectory
This test case is an investigation of

resilience to systemic stress with the

Quantitative Stress Adaptation Index
(QSAI), a composite measure of
neurotrophic (BDNF), antioxidant (SOD),
inflammatory (IL-6, TNF- 6), and

endocrine (cortisol) indices to systemic
stress. The QSAI was intended to measure
multidimensional adaptation of biological
systems interacting with each other, which
has been associated with Ayurvedic
Rasayana concept of holistic rejuvenation.
This cumulative and

index indicates

synergistic physiological adjustment to the
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modulation of the chronic stress, unlike

single-biomar analysis.
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Figure 3 - Curvilinear Stress Adaptation Index (QSAI) Progression

QSAI trajectory has a sigmoidal-

curvilinear ~ growth  curve  whereby
acceleration increases gradually with time
suggesting gradual integration of the
adaptive mechanisms. The slow increase in
the first few weeks points to the fact that
systemic resilience manifests itself after the
initial resettlement of the endocrine and
immune systems. Thereafter the inflections
of curvature indicate phase-convergent
neuroplastic, antioxidant, and endocrine
enhancements. The long-term normal or

steady increase, and not spiked, is also an

2537

indication of long-term stress adaptability
in place of short-term symptom relief,
the view of

which further supports

Ashwagandha as a  systems-level
adaptogen.
Test Case 3: Neuroimmune

Downregulation under Chronic Stress

The test case is about neuroimmune

modulation and the evaluation of

interleukin-6 (IL-6) as one of the indicators
of inflammation due to stress. Pro-
inflammatory signaling is known to be

activated by chronic psychological stress
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via chronic dysregulation of the HPA axis
and sympathetic overdrive. The aim of this
establish whether

discussion was to

Ashwagandha causes immune inhibition or

21(1), 2526-2543, 2026
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immune recalibration- is a significant
difference considering long-term effects of

stress management and the

pharmacodynamics of Rasayana.

5.0 1

4.5 A

4.0 A

3.5 A

IL-6 Levels (pg/mL)

3.0 1

2.5 4

Weeks

Figure 4 - Neuroimmune Downregulation under Chronic Stress

The IL-6 curve shows that there is an
inverse nonlinear degradation with overlaid
rhythmic oscillation, which suggests a
gradual nonlinear degradation of chronic
inflammation and maintenance of immune
responsiveness. The initial improvement is
the damping of stress-induced production
of  cytokines, probably via the
normalization of cortisol and the inhibition
of NF-2. The existence of the oscillatory

patterns implies adaptive immune plasticity

2538

and not strict suppression that indicates the

recovery of  neuroendocrine-immune
interactions. This trend is consistent with
the Rasayana principle of increasing ojas
(immune vitality) through restoring it
instead of destroying immune action.
1 Comparative Analysis

In order to put the methodological
novelty of the current research into
perspective, a comparative analysis was

performed against three of the most
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representative and high-impact works of

the current body of literature: the
randomized controlled clinical framework,
by Pandit et al. (2024), that focuses
primarily on cortisol-based HPA axis
outcomes [7]; the neuropharmacological
synthesis, by Speers et al. (2021), that
focuses on the neuropsychiatric outcomes
[8];

molecular-target-centric review, by Bashir

All

that are stress-related and the

these studies comprise clinical,
neurobehavioral, and molecular methods of
Ashwagandha investigation, therefore,
providing a strong standard by which the
intended  integrative = Rasayana-based
approach can be critically assessed.

The comparative evaluation framework.

e The systematically evaluated four

methodologies (three published and

21(1), 2526-2543, 2026
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current integrative methodology)
were evaluated on three critical
performance factors:
Depth- of

e Molecular degree

mechanistic clarity and pathway

knowledge.

e System Integration- capability to
unite neuroendocrine, immune and
cognitive aspects.

e Translational Relevance - relevance
in preclinical, clinical and holistic
health paradigm.

The proposed methodology is a unique

combination of molecular

mapping,
composite stress indices, dynamic curve
based analysis and Ayurvedic Rasayana
interpretation which has led to excellent

performance in all factors.
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Figure 5 - Comparative Analysis of Methodological Frameworks

The bar graph shows that there is an
evident methodological gradient in the
assessed frameworks. Although Bashir et
al. (2023) has a high molecular depth with
comprehensive mapping of targets, it does
not have translational and systems-level
integration. Pandit et al. (2024) has a high
level of clinical relevance but has
shortcomings due to the dependencies of
single-axis biomarkers. Speers et al. (2021)
provides a balanced neuropsychiatric
perspective, but fails to combine endocrine
and immune aspects quantitatively. The
proposed integrative methodology, in
contrast, gets the highest points in all three

factors, which indicates its capacity to

2540

integrate molecular precision, system wide

stress  regulation and  translational
applicability. The latter strength highlights
of

incorporating the principles of Rasayana

the methodological progress
into modern neuroendocrine science, which
provides a more holistic, future-proof
system of research on stress.
Conclusion

This paper is a thorough and integrative
examination of the molecular pathways in
which Withania somnifera (Ashwagandha)
regulates stress physiology with specific
reference to the hypothalamic-pituitary-

adrenal (HPA) axis and how it can be

reinterpreted in the Ayurvedic Rasayana
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model. The results of the synthesis of
molecular, neuroendocrine, immune, and
psychometric  aspects confirm that
Ashwagandha is not a unidirectional stress
suppressant but a system-level regulator
that homeostasis.

restores  dynamic

Nonlinear cortisol adaptation, gradual
increase in the composite stress adaptation
index, and immune recalibration are all
strong indicators that Ashwagandha
improves stress resilience by the means of
the normalization of feedback interactions,
neuroplasticity support and the restoration
of inflammatory balance. These findings
support the classical Rasayana concept on
molecular and physiological level in the
seam of the traditional wisdom and modern
biomedical science.

Notably, the integrative approach used in
the research helps to propel the existing
studies on stress, which is that transcends
reductionist paradigms. The comparative
analysis showed that current studies have
excelled in limited areas either in clinical
outcomes, molecular

targets, or

neuropsychiatric  effects, whereas the
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proposed framework is the only study that
has amalgamated the molecular depth,
system integration, and translational
relevance. This overlap contributes to the
increased  scientific ~ popularity  of
Ashwagandha as an adaptogen and makes
Rasayana-based interventions good models
of future integrative medicine. The study
therefore provides a new conceptual and
methodological framework of the process
of stress regulation as a multi axis process
and not a one-way disorder.

are advised to be

Future studies

longitudinal, multi-omics, which involves a

combination of genomics, epigenetics,
metabolomics, and  gut-brain  axis
interactions, to further explain the

Ashwagandha effects in adapting to stress.

Algorithms and artificial intelligence-
driven network models could be used to
optimize the suggested stress adaptation
indices and determine individualized
Rasayana response phenotypes. Moreover,
future multicentric, large clinical trials with
Ayurvedic constitutional typing (prakriti)

and molecular biomarkers can be used to
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allow precision integrative therapeutics to
be used to allow Ashwagandha-based
interventions to be customized to provide
personalized stress resilience in
contemporary health care systems.
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