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Abstract

The interaction between the genome and the exposome is increasingly recognized as central to human health
and disease. While exposome research has generally focused on adverse exposures such as pollutants and

toxins, the concept of the beneficial exposome—positive environmental exposures that promote health—remains
underexplored. Among the most promising beneficial exposures are plant-derived phytochemicals, a rich class

of bioactive compounds with therapeutic potential. Phytoncides, a specific subset of volatile organic compounds
released by plants, exemplify this beneficial potential through their antimicrobial, anti-inflammatory, antioxidant,
and neuroprotective effects. Historically utilized in traditional medicine across cultures, plant-based remedies
containing these compounds are now being examined through modern genomics, exposomics, and systems
biology approaches to understand the specific contributions of phytoncides and other biocactive constituents.
Emerging data suggest that phytochemicals modulate gene expression, immune function, and metabolic pathways
across multiple organ systems, contributing to immune, neurological, endocrine, cardiovascular, respiratory,
integumentary, and mental health improvements. However, the evidence base is predominantly preclinical, with
limited human validation, considerable heterogeneity in plant-extract composition, and incompletely characterized
molecular mechanisms. This review synthesizes current evidence on genome-exposome interactions (GxE) related
to plant-derived compounds, highlighting recent mechanistic insights and exploring translational applications—
including forest bathing, green space integration in urban design, and bioengineering approaches—while
addressing the challenges of clinical translation. As environmental change accelerates, understanding beneficial
GXE offers new opportunities for preventative and precision public health interventions and calls for integrating
nature-based solutions into modern healthcare paradigms.
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Background

Plants are foundational to both the biosphere and human
health, functioning as primary producers in the ecosys-
tem and synthesizing a diverse array of bioactive mole-
cules. Among these are secondary metabolites, including
volatile organic compounds (VOCs) such as terpenes
(e.g., a-pinene, limonene) and phenylpropanoids (e.g.,
eugenol, cinnamaldehyde), which exert diverse biologi-
cal effects in humans [1-3]. These VOCs serve essential
roles in plant ecology, mediating inter-plant communica-
tion, deterring herbivores, and conferring antimicrobial,
antiviral, and insecticidal defense mechanisms. Beyond
VOC:s, plants also produce non-volatile phytochemicals
such as polyphenols, carotenoids, and alkaloids, which
are typically ingested rather than inhaled and exert their
effects through distinct metabolic pathways.

For millennia, humans have harnessed plant-derived
compounds in traditional medical systems such as
Ayurveda and Traditional Chinese Medicine (TCM),
recognizing their therapeutic potential across a wide
range of conditions [4—6]. Traditional practices employ
plant-based remedies through both external and inter-
nal therapies. External applications include skin treat-
ments, fumigation, and aromatherapy, while internal
therapies involve oral, nasal, or rectal administration.
A variety of plant parts—including leaves, bark, fruits,
flowers, seeds, roots, and sometimes entire plants—are
used as medicinal materials to treat diverse ailments. In
modern pharmaceutical science, many medicinal com-
pounds have been isolated from plants and served either
as direct therapeutics or as structural templates for drug
development. Similarly, dietary supplements and nutra-
ceuticals frequently incorporate purified or blended
plant-derived ingredients. Recent advances in analytical
chemistry, molecular biology, and systems pharmacology
have enabled more precise identification and mechanis-
tic characterization of these phytochemicals, elucidat-
ing their roles as antioxidants, anti-inflammatory agents,
immune modulators, and neuroprotectants [2]. A grow-
ing body of evidence supports the therapeutic potential
of volatile terpenes such as limonene (from citrus) and
pinene (from pine and sage), which have been specifically
studied for their anti-inflammatory, antioxidant, and
neuroprotective activities [7-11].

The emergence of the exposome concept has trans-
formed our understanding of how environmental fac-
tors—including health-promoting exposures such as
plant-derived compounds—interact with the human
genome to influence health trajectories across the lifes-
pan. The exposome encompasses the totality of environ-
mental exposures an individual experiences, including
both external factors (e.g., diet, air pollution, psychoso-
cial stressors) and internal exposures (e.g. hormones,
inflammatory mediators, and microbiome-derived
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molecules). These exposures trigger a complex network
of biological responses, such as changes in gene expres-
sion, epigenetic modifications, immune regulation, and
metabolic activity [12, 13].

However, despite its originally agnostic intent, expo-
some research has disproportionately focused on adverse
exposures and disease risk. In response, a growing num-
ber of researchers have advocated for reframing the
exposome through a salutogenic lens—one that empha-
sizes the positive physical, chemical, and psychosocial
exposures that promote resilience, healthy aging, and
well-being [14, 15].

In alignment with Dr. Christopher Wild’s original
vision of exposome research as a prevention-oriented,
burden-reducing paradigm [12], we propose a formal
conceptual expansion: the “Beneficial Exposome’, or
“Beneficial Environmental Exposome” This framework
shifts focus towards the systematic identification and
characterization of health-promoting exposures with
measurable physiological benefits. This approach is par-
ticularly well-suited to studying phytochemicals, as it
enables integrative, systems-level investigation of how
bioactive plant-derived molecules engage multi-omic
networks to modulate human physiology, reduce disease
susceptibility, and support well-being.

Gene—environment interactions (GxE) are central to
this interplay; individuals with different genetic back-
grounds may exhibit differential physiological responses
to the same phytochemical exposure, while identical gen-
otypes may lead to divergent health outcomes depend-
ing on environmental context. In recent years, research
using acute in vivo exposures and in vitro studies has
increasingly demonstrated that plant-derived VOCs, spe-
cifically phytoncides, modulate key biological processes.
However, these exposures have not yet been system-
atically evaluated through a GxE framework. This repre-
sents a significant opportunity, as genetic variants such
as single nucleotide polymorphisms (SNPs) can modify
physiological responses to environmental exposures, as
demonstrated by well-characterized interactions such
as pesticide exposure and Parkinson’s disease risk [16,
17]. Future research could build on this foundation by
investigating how individual genotypes, or even epigen-
etic adaptations resulting from multigenerational expo-
sures to forest environments, may influence physiological
responsiveness to these compounds. For example, popu-
lations living near or frequently exposed to Japan’s hinoki
cypress (Chamaecyparis obtusa) forests or hinoki-built
environments (temples, saunas, furniture) may exhibit
distinct biological responses to hinoki exposure, shaped
by their environmental and cultural proximity to these
phytoncide-rich ecosystems.

In this review, we synthesize current evidence on the
health-promoting properties of phytochemicals, with
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particular emphasis on phytoncides and related plant-
derived VOCs. We examine their molecular mechanisms
across key human organ systems and highlight emerging
mechanistic insights that lay the groundwork for explor-
ing GxE. Importantly, emerging studies suggest that
exposures to plant-derived VOCs through practices such
as forest bathing, proximity to green spaces, and urban
biodiversity may offer accessible and scalable public
health interventions to enhance population well-being.
By integrating perspectives from traditional medical sys-
tems with advances in omics technologies and systems
biology, we propose a conceptual framework in which the
genome-exposome interface harnesses nature’s chemical
diversity to support human health and resilience.

Traditional uses of plant compounds

Historical context

The use of medicinal plants for health and healing dates
back thousands of years and spans nearly every culture.
Across ancient civilizations—from Egypt and Greece to
China and India—scholars systematically recorded the
therapeutic uses of local plants, forming the foundation
of many traditional medical systems [18, 19].

Medicinal plant components have been prepared in a
variety of dosage forms, including decoctions, distillates,
powders, fresh juices, pastes, fermented liquids, and
both hot and cold infusions. Additionally, herbal ingre-
dients are often infused in fat-based media such as oil,
ghee, or milk. These dosage forms were prepared using
single herbs or combinations of multiple herbs, integrat-
ing their therapeutic components to create a multifaceted
approach in addressing various aspects of a disease. Tra-
ditional practices also incorporate aromatic therapies,
such as moxibustion and essential oil (EO) inhalation,
which leverage plant VOCs. These ethnobotanical tradi-
tions laid the groundwork for both empirical and system-
atic approaches to traditional medicine [2].
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Ayurveda, the traditional system of medicine in India,
exemplifies this comprehensive approach through a vast
pharmacopoeia of plant extracts, often as complex poly-
herbal formulations [20]. For example, ashwagandha
(Withania somnifera) is used as an adaptogen to reduce
stress and enhance vitality, while turmeric (Curcuma
longa) is prized for its anti-inflammatory and antioxidant
effects, largely attributed to the polyphenolic compound
curcumin [21-23].

Similarlyy, TCM utilizes combinatory approaches,
blending multiple herbs that work in combination to tar-
get illnesses while optimizing dose and delivery of bioac-
tive compounds [24, 25]. TCM operates on the principle
of “Jun-Chen-Zuo-Shi] a hierarchical framework that
guides multi-component formulations. In this system,
“Jun” (emperor) is the primary ingredient that directly
targets the disease; “Chen” (minister) supports Jun by
enhancing its therapeutic effect; “Zuo” (adjuvant) further
boosts efficacy and mitigates potential side effects; and
“Shi” (messenger) balances the action of all other ingre-
dients [24]. Examples include Ginkgo biloba, commonly
used for cognitive support and neuroprotection [26, 27],
and Panax ginseng, known for its anti-inflammatory and
anti-diabetic properties, as well as its ability to enhance
cognitive performance [28, 29]. A study examining their
combination found enhanced cognitive effects compared
to individual administration [30]. The interactive nature
of traditional formulations is exemplified by curcumin,
whose bioavailability is markedly increased when co-
administered with piperine, an alkaloid from black pep-
per (Piper nigrum), demonstrating how phytochemical
interactions can enhance therapeutic efficacy [31].

Other global traditions further demonstrate this uni-
versal recognition of plant therapeutics. These include
eucalyptus and tea tree oil use by Australian Native
peoples for wound healing and infection [32], and the
use of sage, cedar, and pine in Native American spiritual

Fig. 1 Gene-environment interactions influenced by plant-based exposures across molecular layers
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and medicinal practices. In Japan, hinoki cypress holds
significant cultural and spiritual value; its antimicrobial,
aromatic, and durable properties have been harnessed
in temple architecture for centuries. Traditional South
Korean practices have long utilized the bark of the hinoki
tree for its perceived healing properties, particularly in
supporting cancer patients. Emerging research now sug-
gests that hinoki-derived compounds may indeed exhibit
anti-inflammatory and anti-cancer activities [33—36].

These diverse traditional systems exemplify holistic,
individualized approaches to health that contrast with
the Western biomedical model of “one-drug, one-target,
one disease,” which focuses on isolated compounds with
well-defined mechanisms of action. Traditional formu-
lations’ use of complex mixtures derived from single or
multiple herbs presents challenges for mechanistic stud-
ies and standardization. Each part of a medicinal plant
may contain distinct active compounds that offer mul-
tiple therapeutic effects. However, extracting and con-
centrating individual phytochemicals outside their native
context can raise important safety concerns. Some com-
pounds that are safe and effective within whole-plant
preparations may become toxic or poorly tolerated when
administered in purified form.

This principle is illustrated by reserpine, an alkaloid
extracted from sarpagandha (Rauwolfia serpentina).
While historically used for hypertension and neuro-
psychiatric conditions, it has been associated with side
effects including lethargy, sedation, depression, and other
psychiatric symptoms when used at doses above 0.5 mg/
day [37]. In contrast, traditional use of the whole plant
has been reported to produce fewer side effects, likely
due to the presence of accompanying phytochemicals
that modulate reserpine’s activity, resulting in a more bal-
anced therapeutic profile [38].

Transition to modern science and regulation

Modern pharmacology has successfully isolated numer-
ous plant-derived compounds that now serve as corner-
stone therapies, such as aspirin (from willow bark) for
pain relief, artemisinin (from Artemisia annua L.) as an
antimalarial agent, and paclitaxel (from the Pacific yew
tree) for cancer chemotherapy [39-42]. However, despite
these successes, the path from traditional use to clini-
cal approval remains complex. In the US, most herbal
extracts fall under the Dietary Supplement Health and
Education Act (DSHEA) of 1994 [43, 44], which allows
consumer access but offers limited physician guidance
due to gaps in data on toxicity, efficacy, and standardized
dosing. Compounding this challenge, EOs used in aroma-
therapy are regulated as cosmetics or fragrances under
the U.S. Food and Drug Administration (FDA) [45], fur-
ther restricting therapeutic claims and limiting integra-
tion into clinical practice [46].
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The development of traditional plant-based therapies
into modern botanical drugs faces several key barriers:
ingredient standardization, quality control, and inconsis-
tent regulatory frameworks across countries [47-50]. The
drug development pipeline—from compound discov-
ery and preclinical testing through Investigational New
Drug (IND) applications, clinical trials, and regulatory
approval through New Drug Applications (NDAs)—is
both lengthy and resource-intensive [51, 52].

These challenges are magnified by the inherent variabil-
ity of plant chemistry. Even within a single species, phy-
tochemical composition can vary significantly depending
on factors such as geography, growth conditions (includ-
ing biotic and abiotic stressors), soil nutrients, climate,
time of harvest, and extraction methods [45, 47, 53]. This
variability presents unique standardization challenges
that differ fundamentally from conventional pharmaceu-
tical development.

To support the safe and effective clinical use of EOs and
other plant-derived products, developing specific regu-
latory guidelines and quality standards that encompass
proper cultivation, manufacturing, labeling, and quality
control is essential [54].

Contemporary integration and global trends

Growing consumer interest in natural therapies, cou-
pled with advances in analytical techniques, has sparked
renewed scientific attention to plant-based medicine [47,
55-58]. Nature-based interventions like the Japanese
practice of Shinrin-yoku (forest bathing) and aromather-
apy are increasingly recognized globally for their physi-
ological benefits. Recent studies have demonstrated that
forest VOC exposure can reduce blood pressure, lower
stress hormones, and enhance immune function [34,
59-62], with ongoing studies now beginning to elucidate
underlying molecular and genomic mechanisms.

This scientific validation comes at a time when tra-
ditional medicine remains central to global healthcare
delivery. The World Health Organization (WHO) esti-
mates that up to 80% of the world’s population relies on
traditional medicine for primary health care [63, 64]. Sev-
eral countries have formalized integration efforts: China
has implemented national policies supporting TCM,
India has established the Ministry of AYUSH (Ayurveda,
Yoga & Naturopathy, Unani, Siddha and Homeopathy),
and the WHO has launched a global traditional medicine
strategy [56, 65—67].

These efforts align with broader international frame-
works recognizing the interconnectedness of health
systems. The One Health Joint Plan of Action of the
Quadripartite Organizations—the Food and Agriculture
Organization of the United Nations (FAO), the United
Nations Environmental Programme (UNEP), the World
Organisation for Animal Health (WOAH), and the
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WHO—emphasizes the interconnectedness of human,
animal, plant, and environmental health [68]. This frame-
work underscores the importance of preserving biodiver-
sity for both ecological balance and human well-being.

Moving forward, integrating traditional medicine into
modern healthcare systems will require harmonizing
traditional practices with contemporary scientific valida-
tion, potentially enhancing global health outcomes and
offering more holistic treatment options.

Challenges and opportunities

Despite the rich history and widespread use of traditional
medicine systems, a critical need remains for rigorous in
vitro, in vivo, and clinical studies to validate the safety,
efficacy, and mechanisms of action of plant-derived com-
pounds, including multi-herb formulations. This evi-
dence is essential for understanding potential side effects,
determining optimal dosages, and enabling their integra-
tion into evidence-based medicine.

Beyond the regulatory and standardization challenges
previously discussed, a key opportunity lies in leverag-
ing emerging technologies to accelerate translation. Arti-
ficial intelligence (AI), high-throughput screening, and
advanced omics platforms offer powerful tools for iden-
tifying, characterizing, and optimizing bioactive plant
compounds within a systems-level context [45, 69]. These
tools can also support evidence-based classification of
complex herbal formulations and contribute to designing
targeted, personalized interventions.

The scale of this opportunity is remarkable. While an
estimated 250,000 to 500,000 higher plant species exist,
only 5-6% have been screened for bioactivity, leaving
vast untapped potential for therapeutic discovery [70,
71]. Additionally, traditional medical systems offer valu-
able starting points for hypothesis generation, as many
have long incorporated individualized assessment based
on observable phenotypes, lifestyle factors, and dietary
patterns. These personalized approaches mirror key prin-
ciples of modern precision medicine [49, 72, 73].

Perhaps most promising is the potential to understand
the GxE underlying traditional practices. This approach
aligned with precision environmental health [74], may
unlock novel strategies for prevention and treatment in
a rapidly changing world, while also facilitating broader
integration into Western medical paradigms.

Bioactive phytochemicals: classes and
characterization

Phytoncides and other major phytochemical classes
Building on the diverse array of plant secondary metabo-
lites previously discussed, phytoncides represent a dis-
tinct subgroup of plant-derived VOC:s, first described by
Boris Tokin in the late 1920s. Since their discovery, phyt-
oncides have attracted considerable scientific interest due
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to their ecological significance and potential biomedical
applications [34]. These volatile compounds serve mul-
tiple ecological functions, including chemical defense
against herbivores and pathogens, attraction of pollina-
tors, and mediation of environmental stress [75, 76].

Among phytoncides, terpenes represent the most
extensively studied chemical class, encompassing mono-
terpenes (including o-pinene, [-pinene, limonene,
myrcene, and camphene) and sesquiterpenes (such as
B-caryophyllene and humulene). These volatile com-
pounds are particularly abundant in coniferous forests,
citrus fruits, and aromatic herbs [77, 78]. Beyond ter-
penes, other prominent phytochemical classes include
phenylpropanoids (such as eugenol from clove and cin-
namaldehyde from cinnamon) and oxygenated terpe-
noids (such as linalool from lavender and citral from
lemongrass) [79, 80].

While phytoncides focus specifically on volatile com-
pounds, the broader phytochemical landscape also
encompasses non-volatile bioactive molecules, including
polyphenols, carotenoids, and alkaloids, which contrib-
ute to plant therapeutic potential through different expo-
sure pathways. The functional diversity of phytoncides
and related bioactive metabolites reflects the evolution-
ary pressures plants face in their natural environments.

Sampling, extraction, and characterization of
phytochemicals

Accurate sampling, extraction, and characterization
of plant-derived phytochemicals are essential for both
research and therapeutic applications.

In field studies, plant-derived VOCs, including phyt-
oncides, are commonly collected using adsorption-based
methods such as activated carbon or polymeric sorbents,
which effectively trap volatile molecules for subsequent
analysis [81, 82]. Headspace sampling techniques, both
static and dynamic, have significantly advanced the study
of plant volatiles by enabling non-destructive, rapid, and
sensitive detection. Among these, solid-phase microex-
traction (SPME) has emerged as a particularly valuable
method due to its simplicity, high sensitivity, and ability
to detect trace-level concentrations of VOCs [83, 84].

For plant tissues, once sampled, extraction methods
play a critical role in isolating phytochemicals. Steam
distillation remains the most widely used technique for
obtaining EOs and volatile fractions from leaves, flow-
ers, and woody tissues [85]. For example, EO from hinoki
cypress is traditionally produced via steam distillation,
yielding a complex mixture rich in terpenes and volatile
alcohols [86].

For broader phytochemical recovery, solvent-based
extraction methods employing ethanol, hexane, metha-
nol, or acetone expand the spectrum of recoverable com-
pounds, particularly those with lower volatility or higher
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polarity, such as flavonoids, phenolic acids, and alkaloids
[87, 88]. More recently, supercritical fluid extraction
(SFE) using carbon dioxide (CO,) has gained popularity
due to its ability to preserve heat-sensitive compounds,
achieve high extraction efficiencies, and minimize sol-
vent residues, offering a greener alternative to conven-
tional solvent extraction [89, 90].

Following sampling and extraction, gas chromatog-
raphy—mass spectrometry (GC-MS) remains the prin-
cipal analytical platform for identifying and quantifying
volatile constituents due to its high sensitivity, resolution,
and extensive spectral libraries [91, 92]. For non-volatile
compounds, high-performance liquid chromatography
(HPLC), often coupled with diode-array detection (DAD)
or mass spectrometry (LC-MS), is routinely employed
[93, 94]. Nuclear magnetic resonance (NMR) spectros-
copy complements these chromatographic techniques
by providing detailed structural elucidation and confir-
mation of novel or complex phytochemical structures
(95,96).

Recent methodological advances in the sampling,
extraction, and characterization of phytochemicals have
markedly improved our ability to map the chemical
diversity of botanicals and relate it to potential health
benefits. Yet, the full realization of this potential hinges
on overcoming data integration challenges that stem
from complex plant matrices, limited biological end-
points, and intricate regulatory pathways. A concerted
effort combining optimized protocols (e.g., validated
analytical protocols, documentation of cultivation condi-
tions, storage requirements), standardization initiatives
(e.g., adoption of standardized protocols encompassing
sampling, extraction, analysis, and reporting) as further
detailed in the Sect. 6.2.3, and rigorous clinical validation
will be necessary for plant-derived phytochemicals to
become robust, standardized, and trusted components of
therapeutic strategies.

Genome-exposome interactions of plant-derived
compounds

The exposome framework

The exposome concept, coined twenty years ago by Dr.
Christopher Wild, encompasses all exposures across
one’s lifetime [12]. It complements the genome, repre-
senting everything that the genome doesn’t cover, and
holds great potential to uncover the non-genetic factors
in complex diseases and GxE [97, 98]. These exposures,
ranging from air, water, soil, and greenspace to climate,
diet, and socioeconomic status, collectively influence
human health.

Plants represent a unique and multi-faceted compo-
nent of the human exposome through multiple exposure
pathways and mechanisms [99]. They function both as
modulators of environmental exposures and as direct
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sources of bioactive compounds. Plants can reduce
indoor air pollutants, such as formaldehyde and acetone
[100-102], while soil conditions and environmental fac-
tors influence plant phytochemical composition, affect-
ing downstream human exposure through dietary and
inhalation pathways [103]. Additionally, plants contribute
to environmental regulation through temperature and
humidity control, soil stabilization, and nutrient cycling
[104]. While plant VOCs serve ecological functions such
as improving stress resistance and regulating growth,
increasing evidence highlights their potential benefits for
human health, including antioxidative, anti-inflamma-
tory, and cognitive enhancing properties, as detailed in
Sect. 5.

Omics approaches

Recent advancement in omics technologies have brought
new insights into GxE. Multi-omics approaches—includ-
ing genomics, transcriptomics, proteomics, epigenomics,
lipidomics, and metabolomics, and metagenomics—have
been independently and collectively employed to delin-
eate molecular signatures associated with environmental
exposures that modulate disease progression trajectories.

These approaches have revealed diverse exposure-
response patterns across biological systems. Transcrip-
tomic analyses have identified gene expression signatures
associated with exposure to a range of environmental
chemicals, implicating key biological pathways involved
in inflammation, oxidative stress, DNA damage, and
apoptosis [105]. Similarly, mass spectrometry (MS)-based
proteomics has been utilized to characterize the impact
of environmental exposures on protein expression and
post-translational modifications, including phosphoryla-
tion, acetylation, and ubiquitination [106]. Complement-
ing these approaches, MS-based lipidomic profiling has
been applied to investigate exposure effects on bioactive
lipid mediators in human airways [107], while metabo-
lomic investigations have detected exposure-derived
metabolites and their associations with alterations in
endogenous metabolic pathways linked to various toxico-
logical outcomes including immunosuppression, hepato-
toxicity, and nephrotoxicity [108].

The true power of these technologies emerge through
integration. Multi-omic integration creates comprehen-
sive biological profiles [109], as demonstrated by several
landmark studies. Research utilizing a multi-omic net-
work to profile individual external exposures and internal
molecular changes revealed significant, dynamic asso-
ciations with pathways related to immune, kidney, and
liver function. This work demonstrated the exposome’s
potential impact on personalized health assessment.
Another innovative approach employed frequent blood
microsampling to analyze thousands of metabolites, lip-
ids, cytokines, and proteins using MS-based multi-omics
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combined with continuous physiological data from
wearable sensors. This approach revealed individualized
inflammatory and metabolic responses to dietary inter-
ventions and uncovered extensive molecular fluctuations
associated with intra-day physiological changes—such
as heart rate, glucose, and cortisol levels—and physi-
cal activity [110]. Similarly, aging research has benefited
from multi-omics approaches; a recent study uncovered
nonlinear molecular trajectories during aging, identify-
ing two key inflection points around ages 44 and 60 that
correspond to coordinated dysregulation across immune,
metabolic, and cardiovascular pathways [111].

For plant-derived compound research specifically,
incorporating multi-omics approaches to study GxE can
greatly facilitate the identification and quantification of
exposures and their corresponding biological effects. This
is particularly relevant for understanding how genetic
variation influences individual responses to phytochemi-
cal exposures, a critical gap in current research.

Despite their promise, multi-omics approaches face
several practical limitations. While costs and turnaround
times have rapidly decreased, these approaches still
require highly specialized personnel, equipment, and
substantial financial investment. The “big data” gener-
ated is often heterogeneous, requiring rigorous statistical
tools for analysis and interpretation. These complex data-
sets also require robust computational infrastructures
for modeling and storage, in addition to data security
and privacy protection measures. As new technologies
like wearable sensors continue to emerge, developing
standardized protocols for data collection and sharing
becomes increasingly important for better integration
and reproducibility [112, 113].

Influence of plants on human health

Here, we highlight the effects of plant-derived com-
pounds, with specific emphasis on VOCs, across six
major human systems: immune, neurological, endocrine,
cardiovascular, respiratory, and integumentary, as well as
their broader impact on mental health. These domains
represent key physiological axes through which envi-
ronmental exposures interface with genomic regulation
and systemic responses. In the following subsections,
we examine each system and highlight existing research
demonstrating the potential of phytoncides to modulate
physiological function and support health. Each subsec-
tion concludes with an example of a traditional medi-
cal practice that employs plant-derived compounds to
address acute or chronic conditions relevant to that
system.

Immune system
Plants and their bioactive compounds have long been rec-
ognized for their ability to modulate immune responses.
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Recent research highlights the immunomodulatory, anti-
inflammatory, and cytoprotective properties of plant-
derived terpenes and phenolics.

a-Pinene represents one of the most well-studied
immunomodulatory compounds. This volatile com-
pound found in pine trees and other conifers has been
shown to enhance natural killer (NK) cell activity. NK
cells are lymphocytes of the innate immune system that
identify and eliminate virus-infected or cancerous cells.
In an in vitro assay, human NK-92mi cells treated with
a-pinene exhibited upregulation of surface markers
(CD56, CD107a) and increased expression of cytolytic
effectors (perforin, granzyme B), with effects consistent
with activation of the ERK/AKT signaling pathways. In
vivo, a mouse allograft model using CT-26 colon cancer
cells showed that a-pinene treatment (40 mg/kg) reduced
tumor burden by 42.83% [114]. Complementary forest
bathing studies in human subjects reported increased NK
cell numbers and activity, lasting more than seven days
following exposure to phytoncide-rich environments
(a-pinene, B-pinene detected in forest air but not city
air), suggesting sustained immunological effects from
phytoncide exposure [62, 115].

Beyond immune surveillance, a-pinene also exhibits
anti-inflammatory properties. An in vitro study in mouse
peritoneal macrophages demonstrated that a-pinene
attenuated lipopolysaccharide (LPS)-induced inflam-
matory responses by downregulating pro-inflamma-
tory mediators including IL-6, TNF-a, inducible nitric
oxide synthase (iNOS), and COX-2 through MAPK and
NF-«B pathway inhibition [9]. This dual action—immune
stimulation and inflammation suppression—positions
a-pinene as a promising candidate for both immunother-
apeutic and anti-inflammatory applications.

Linalool, another compound of interest, is a monoter-
pene alcohol found in lavender, coriander, and members
of the Plantaginaceae family. It has demonstrated cyto-
toxic and immunoregulatory properties. In vitro, linalool
induced apoptosis in multiple cancer cell lines promoted
cytokine release—including IFN-y, IL-2, and TNF-a—
indicative of a T helper 1 (Thl)-type immune response
[116]. In vivo studies showed efficacy in improving
healing outcomes and decreasing inflammatory infil-
tration in methicillin-resistant Staphylococcus aureus
(MRSA)-infected mice, while also promoting microbial
diversity on the skin surface [117]. Additionally, in a
carrageenin-induced paw edema model in rats, linalool
reduced inflammation following systemic administration
[118]. These findings suggest that linalool supports both
immune resolution and epithelial homeostasis during
infection.

D-limonene, a cyclic monoterpene found in citrus EOs,
influences adaptive immunity through different mecha-
nisms. Ex vivo studies using murine T lymphocytes
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Fig. 2 Phytoncide emission from plants and their impact on human organ systems

demonstrated that d-limonene and its metabolites (limo-
nene-1-2-diol, perillic acid) suppressed cytokine produc-
tion (IFN-y, IL-2, TNF-q, IL-4, IL-13) and downregulated
activation markers (CD25, CD69, CD40L) on CD4 + and
CD8 + T cells, with cytotoxic effects observed only at
higher concentrations [119].

Eucalyptol (1,8-cineole), found in eucalyptus, demon-
strates dose-dependent effects on respiratory immune
responses. In a three-week rat study, low-to-moderate
doses (30-100 mg/kg) upregulated CD8 + T-cell activ-
ity in the lungs without impairing macrophage function.
However, high doses (300 mg/kg) suppressed CD8 +
activity and macrophage phagocytosis while also decreas-
ing circulating B cells, NK cells, and IgA levels [120]. At
moderate doses, 1,8-cineole may enhance mucosal and
cellular immunity; at high doses, it could compromise
immune defenses.

Carvacrol, commonly found in oregano and thyme, tar-
gets inflammatory pathways directly. In a broiler chicken
model following LPS-induced inflammation, oral carva-
crol administration significantly reduced expression of
pro-inflammatory cytokine genes (TNF-a, IL-1f, IL-6) as
well as TLR4 and NF-«xB p65 signaling molecules. Carva-
crol also reduced avian B-defensin-9 (AVBD-9) [121].

Finally, B-Caryophyllene (BCP), found in cinnamon,
cloves, rosemary, and black pepper, demonstrates broad
pharmacological effects, including antioxidant and anti-
microbial activity. A comprehensive review of BCP stud-
ies indicates its anti-inflammatory effects occur mainly
through cannabinoid receptor 2 (CB2) activation and
the peroxisome proliferator-activated receptor (PPAR)
y pathway. BCP suppressed both protein and mRNA
expression of IL-6 and other pro-inflammatory cytokines,
while increasing the anti-inflammatory cytokine IL-13.
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Its antioxidant effects involve activation of the Nrf2/
HO-1 antioxidant axis, inhibition of 3-hydroxy-3-methyl-
glutaryl-coenzyme A (HMG-CoA) reductase activity, and
reductions in oxidative stress biomarkers [122].

Traditional applications

Traditional medicine systems have long relied on aro-
matic spices rich in EOs—such as cumin, clove, turmeric,
ginger, and mint—for immune system support. These
spices are commonly administered both as dietary com-
ponents and as medicinal preparations. For example,
ginger is rich in 6-gingerol, a bioactive compound with
anti-inflammatory and immunomodulatory effects medi-
ated through inhibition of NF-kB and protein kinase C-a
(PKC-a) signaling pathways, which suppresses iNOS and
TNEF-a expression while reducing reactive oxygen species
(ROS) production. Additionally, 6-gingerol demonstrates
anti-angiogenic activity by inhibiting VEGF- and bFGF-
induced endothelial cell proliferation, contributing to
reduced cell metastasis in preclinical models [123-125].

Neurological system

Cognitive function

A growing body of evidence suggests that phytoncides
and plant-derived EOs can influence cognitive perfor-
mance through diverse neurobiological mechanisms.
These compounds appear to modulate neurotransmis-
sion, oxidative stress, and cortical activation patterns,
leading to measurable effects on attention, memory, and
executive function.

Peppermint EO exemplifies these cognitive effects.
Rich in menthol and menthone, it has demonstrated cog-
nitive-enhancing effects in both in vitro and in vivo stud-
ies. In vitro, it inhibits acetylcholinesterase (AChE) and
modulates GABA, and nicotinic receptors, increasing
calcium mobilization in neurons—mechanisms associ-
ated with enhanced synaptic activity. In a double-blind,
placebo-controlled, balanced cross-over trial, a single
dose of peppermint EO enhanced working memory and
sustained attention in young adults while also reducing
mental fatigue during cognitively demanding tasks [126].

Phytoncides also demonstrate measurable neurophysi-
ological effects. In a randomized, double-blind, con-
trolled study, electroencephalogram (EEG) recordings
showed that brief exposure to phytoncide odor reduced
B-band activity in the occipital and parietal cortices—an
effect the authors interpret as relief from anxiety, depres-
sion, and stress symptoms common in patients with mild
cognitive impairment [127]. Supporting these findings,
older adults with mild cognitive impairment exhibited
improved executive function, as measured by the Stroop
task, following phytoncide inhalation. This was accom-
panied by reduced prefrontal cortex activation on func-
tional near-infrared spectroscopy (fNIRS), suggesting
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that phytoncides may reduce compensatory overactiva-
tion and restore neural efficiency [128].

Multiple EO constituents contribute to these cognitive
benefits. For example, an in vivo and in vitro study using
a Wistar rat model of Alzheimer’s disease demonstrated
that inhalation of arar tree (Tetraclinis articulata) EO
reversed memory deficits and oxidative stress markers by
normalizing pathologically elevated hippocampal AChE
activity and enhancing key antioxidant enzymes—super-
oxide dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GPx) [130].

However, effects are not uniformly beneficial. In a con-
trolled office environment study, lemon EO (Citrus limo-
num) (rich in d-limonene) exposure in human subjects
was associated with faster reaction times but reduced
inhibitory control and memory sensitivity, suggesting a
potential trade-off between processing speed and cogni-
tive accuracy [131]. These mixed effects may stem from
differences in compound composition, delivery methods,
or study context.

Traditional applications Brahmi (Bacopa monnieri),
Ginkgo biloba, and ashwagandha are commonly used in
traditional medicine systems for cognitive support, par-
ticularly in conditions like Alzheimer’s disease [132]. A
comprehensive review of Brahmi research found that trit-
erpenoid saponins (bacosides) in brahmi restore synaptic
activity, enhance neuronal synthesis and kinase activity,
and increase neurotransmitter availability, including sero-
tonin [133]. Traditionally, these herbs are administered
orally or nasally using fat-based media—such as medi-
cated ghee, oil or milk—as lipids facilitate the transport of
active compounds across the blood-brain barrier.

The microbiome and the gut-brain axis

Beyond direct neurological effects, EOs can modulate
brain function indirectly via the microbiota-gut brain
axis (MGBA), a complex bidirectional signaling network
involving microbial metabolites, immune signals, and the
vagus nerve.

The MGBA represents a central pathway in neuroen-
docrine and neuroimmune regulation, influencing mood,
cognition, inflammation, and systemic homeostasis [134].
Mediated in part by the vagus nerve, this axis serves as
the key interface for modulating brain health through
gut-derived signals. Given their lipophilic nature, EO
constituents can cross biological membranes, including
the blood-brain barrier, positioning EOs as promising
MGBA modulators [135].

In a controlled in vivo murine study, eucalyptus EO
(EEO) administration (10 mg/kg) increased sleep dura-
tion by 56.9% and elevated levels of sleep-promoting neu-
rotransmitters (glutamine, GABA, glycine, tryptophan,
N-acetylserotonin, and 5-hydroxyindoleacetic acid),
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while enhancing gut microbial diversity and short-chain
fatty acid (SCFA)-producing microbiota. The enrichment
of GABA- and glycine-producing microbes suggests a
microbial mechanism underlying EEO’s neuromodula-
tory effects [136].

Similarly, may chang (Litsea cubeba) EO demonstrated
anti-inflammatory effects, in LPS-induced intestinal
inflammation in mice, reducing hepatic and intestinal
TNEF-q, IL-6, and IL-1f levels alongside dose-dependent
shifts in gut microbiota composition (increased Lacto-
bacillaceae, Lachnospiraceae; decreased Muribaculaceae)
[137]. In mouse models of Parkinson’s disease, curcumin
has demonstrated neuroprotective effects through gut
microbiota modulation. Curcumin improved motor
deficits, protected dopaminergic neurons, and modu-
lated gut microbiota composition in MPTP-induced PD
mice. Key mechanisms include increased tyrosine-dopa-
mine metabolism, reduced a-synuclein aggregation, and
decreased neuroinflammation [138-140].

In vitro screening of 13 EOs against 12 gut microbial
strains revealed selective antimicrobial activity; carva-
crol, cinnamaldehyde, citral, and thymol (and oregano,
thyme, rosemary oils) suppressed pathogenic strains (C.
perfringens, S. epidermis, E.coli) while sparing beneficial
microbes (Bifidobacterium spp., Lactobacillus reuteri)
[141].

Expanding beyond the gut-brain connection, the skin-
gut axis has emerged as another important bidirectional
communication pathway. The skin serves as a “window”
into overall health, with skin microbiome dysbiosis
reflecting or potentially influencing gut microbial imbal-
ances [142]. EOs can interact with the skin microbiome
via topical application or diffusion [143], suggesting a
novel pathway whereby this interaction may affect sys-
temic microbiota.

Traditional applications Traditional Ayurvedic medi-
cine has long recognized connections between the gut
and brain function. Several herbs like turmeric, ginger,
and triphala (Emblica officinalis, Terminalia bellerica,
Terminalia chebula), shankapushpi (Convolvulus plu-
ricaulis), jatamansi (Nardostachys jatamansi), Ginkgo
biloba, Panax ginseng, mandukaparni (Centella asiatica),
brahmi, and ashwagandha have been used tradition-
ally to support cognitive function [144, 145]. Emerging
evidence primarily from animal models, suggests that
some Ayurvedic preparations may influence brain health
through gut microbiome modulation, with triphala dem-
onstrating the most well-characterized effects on ben-
eficial gut bacteria and their metabolites. Additionally,
Ayurveda employs medicated enemas (basti) as a gastro-
intestinal route to deliver herbal preparations for treating
neurological diseases [146].
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Pain modulation

Pain perception involves both peripheral and CNS path-
ways, making it an important target for EO-based inter-
ventions. EOs may offer natural analgesic effects through
modulation of inflammatory cascades, neurotransmitter
receptors, and neurosensory pathways.

Modern pain management often relies on pharmaco-
logical analgesics, which, despite their efficacy, are asso-
ciated with significant side effects. EOs, traditionally
used for pain relief in many cultures, represent a promis-
ing complementary approach.

For instance, eucalyptus EOs have long been employed
in Brazilian folk medicine. In in vivo murine studies,
intraperitoneal administration of essential oils from three
Eucalyptus species (E. citriodora, E. tereticornis, E. globu-
lus) demonstrated both peripheral (reduction of acetic
acid-induced writhe) and central (prolonged hot-plate
thermal reaction time) analgesic effects. The oils may act
via inhibition of arachidonic acid metabolism, reducing
prostaglandins and thromboxane synthesis [147].

Clinical studies support EO-based analgesia. A ran-
domized, double-blind, placebo-controlled study of 54
patients reported significant pain reduction after Piper
nigrum EO inhalation compared to sesame oil placebo
[148]. While the mechanism was not investigated in this
clinical study, prior preclinical studies have identified
B-caryophyllene, a major constituent of Piper nigrum,
as a selective cannabinoid receptor 2 (CB2) agonist, sug-
gesting that endocannabinoid modulation may contrib-
ute to analgesic effects [149].

EO blends have also shown efficacy for gynecologi-
cal pain. In a randomized, double-blind clinical trial of
48 women with primary dysmenorrhea, topical mas-
sage with a blend of lavender (Lavandula augustifolia),
clary sage (Salvia sclarea), and marjoram (Origanum
majorana) significantly reduced both menstrual pain
severity and duration compared to synthetic fragrance
control [150]. The blend contained four key analgesic
components: linalyl acetate (36.84%), linalool (22.53%),
1,8-cineole (17.21%), and p-caryophyllene (2.69%).
These compounds may contribute to pain relief through
anti-inflammatory mechanisms, as 1,8-cineole has been
shown to inhibit cytokine production including TNF-«
and IL-1p [150, 151].

EOs have also demonstrated perioperative benefits.
In a randomized, placebo-controlled trial of 54 patients
undergoing laparoscopic adjustable gastric banding
(LAGB), lavender oil inhalation significantly reduced
postoperative morphine requirements compared to pla-
cebo (2.38 mg vs. 42.6 mg, p < 0.04), with fewer patients
requiring opiod analgesia (46% vs. 82%, p = 0.007). No
differences were observed in antiemetic or antihyperten-
sive requirements or post-anesthesia care unit discharge
times. Notably, lavender patients were significantly less
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sedated at discharge (p = 0.003), suggesting lavender oil
provided additive analgesic effects without adverse peri-
operative consequences [152].

Traditional applications Traditional medicine sys-
tems have long relied on aromatic herbs and resins with
potent volatile compounds—such as ginger, frankincense
(Boswellia serrata), turmeric [153], camphor (Cinnamo-
mum camphora) [154], and guggul (Commiphora mukul)
[155])—for analgesic effects. Administration includes
topical applications and oral ingestion for pain relief.
These compounds reduce inflammation and modulate
neurotransmitters and ion channels involved in pain sig-
naling. For example, camphor’s analgesic effects involve
inhibition of transient receptor potential ankyrin 1
(TRPA1) channels and desensitization of transient recep-
tor potential vanilloid 1 (TRPV1) receptors. Camphor
initially activates TRPV1, followed by rapid and complete
desensitization (more so than capsaicin), which may con-
tribute to its analgesic properties [154]. Clinical evidence
supports these traditional uses: a meta-analysis of seven
clinical trials involving 545 participants demonstrated
that frankincense/shallaki effectively reduced pain (VAS,
WOMAC pain) and stiffness while enhancing joint mobil-
ity in osteoarthritis patients. Among its active constitu-
ents, 3-O-Acetyl-11-keto-p-boswellic acid (AKBA) serves
as a powerful inhibitor of leukotriene-driven inflamma-
tion and 5-lipoxygenase (5-LOX) enzyme activity [156].

Endocrine system

EOs and phytoncides have demonstrated a variety of
effects on the endocrine system, particularly in relation
to stress hormone regulation and reproductive hormone
modulation. These plant-derived compounds appear to
interact with both the central nervous and endocrine sys-
tems to influence hormonal balance and autonomic func-
tion in humans and in vitro models.

The endocrine-modulating potential of five commonly
used EOs—niaouli, orange, tea tree, wintergreen, and
ylang-ylang—was investigated in vitro using the JEG-
Tox model, which assesses hormone secretion in human
placental cells. Researchers measured secretion of four
critical ~ pregnancy-related hormones—progesterone,
estradiol, human hyperglycosylated chorionic gonadotro-
pin (hCG), and human placental lactogen (hPL)—along-
side P2 x 7 receptor activation, a marker of cellular stress.
All five EOs significantly altered hormone secretion pro-
files without inducing cytotoxicity. Niaouli EO elevated
progesterone and hCG levels; wintergreen EO increased
the secretion of three hormones: progesterone, hCG, and
hPL; orange EO elevated estradiol and hPL; and tea tree
EO enhanced hPL levels. Notably, the major isolated con-
stituents of these oils (1,8-cineole, limonene, 4-terpineol,
methyl salicylate, and benzyl salicylate) often produced
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weaker or opposing effects compared to the complete
oils, suggesting a combinatory “cocktail” effect of minor
compounds within whole EOs. These findings indicate
that EOs may act as nuanced hormonal modulators
rather than classical endocrine disruptors [157].

Cinnamon (Cinnamomum zeylanicum) improves glu-
cose metabolism through brain-mediated mechanisms.
Eugenol, a major component, enhanced insulin signal-
ing in astrocytes via GSK3 and AKT phosphorylation. In
obses diabetic mice, cinnamon extract improved brain
insulin sensitivity, reduced blood glucose and hepatic
triglycerides, and increased liver glycogen. These hepatic
effects appear centrally mediated through the brain-liver
axis than direct liver action [158]. Fennel EO demon-
strates antidiabetic effects. In streptozotocin-induced
diabetic rats, fennel oil (30 mg/kg) corrected hypergly-
cemia, increased glutathione peroxidase activity, and
improved pathological changes in kidney and pancreas,
likely through antioxidant effects and restoration of
redox homeostasis [159].

Human field studies on forest bathing have provided
compelling in vivo evidence of phytoncides’ hormonal
and autonomic effects. Exposure to phytoncide-rich envi-
ronments led to significant reductions in urinary cortisol,
epinephrine, and norepinephrine, indicating decreased
sympathetic nervous system activity. These physiological
effects were supported by environmental measurements
of forest air samples, which detected common phyton-
cides including a-pinene, -pinene, and isoprene [160].
Supporting this evidence, even short-term forest stays
resulted in significant decreases in serum cortisol, uri-
nary adrenaline, testosterone, and blood pressure [161,
162]. These studies collectively suggest that phytoncide
exposure can regulate stress-related endocrine markers
through autonomic nervous system modulation.

The endocrine-modulating effects of phytoncides
extend beyond natural outdoor environments. A ran-
domized controlled trial (RCT) of 55 gynecological can-
cer survivors found that eight weeks (1 h/day, 5 days/
week) of phytoncide fragrance exposure during medita-
tion significantly reduced stress hormones (cortisol, epi-
nephrine; p < 0.001) while increasing parasympathetic
activity and NK cell levels, demonstrating coordinated
endocrine-immune benefits [163].

Traditional applications

Traditional medicine systems employ a wide range of
herbs—including ajwain (Trachyspermum ammi), Aloe
vera, basil, coriander, ginseng, gurmar (Gymnema syl-
vestre), shatavari (Asparagus racemosus), and oregano—
to support endocrine health and treat conditions such
as metabolic syndrome [164]. For female reproductive
health, shatavari is specifically used to address hormonal
imbalances. In vivo studies in female rats have shown that
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aqueous asparagus root extract (Asparagus officinalis L.)
administration dose-dependently elevated hormones
associated with the hypothalamic-pituitary-gonadal axis.
The highest concentrations of GnRH, FSH, LH, estrogen,
and progesterone were recorded at the maximum dose of
400 mg/kg. Additionally, the extract increased the num-
ber of ovarian follicles and corpus luteum, positively
affecting oogenesis [165]. These herbs are traditionally
administered orally, often as medicated decoctions, pow-
ders, or incorporated into the diet.

Cardiovascular system

Phytoncides and EOs have emerged as promising natural
agents for cardiovascular health, with evidence pointing
to their roles in regulating blood pressure, lipid metabo-
lism, and vascular inflammation. These effects are largely
attributed to their rich composition of bioactive terpenes
and phenylpropanoids—such as linalool, a-pinene, cin-
eole, and cinnamaldehyde—which influence key physi-
ological pathways involved in cardiovascular homeostasis
[166].

One of the primary cardiovascular actions of EOs is
vasorelaxation, contributing to their hypotensive effects.
Many EOs act on vascular smooth muscle by modulat-
ing calcium channel activity and enhancing nitric oxide
(NO) signaling. In vivo administration of java citronella
(Cymbopogon winterianus) EO in Wistar rats induced
dose-dependent hypotension accompanied by tachycar-
dia at lower doses, while ex vivo studies using isolated
rat mesenteric artery rings demonstrated endothelium-
independent vasorelaxation through Ca**-channel block-
ade [167]. Similarly, wild basil (Ocimum gratissimum) EO
induced dose-dependent hypotension and bradycardia
through direct vascular smooth muscle relaxation, with
enhanced effects in hypertensive rats, effects that appear
mediati promote vascular relaxation in vivo in Wistar
rats [168, 169]. Shell ginger (Alpinia zerumbet) demon-
strated endothelium-dependent vasorelaxation via the
NO-cGMP pathway in ex vivo experiments using endo-
thelium-intact rat aortic preparations [170, 171]. Simi-
larly, Seseli pallasi EO, rich in a-pinene, exhibited potent
vasorelaxant effects in ex vivo rat mesenteric artery rings,
likely mediated through calcium channel blockage and
NO release. Additionally, in vitro assays demonstrated
dose-dependent angiotensin converting enzyme (ACE)
inhibitory activity, with molecular docking studies iden-
tifying spathulenol as a key contributor. These findings
suggest the potential of this EO to modulate hyperten-
sion through dual mechanisms: direct vascular effects
and ACE inhibition within the renin-angiotensin-aldo-
sterone system (RAAS) cascade [172].

Turmeric oil demonstrates cardiovascular protective
effects. In hyperlipidemic hamsters, turmeric oil signifi-
cantly redacted total cholesterol, LDL-cholesterol, and
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triglycerides while increasing HDL-cholesterol, accom-
panied by improved vascular function, reduced platelet
activation, and decreased oxidative stress. These effects
appear mediated through activation of PPARa and LXRa
pathways [173].

Cinnamaldehyde, a key constituent of cinnamon oil,
demonstrates antithrombotic properties. In vitro stud-
ies showed that cinnamaldehyde inhibited both colla-
gen- and thrombin-induced platelet aggregation in rat
platelets in a dose-dependent manner. In vivo, cinna-
maldehyde administration prolonged hemorrhage and
coagulation times, reduced mortality in collagen-epi-
nephrine-induced pulmonary thromboembolism models,
and decreased thrombus weight in arteriovenous shunt
models in rodents, with effects comparable to aspirin
[174].

However, higher doses may provoke transient brady-
cardia or arrhythmias due to parasympathetic activation,
as observed with java citronella EO in rats. These effects
were reversed by atropine or vagotomy, suggesting mus-
carinic receptor involvement [167].

Traditional applications

Traditional medicine systems utilize herbs such as gin-
seng, Ginkgo biloba [175], arjuna (Terminalia arjuna)
[176], and jatamansi [177] for treatment of cardiovascu-
lar diseases. These herbs are typically administered orally
as herbal decoctions or medicated milk. Recent research
has validated these traditional uses. Advanced analyti-
cal approaches integrating GC/MS, network pharma-
cology, and ex vivo vascular activity testing in murine
aortic rings identified f-maaliene and patchouli alcohol
as bioactive constituents of jatamansi that exert vasodila-
tory effects by targeting NOS3 and PTGS2, supporting its
potential for managing essential hypertension [177].

Respiratory system

As volatile compounds, phytoncides naturally target
the respiratory system through inhalation, where they
exert antimicrobial effects against respiratory pathogens
and influence pulmonary physiology. These effects have
potential implications for both infectious disease control
and chronic respiratory support.

The antimicrobial properties of EOs in vapor form have
been particularly well documented. In vitro assays of 14
EOs, including cinnamon bark, lemongrass, and thyme,
evaluated gaseous antibacterial activity against common
respiratory pathogens such as Haemophilus influenzae,
Streptococcus pneumoniae, Streptococcus pyogenes, and
Staphylococcus aureus. Vapors from EOs rich in terpene
alcohols and aldehydes showed the most potent effects,
with H. influenzae being most sensitive. Antibacterial
efficacy was greatest when high vapor concentrations
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delivered over short periods, indicating that delivery
method and timing are critical factors [178].

Supporting these findings, in vitro studies of geranium
and lemongrass EO blend demonstrated broad-spectrum
activity against both antibiotic-sensitive and -resistant
bacterial strains, including MRSA and vancomycin-resis-
tant Enterococci (VRE). In situ evaluation using a sealed-
box setup showed that EO vapors significantly reduced
both airborne and surface bacterial loads when dispersed
via a controlled vaporizing system. In practical applica-
tions, continuous exposure to EO vapors over 15 h in an
office environment led to an 89% reduction in airborne
bacteria, highlighting their practical potential for enhanc-
ing indoor air quality and limiting microbial transmission
[179].

Beyond antibacterial activity, EOs also exhibit anti-
viral activity. Aerosolized tea tree oil and eucalyptus oil
reduced airborne Influenza A virus levels by over 95%
within 5-15 min in vitro, with tea tree oil inactivating
over 99% of the virus. This effects persisted with pro-
longed vapor exposure, suggesting EO vapors may serve
as natural disinfectants against airborne respiratory
viruses—an application of particular relevance during
seasonal flu outbreaks or viral pandemics [180].

The physiological impact of plant volatiles on respira-
tory function has been demonstrated through in vivo
and in vitro studies. A randomized, controlled, open-
label trial measured pulmonary function before and after
forest bathing compared to urban exposure. Those who
walked in a forest environment demonstrated significant
improvements in both forced expiratory volume in 1s
(FEV1) and FEV6, standard measures of lung capacity.
These improvements suggest a potential bronchodilatory
or airway-soothing effect of forest air, likely mediated
by inhaled phytoncides [181]. In vitro studies have elu-
cidated specific anti-inflammatory pathways. In human
monocytes, 1,8-cineole suppressed pro-inflammatory
cytokines (TNF-a, Il-1b) and arachidonic acid metabo-
lites (leukotriene B4 and thromboxane B2) in a dose-
dependent manner, positioning 1,8-cineole as a potential
treatment for airway inflammation in chronic obstructive
pulmonary disease (COPD) [151].

Clinical trials support these findings. In a randomized,
double-blind, placebo-controlled trial, 32 patients with
steroid-dependent bronchial asthma received 200 mg of
1,8-cineol three times daily during progressive oral glu-
cocorticosteroid (GCS) reduction every 3 weeks. The
1,8-cineol group tolerated 36% GCS reductions versus 7%
with placebo, indicating significant GCS-sparing capacity
[182]. Inhalation of cedrol, a component of cedarwood
oil, significantly reduced respiratory rate, heart rate, and
blood pressure in clinical studies through baroreceptor
sensitivity and parasympathetic activation [183].
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Traditional applications

Traditional medicine systems utilize diverse herbs such
as tulsi (Ocimum sanctum), vasa (Adhatoda Vasica), pep-
permint, thyme, licorice, and aromatic spices like anise,
and ginger for respiratory health [184]. These botanicals
are commonly administered through diet, as medicated
decoctions, or through therapeutic vapor inhalation.
Spices are typically used for their immunomodulatory
and antimicrobial properties, while herbs offer broncho-
dilator and expectorant effects. Multi-herb formulations
are often designed to target the diverse pathophysiologi-
cal features of respiratory diseases.

Recent research validates these traditional uses. Com-
pounds in tulsi leaf extract (eugenol, cyclohexane, and
caryophyllene) downregulated oxidative stress markers,
including ROS, total oxidants, malondialdehyde (MDA),
and myeloperoxidase (MPO), while significantly increas-
ing total antioxidant capacity and SOD, CAT and GPx
in a COPD mouse model. Molecular docking confirmed
strong binding interactions with antioxidant enzymes,
supporting tulsi’s potential in COPD treatment [185].

Integumentary system

Phytoncides have demonstrated promising effects on skin
health through their antimicrobial, anti-inflammatory,
and antioxidant actions. As the skin serves as the body’s
primary interface with the external environment, it is
particularly vulnerable to oxidative damage, microbial
invasion, and immune dysregulation. Evidence suggests
that EOs can interact with these biological pathways to
support and protect integumentary function.

Citrus EOs demonstrated notable antibacterial activ-
ity against skin pathogens Propionibacterium acnes and
Staphylococcus  epidermidis, with anti-inflammatory
effects mediated through reduction of TNF-a and IL-8
production. The antimicrobial activity involves mul-
tiple components including limonene, «-terpineol, and
linalool [186]. A comprehensive review of over 90 com-
mercially available EOs for dermatological use found that
dermatophytes were most sensitive to EO inhibition, fol-
lowed by Candida albincans and Gram-positive bacteria,
with Gram negative bacteria being most resistant. When
EOs are combined with conventional antimicrobials,
interactions are highly pathogen-specific, ranging from
synergistic to antagonistic depending on specific com-
bination [187]. The increasing prevalence of antibiotic-
resistant skin infections underscores the potential value
of EOs as alternative or complementary antimicrobial
agents.

Beyond infection control, some EOs also promote
wound healing and skin regeneration in burns, ulcers,
and other dermal injuries. In diabetic rat wound mod-
els, Curry plant (Helichrysum italicum) EO accelerated
wound contraction, increased hydroxyproline/collagen
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content, and promoted tissue regeneration with resti-
tution of adnexal structures (188). In dynamic in vitro
models mimicking skin physiology, H. italicum hydrolate
stimulated collagen production and activated stemness
gene expression in skin stem cells, supporting its regen-
eration potential [189].

Mechanistically, ex vivo studies with rat abdominal skin
demonstrated that EOs can enhance skin permeability by
disrupting the lipid architecture of the stratum corneum.
This property has led to their investigation as penetration
enhancers in transdermal drug delivery. Using attenuated
total reflectance-Fourier transform infrared spectros-
copy (ATR-FTIR), researchers observed that cinnamon
and chuanxiong oils increased the fluidity and disorder
of skin lipids, facilitating percutaneous absorption with
enhancement ratios of 2.63 and 2.60, respectively—val-
ues exceeding the standard penetration enhancer azone.
In vitro viability assays confirmed that these effects occur
without significant cytotoxicity in HaCaT keratinocytes
[190].

The antioxidative potential of lemon EO was demon-
strated in an RCT of 80 male volunteers evaluating topi-
cal application following daily UV exposure for seven
days. The oil effectively scavenged UV-induced ROS
such as superoxide anions and peroxyl radicals in skin
tissue. At 1:100 dilution in DMSO or grape-seed oil,
lemon EO demonstrated antioxidant activity exceeding
a-tocopherol (vitamin E) against superoxide anions and
peroxyl radicals, indicating potent protection against
photoaging and oxidative skin damage [191]. However,
the potential for some EO constituents to cause irritation
or sensitization underscores the need for concentration-
and context-dependent evaluation.

Traditional applications

Traditional medicine systems have long used the skin
as a primary route for drug delivery through massage,
herbal pastes, ointments, and heat therapies, promoting
both local and systemic healing. These practices leverage
the skin’s absorptive capacity to deliver medicinal com-
pounds and trigger systemic physiological responses.
Herbs such as turmeric, sandalwood, and Aloe vera are
traditionally used to treat various skin conditions due
to their antimicrobial, anti-inflammatory, and wound-
healing properties [192]. For example, curcumin has
suppressed excessive TNF-a production by activated
macrophages, reduced keratinocyte transferrin receptor
expression, alleviated parakeratosis severity, and lowered
epidermal CD8 + T-cell density in in vivo and in vitro
studies, demonstrating efficacy for psoriasis treatment
[193].
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Mental health benefits

EOs have demonstrated anxiolytic, antidepressant, and
psychostimulant  properties.Their neurophysiological
effects are largely mediated by key constituents, such as
linalool, limonene, myrtenol, and a-pinene that interact
with neurochemical pathways central to mood and emo-
tional regulation, notably the GABAergic, serotonergic,
and dopaminergic systems [194]. Enhanced signalling of
the GABA, receptor, the brain’s main inhibitory mech-
anism, contributes to anxiolytic effects and improved
emotional stability. Additionally, these compounds influ-
ence serotonergic modulation, a key target in depression
and anxiety treatment [129].

In a pilot study at a mental health treatment center with
57 participants, bergamot EO (BEO) inhalation improved
positive affect scores, with participants exposed to the
EO reporting a 17% higher positive mood compared to
controls (though not statistically significant). More par-
ticipants enrolled in the BEO group (n = 45) versus con-
trol (n = 12), potentially indicating greater willingness to
participate when exposed to the aroma [195]. Mechanis-
tically, BEO appears to act as a psychostimulant, influ-
encing ascending neurotransmitter systems involved
in arousal, including serotonergic, cholinergic, norad-
renergic, and histaminergic pathways. In animal mod-
els, systemic BEO administration increased exploratory
behavior and elevated fast-frequency EEG activity in the
hippocampus and cortex, suggesting enhanced alertness
and cognitive engagement [196].

These results are consistent with human forest expo-
sure studies, where participants walking through phyton-
cide-rich environments led to improved Profile of Mood
States scores. Forest exposure consistently reduced nega-
tive mood indicators, including “tension-anxiety;” “confu-
sion,” and “anger-hostility” [198].

Traditional applications

Ashwagandha, brahmi, ginkgo, kava (Piper methysticum),
passion flower, and chamomile are among the key herbs
traditionally used to support mental health, particu-
larly for anxiety disorders [200]. In Ayurvedic practice,
ashwagandha is administered orally as root extracts or
decoctions and function as adaptogens that modulate the
hypothalamic-pituitary-adrenal (HPA) axis, contributing
to stress reduction and exerting anxiolytic effects on the
CNS [201].

Adverse effects

Despite the discussed benefits, EO-based therapies are
not without risk. A growing body of literature highlights
that adverse effects—ranging from mild skin reactions
to life-threatening toxicities—can occur, particularly
with inappropriate use. A comprehensive review article
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Table 1 Summary of influence of Plant-derived compounds on key human organ systems
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Common name

Binomial name

Key phytoncides

Study type

Biological activity

Molecular targets and
pathways

Refs.

Immune System

Pine trees & other
conifers

Forest Phytoncides

Coniferous trees;
Rosemary

Lavender; Coriander/
Cilantro

Citrus fruits

Eucalyptus

Lavandula augus-
tifolia; Corian-
drum sativum L
(Plantaginaceae)

Citrus spp.

Eucalyptus spp.

a-Pinene

a-Pinene; B-Pinene

a-Pinene

Linalool

Linalool; Linalyl acetate

d-Limonene

1,8-Cineole

In Vitro; In Vivo

Clinical Trial; In
Vitro

Clinical Trial; In
Vitro

In Vitro

In Vivo

In Vivo

Ex Vivo

In Vivo

Immunomodulatory;
NK cell activation;
Anticancer

NK cell activation;
Anticancer; Stress
reduction

Anti-inflammatory

Anticancer;
Immunomodulatory

Antimicrobial; Anti-
inflammatory; Wound
healing

Anti-inflammatory

Immunosuppressive;
Cytokine inhibition; T
cell modulation

Dose-dependent
immunomodulation;
Low-moderate dose:
immune enhance-
ment; High doses:
immunosuppressive

Increases CD56, CD107a
(NK cell surface mark-

ers); Increases perforin,
granzyme B (cytolytic ef-
fectors); Activates ERK/AKT
signaling pathways
Increases NK cell activity,
CD16 + NK cell numbers,
perforin, granulysin,
granzymes A/B-expressing
lymphocytes; Decreases
urinary adrenaline and
noradrenaline (stress-
hormones); No effecton T
cell numbers

Inhibits MAPK and NF-kB
pathways; Reduces IL-6,
TNF-a, NO production,
Decreases iNOS and COX-2
expression in LPS-stimulat-
ed macrophages

Induce apoptosis in cancer
cells (increased sub-G1
phase, dose-dependent);
Inhibits T-47D cell
migration; Stimulates Th1
cytokines (IFN-y, IL-2, IL-13,
TNF-q, CD40)

Reduces inflammatory
cytokines (IL-6, IL-10, IL-17,
IL-23) in MRSA-infected
mice; Decreases inflam-
matory cell infiltration
(primarily neutrophils);
Promotes fibroplasia and
neovascularization)

Reduces carrageenin-
induced paw edema;
Mechanism not specified

Inhibits Th1 cytokines
(IFN-y, IL-2, TNF-a) and Th2
cytokines (IL-4, IL-13) by
CD3+, CD4+, CD8 + T cells;
Downregulates activation
markers (CD25, CD69,
CD40L)

Low-moderate doses
(30-100 mg/kg): upregu-
lates CD8 + T-cells in bron-
choalveolar lavage fluid;
No effect on macrophage
phagocytosis or CD4 +
cells; High dose (300 mg/
kg): suppresses CD8 + T-
cells, inhibits macrophage
phagocytosis, reduces
blood B cells, NK cells,
decreases IgA (100-300
mg/kg)

[114]

[116]

[117]

[118]

[119]

[120]
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Common name Binomial name  Key phytoncides Study type Biological activity Molecular targets and Refs.
pathways
Oregano Origanum vulgare  Carvacrol In Vivo Anti-inflammatory Modulates TLR/NF-«B [121]
Thyme Thymus vulgaris pathway; Reduces gene
expression of TNF-q, IL-1(3,
IL-6, TLR4, NF-KkB p65,
AVBD-9
Cinnamon Cinnamomum -Caryophyllene (BCP)  Review of In Anti-inflammatory; Activates CB2 and PPARy [122]
spp. Vivo and In Antioxidant; pathways; Suppresses
Black pepper Piper nigrum Vitro studies Antimicrobial; IL-6 protein and mRNA
Clove Syzygium Immunomodulatory  expression; Reduces pro-
aromaticum inflammatory cytokines;
. Increases anti-inflammato-
Rosemary Rosmarinus ) .
officinalis ry cytokine IL-13; Activates
of Nrf2/HO-1 antioxidant
axis; Inhibits HMG-CoA
reductase activity;
Reduces oxidation stress
biomarkers
Ginger Zingiber officinale  6-Gingerol In Vitro & In Anti-inflammatory NF-kappa B and PKC
Vivo signaling; [123-
anti- tumor proper- 125]
ties linked to pathways
suppressing lung cell
metastasis
Neurological system
Cognitive Function
Peppermint Mentha piperita Menthol; Menthone In Vitro Enhances synaptic Inhibit acetylcholines- [126]
Clinical Trial activity; Enhances terase and interacts with
memory, sustained at- GABA, and nicotinic
tention and reduced  receptors, increasing
mental fatigue calcium mobilization in
neurons
Sandarac/Arar tree Tetraclinis Monoterpene InVivo & Cognitive stimulation, Restore hippocampal ace-  [130]
articulata hydrocarbons In Vitro antioxidant activity tylcholinesterase activity
and antioxidant balance
Lemon Citrus limonum d-Limonene Clinical trial Faster reaction [131]
times but reduced
inhibitory control and
memory sensitivity
Brahmi Bacopa monnieri  Triterpenoid saponins In Vivo Cognitive function Restore synaptic activ- [133]

(e.g., bacosides)

Microbiome and the Gut-Brain Axis

ity; upregulate neuronal
synthesis, kinase activity;
increase secretion and
availability of neurotrans-
mitters like serotonin.
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Table 1 (continued)

Common name

Binomial name

Key phytoncides

Study type

Biological activity

Molecular targets and
pathways

Refs.

Eucalyptus

May chang

Turmeric

Oregano
Thyme
Cinnamon

Rosemary oil

Pain Modulation
Eucalyptus

Black pepper

Eucalyptus
globulus

Litsea cubeba

Curcumin longa

Origanum vulgare
Thymus vulgaris

Cinnamommum
verum

Rosmarinus
officinalis

Eucalyptus citrio-

dora; E. tereticornis;

E. globulus

Piper nigrum

1,8-Cineole

Citral

Curcumin

Carvacrol
Thymol
Cinnamaldehyde

1,8-Cineole

1,8-Cineole

-Caryophyllene

In Vivo

In Vivo; In Silico

In Vivo; Review

In Vitro

In Vivo

Clinical Trial; In
Vivo

Sedative-hypnotic;
Sleep-promoting;
Gut microbiota
modulation

Anti-inflammatory;

Gut protective; Anti-
diarrheal; Gut micro-

biota modulation

Neuroprotective;
Anti-inflammatory;
Gut microbiota
modulation

Selective antimicrobi-
al; Pathogen suppres-
sion; Probiotic-sparing

Analgesic (pe-
ripheral, central);
Anti-inflammatory

Analgesic;
Anti-inflammatory

Increase sleep promoting
neurotransmitters (GABA,
glutamine, glycine, trypto-
phan, N-acetylserotonin,
5-HIAA); Enriches GABA-
and glycine-synthesizing
gut microbes; Increase
SCFA-producing microbio-
ta; Increases gut microbial
diversity (Shannon, ACE,
Chaol indices); Increases
Firmicutes, Proteobacteria,
Actinobacteria; Decreases
Bacteroidota/Firmicutes
ratio

Citral binds IL-1B, IL6,
TNF-a via hydrogen
bonds; Reduces hepatic
and intestinal TNF-q, IL-6,
and IL-18 levels; Protects
colonic crypts and epi-
thelial integrity; Increases
Lactobacillaceae, Lachno-
spiraceae, Eggerthellaceae,
Marinifilaceae; Decreases
Muribaculaceae; Negative
correlation with inflam-
mation: Lactobacillaceae,
Bifidobacteriaceae

Increases tyrosine hydrox-
ylase-positive neurons; El-
evates dopamine; Inhibits
a-synuclein aggregation;
Reduces TNF-q, IL-13, IL-6;
Reduces glial activation;
Decreases N-acetylneur-
aminate degradation; Gut
microbiota-dependent
neuroprotection

Inhibits pathogenic bac-
teria (C. perfringens, S. epi-
dermine, E. coli, Salmonella
serovars) while moderately
affecting or sparing ben-
eficial bacteria (B. breve, B.
longum, L. reuteri)

Hypothesized inhibition

of the arachidonic acid
metabolism (reduces
prostaglandins and
thromboxane); Inhibits
carrageenan- and dextran-
induced paw edema;
Reduces neutrophil migra-
tion; Decreases vascular
permeability

Selective CB2 receptor
agonist; Reduces inflam-
matory pain

[136]

[137]

[138-
140]

[147]

[148,
149]




Kim et al. Human Genomics

Table 1 (continued)

(2026) 20:36

Page 18 of 30

Common name Binomial name  Key phytoncides Study type Biological activity Molecular targets and Refs.
pathways
Lavender, Lavandula Linalyl acetate; Linalool;  Clinical Trial Analgesic (dysmenor-  Inhibits TNF-q, IL-143, leu- [150,
Marjoram, officinalis 1,8-Cineole rhea); Reduces men-  kotriene B4, thromboxane  151]
Clary sage Origanum strual pain duration B2; Mechanisms for other
majorana components in dysmenor-
Salvia sclarea rhea not established
Lavender oil Lavandula Linalool Clinical Trial Analgesic; Mechanism not investi- [152]
officinalis Opioid-sparing gated; Reduced post-oper-
ative opioid requirements;
Less sedation at discharge
Camphor laurel tree Cinnamomum Camphor In Vitro Analgesic; Activates and rapidly [154]
camphora Counterirritant desensitizes TRPV1 (more
complete desensitization
than capsaicin); Inhibits
TRPAT; Activation sites
distinct from capsaicin;
Enhanced by heat, PKC ac-
tivation, and PLC-coupled
receptor stimulation
Frankincense/Shallaki Boswellia serrata ~ 3-O-Acetyl-11-keto-B3-  Meta Analysis  Analgesic; Anti- AKBA inhibits 5-LOX and [156]
boswellic acid inflammatory; leukotriene synthesis
Anti-arthritic
Endocrine System
Ylang-Ylang Cananga odorata  Benzyl salicylate In Vitro Hormonal regulation  Increases hPL [157]
Niaouli Melaleuca 1,8-Cineole Increases progesterone,
quinquennervia hCG, hPL
Wintergreen Gaultheria Methyl salicylate Increases progesterone,
procumbens hCG, hPL; Whole oil ef-
fects opposite to isolated
methyl salicylate
Orange Citrus sinensis Limonene Increases estradiol, hCG,
hPL; Whole oil effects op-
posite to isolated limonen
Tea tree Melaleuca 4-Terpineol Increases hPL; Whole oil
alternifolia effects differ from isolated
4-terpineol
Cinnamon Cinnamomum Eugenol; InVitro; In vivo  Improves insulin sen-  Enhances insulin signaling  [158]
verum Cinnamaldehyde sitivity; Reduces blood  via GSK3 and AKT phos-
glucose; Enhances phorylation (in astrocytes);
glucose tolerance; Improves brain insulin
Reduces hepatic sensitivity; Modulates
steatosis; Increases brain-liver axis via STAT3
liver lycogen signaling; No direct
hepatic effects (mediated
centrally)
Fennel Foeniculum Anethole; Fenchone; In Vivo Hypoglycemic; Enhances glutathione per-  [159]
vulgare Estragole Antioxidant; Nephro-  oxidase activity; restores
protective; Pancreatic  redox homeostasis
protection
Asparagus Asparagus offici-  Saponins In Vivo Hormonal regulation; ~ Stimulates hypothalamic-  [165]
nalis L. Promotes oogenesis  pituitary-gonadal axis;

Cardiovascular System

Increases GnRH, FSH,

LH, estrogen, progester-
one (dose-dependent);
Increases number of
primordial, primary, and
graafian follicles; Increases
corpus luteum
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Common name Binomial name  Key phytoncides Study type Biological activity Molecular targets and Refs.
pathways
Java citronella Cymbopogon Citronellol; Citral; InVivo; ExVivo  Hypotensive; Ca**-channel blockade [167]
winterianus Linalool Vasorelaxation; Dose-  (endothelium-indepen-
dependent effects dent vasorelaxation);
on heart rate (lower Muscarinic receptor
doses: tachycardia; activation (cardiac effects
high dose: transient  at high dose mediated by
bradycardia and vagal discharge); partially
arrhythmias) mediated by cholinergic
pathways
Wild basil Ocimum Eugenol; 1,8-Cin- In Vivo Hypotensive; Brady- Direct vascular smooth [168,
gratissimum eole; Linalool; Thymol; cardic; Vasorelaxation  muscle relaxation 169]
Geraniol (independent of the au-
tonomic nervous system);
bradycardia mediated
by autonomic pathways
(vagal/cholinergic); hypo-
tension independent of
autonomic control
Shell ginger Alpinia zerumbet ~ 1,8-Cineole; Terpinene  Ex Vivo Vasorelaxation; Endo-  Nitric oxide-cGMP path- [170,
thelium-dependent  way; requires functional 171]
vasodilation endothelium; Indepen-
dent of prostacyclin and
B-adrenoceptors
Seseli pallasi Seseli pallasi a-Pinene Ex Vivo; In Vitro;  Vasorelaxation; Inhibits voltage-de- [172]
In Silico ACE inhibition; pendent Ca** channels;
Antihypertensive Enhances NO/cGMP
pathway; Inhibits ACE;
Sapthulenol shows high
binding affinity to ACE
Turmeric Curcuma longa Curcumin In Vivo Anti-hyperlipidemic;  Activates PPARa and LXRa;  [173]
Improves vascular Modulates genes involved
function; Anti-platelet in cholesterol metabolism
Antioxidant (CYP7A1, ABCA1, ABCG5/
G8, LPL); Suppresses
SREBP-2 and HMGCR
Cinnamon Cinnamomum Anethole; In Vitro Antiplatelet; Inhibits collagen- and [174]
verum Cinnamaldehyde Antithrombotic thrombin-induced platelet
aggregation; Reduces
thrombus formation;
Mechanism of platelet
inhibition unclear
Jatamansi Nardostachys Valerena-4,7(11)-diene;  Ex Vivo; Vasodilatory; Targets NOS3 and PTGS2; 771
Jjatamansi Calarene; B-Maaliene; Network Antihypertensive Modulates lipid and
Patchouli alcohol Pharmacology atherosclerosis pathways;
Affects PI3K-AKT signaling
Respiratory System
Cinnamon Cinnamomum Cinnamaldehyde; In Vitro Antibacterial Direct antimicrobial action; [178]
verum Eugenol most active compounds:
Lemongrass Cymbopogon Citral; Geraniol; Neral terpene alcohols and
citratus aldehydes
Thyme Thymus vulgaris ~ Thymol; Carvacrol
Geranium; Lemongrass  Pelargonium X Citronellal; Geraniol; InVitro; In Situ Antibacterial Direct antimicrobial action  [179]
hortorum Linalool; Citral against airborne and
Cymbopogon surface bacteria
citratus
TeaTree; Eucalyptus Melaleuca Terpinen-4-ol; In Vitro Antiviral Direct viral inactivation [180]
alternifolia Terpinolene
Eucalyptus 1,8-Cineole

globulus
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Common name Binomial name  Key phytoncides Study type Biological activity Molecular targets and Refs.
pathways
Eucalyptus Eucalyptus 1,8-Cineole In Vitro; Clinical ~ Anti-inflammatory; Inhibits pro-inflammatory ~ [151,
globulus Trial Bronchodilatory; cytokines (TNF-q, IL-1(3); 181,
Glucocorticosteroid-  Suppresses arachidonic 182]
sparing; Mucolytic acid metabolites (leukotri-
ene B4 and thromboxane
B2); dose-dependent
inhibition in LPS-and IL-
1B-stimulated monocytes
Cedarwood Cedrus deodara Cedrol Clinical Trial Reduces respira- Enhances barorecep- [183]
tory rate, heart rate, tor sensitivity; Increases
and blood pressure;  parasympathetic activity
Anxiolytic (increased HF component
of HRV); Reduces sympa-
thetic activity (decreased
LF/HF ratio, reduced
vasomotor sympathetic
activity); Autonomic
modulation
Tulsi (Holy basil) Ocimum sanctum  Eugenol; Cyclohexane;  InVivo; In Silico  Anti-inflammatory; Downregulates ROS, total ~ [185]
Caryophyllene Antioxidant oxidants, MDA, MPO;
Increases total antioxidant
capactity and activity of
key enzymes such as SOD,
CAT & GPx; Strong binding
affinity to antioxidant
enzymes (molecular
docking)
Integumentary system
Geumgamja; Citrus obovoides;  Limonene; y-terpinene  In Vitro Antibacte- Inhibits Pacnes and S. epi-  [186]
Cheonyahagyul Citrus natsudaidai rial; Antioxidant; dermidis growth; Reduces
Anti-inflammatory TNF-a and IL-8 production;
Scavenges superoxide
radicals
90 + commercially avail- Review Broad antimicrobial Lipophilic membrane [187]
able EOs spectrum; Pathogen  disruption; Synergistic
sensitivity to antagonistic inter-
actions with conven-
tional antimicrobials
(pathogen-specific)
Curry plant Helichrysum y-Curcumene; Neryl InVivo; InVitro  Wound healing; Accerlerates wound [188,
arenarium acetate; a-Pinene Promotes tissue contraction; Increases total  189]
regeneration hydroxyproline content;
Stimulates collagen pro-
duction; Activates molecu-
lar program of stemness in
skin stem cells; Improves
redox status
Cinnamon Cinnamommum  (E)-Cinnamaldehyde InVitro, Ex Vivo  Transdermal penetra-  Increases fluidity and [190]
verum tion enhancement; disorder of SC lipids
Chuanxiong Ligusticum Ligustilide Disrupts stratum
striatum corneum lipid barrier
Lemon Citrus limonum Limonene Clinical trial Antioxidant; Free Scavenges superoxide an-  [191]

radical scavenging;
Photoprotective

ions and peroxyl radicals;
Prevents UV-induced lipid
peroxidation
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Common name

Binomial name

Key phytoncides

Study type

Biological activity

Molecular targets and
pathways

Refs.

Turmeric

Mental Health

Lavender; Bergamot;
Rosemary; Ylang-ylang;
Cinnamon

Bergamot

Ashwagandha

Curcumalonga

Lavandula of-
ficinalis; Citrus
bergamia; Rosma-
rinus officinalis;
Cananga odorata;
Cinnamommum
verum

Citrus bergamia

Withania
somnifera

Curcumin

Linalool; 1,8-cin-
eole; limonene
cinnamaldehyde

Linalool; Linalyl Acetate;
Limonene

Withanolides

In Vitro; In Vivo;
Clinical Trial

Review of In
Vitro, In Vivo,
Clinical Trial

Clinical Trial; In
Vivo

Review of Clini-
cal and Preclini-
cal Studies

Anti-inflammatory;
Reduces keratinocyte
hyperproliferation

Anxiolytic; Antidepres-
sant; Psychostimulant

Psychostimulant; Im-
proves positive affect;
Increases alertness

Anxiolytic; Antide-
pressant; Adaptogen-
ic; Neuroprotective;
Anti-inflammatory;
Immunomodulatory

Suppresses TNF-a produc-
tion by macrophages;
Binds TNF-a receptor sites
blocking NF-kB activation;
Inhibits phosphorylase
kinase; Reduces kerati-
nocyte TRR expression,
parakeratosis severity,
epidermal CD8 + T-cell
density

Enhances GABA, receptor
signaling; Modulates
serotonergic system;
Activates dopaminergic
system; Inhibits neuronal
voltage-gated Na + chan-
nels; Modulates HPA axis
(decreases cortisol/cor-
ticosterone); Downregu-
lates NF-kB

Modulates serotonergic,
cholinergic, noradrenergic,
histaminergic pathways;
Increases fast-frequency
EEG activity (hippocam-
pus, cortex); Dose-
dependent increase in
locomotor/exploratory
behavior

GABA-mimetic activtiy
(27x greater affinity

for GABApP1 vs. GABAA
receptors); Modulates HPA
axis; inhibits NF-kB, JAK/
STAT, activator protein 1
(AP-1) pathways; activates
Nuclear factor erythroid
2-related factor 2 (Nrf2);
Inhibits stress-activated
c-Jun N-terminal protein
kinase (JNK1) and iNOS;
modulates heat shock pro-
tein 70 (Hsp70); Reduces
pro-inflammatory cyto-
kines (IL-1B3, IL-6, TNF-a);
Exhibits AChE inhibition

[193]

[129,
194]

[195,
196]

of 42 case reports documented 71 instances of adverse
reactions linked to aromatherapy. The most frequently
reported effects were dermatological, such as contact
dermatitis, often associated with lavender, tea tree, pep-
permint, bergamot, and ylang-ylang oils. More severe
outcomes included seizures, coma, respiratory distress,
and even death, with some cases requiring hospitaliza-
tion or surgical intervention. These findings challenge
the common perception that “natural” equates to “safe;

especially for vulnerable populations like children, preg-
nant women, or those with allergies [202].

EO toxicity is dose- and route-dependent, with hyper-
sensitive individuals at particular risk regardless of dose.
Improper storage can lead to the formation of toxic oxi-
dation products, further increasing risk. Documented
cases of poisoning from oils like pennyroyal, wormwood,
cinnamon, and nutmeg have been reported in humans
[203]. Even compounds with anti-inflammatory effects,
like 1,8-cineole, may exert immunosuppressive effects



Kim et al. Human Genomics (2026) 20:36

at high doses, as demonstrated through in vivo animal
models [120].

These findings highlight the need for rigorous safety
assessments, regulatory oversight, and user education to
minimize harm from essential oil exposure.

Limitations and gaps in the current evidence

Several limitations constrain interpretation of the current
evidence base. The predominance of preclinical data rep-
resents a fundamental constraint. While in vitroand ani-
mal studies establish biological plausibility and elucidate
mechanisms, human clinical validation remains limited.
The few available clinical trials often suffer from small
sample sizes (n<100), inadequate statistical power, and
methodological weaknesses including insufficient bind-
ing and high attrition rates.

EO composition presents another challenge. Substan-
tial variability arises from botanical source, geographic
origin, cultivation practices, and extraction methods, yet
comprehensive chemical characterization remains absent
from many studies. This heterogeneity undermines
reproducibility and clinical standardization. Notably,
research demonstrating that whole oils produce effects
distinct from their isolated constituents [157] under-
scores our incomplete understanding of synergistic inter-
actions within complex botanical mixtures.

The gut-brain axis emerges as compelling mechanistic
framework, particularly for neurological and metabolic
effects, but evidence derives predominantly from animal
models. Human microbiome studies are scarce, and the
distinction between correlation and causation remains
poorly defined. Forest bathing studies [62, 115], while
suggestive of phytoncide-mediated effects, cannot iso-
late phytoncide effects from confounders (exercise, stress
reduction, visual exposure). Similarly, many proposed
mechanisms remain speculative rather than definitively
established. Additionally, long-term safety data are lim-
ited, and potential adverse effects including sensitization,
drug interactions, endocrine disruption, and effects dur-
ing pregnancy use require systemic investigation. Route
of administration significantly influences bioavailabil-
ity yet varies across studies, complicating cross-study
comparisons.

Future research should prioritize adequately powered,
longitudinal human trials using standardized, chemically
characterized preparations. Mechanistic studies must
move beyond associations to establish causality. Systemic
characterization of dose-response relationships, thera-
peutic windows, and individual variability—including
genetic polymorphisms and baseline microbiome com-
position—will be essential. Finally, comparative effec-
tiveness research will clarify whether phytochemicals
represent viable alternative or complementary agents
relative to complementary treatments.
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Outlook

Bioengineering applications

Advances in bioengineering, wearable technologies,
and environmental sensing are rapidly transforming our
ability to characterize GxE with unprecedented resolu-
tion [204, 205]. Earlier approaches often relied on self-
reported surveys, static satellite imagery or fixed-site
environmental monitoring stations, which lacked the
spatial and temporal granularity necessary to capture
real-time, dynamic exposures. Additionally, these tra-
ditional methods failed to account for individual-level
behavioral patterns such as commuting routes, occupa-
tional settings, and daily mobility, limiting their accuracy
in estimating true personal exposures.

In contrast, personal exposure monitors (PEMs) offer
individualized, high-resolution measurements of envi-
ronmental factors, including temperature, humidity, UV
radiation, noise levels, and particulate matter (PM2.5,
PM10). Complementing this environmental monitoring,
advanced technologies like next-generation sequencing
and mass-spectrometry enable detailed quantification
of chemical and biological exposures from collected bio-
specimens and environmental samples. Together, these
approaches facilitate comprehensive, personalized expo-
sure assessment across diverse indoor and outdoor envi-
ronments [204].

Simultaneously, multi-omics technologies now enable
comprehensive profiling of biospecimens such as periph-
eral blood, urine, hair, and stool, capturing a wide array
of biomarkers. These include epigenetic modifications
(e.g., DNA methylation, histone modifications), post-
transcriptional regulation (e.g., alternative splicing, RNA
modifications), proteomic and metabolomic signatures,
and microbiome composition. These innovations offer
mechanistic insight into how environmental exposures
modify gene expression and downstream biological path-
ways [205, 206].

The widespread adoption of wearable devices—such
as smartphones, smartwatches, rings, and continuous
glucose monitors—now enables continuous tracking
of individual physiological parameters, including sleep,
cardiovascular, respiratory, and metabolic function, as
well as physical activity and location via GPS. These data
provide a dynamic window into how exposures may
influence biological systems in near real-time, offer-
ing opportunities to explore GxE longitudinally [113].
When coupled with multi-omics profiling, these tools lay
the foundation for developing personalized, plant-based
therapeutic strategies that integrate environmental expo-
sures, molecular signatures, and physiological responses.
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Translational considerations

Integration challenges and opportunities

Despite increasing scientific validation and public inter-
est, substantial translational barriers remain for integrat-
ing phytochemicals into clinical practice. As mentioned
in Sect. 2, current regulatory frameworks categorize phy-
tochemicals as dietary supplements or cosmetics, and
only rarely as botanical drugs, limiting their formal inte-
gration into clinical practice [46].

Moving forward, regulatory science will need to evolve
beyond the conventional single-compound, single-tar-
get model to accommodate the unique characteristics
of plant-based therapies. These preparations typically
involve multi-compound mixtures with dynamic vari-
ability influenced by environmental and genetic factors
[207]. New regulatory approaches that account for poly-
pharmacology are essential for comprehensive safety and
efficacy evaluations, enabling responsible translation of
phytochemicals into precision medicine applications.

Additionally, plant-based compounds may offer com-
plementary or alternative options alongside existing
pharmaceutical and lifestyle interventions, potentially
mitigating issues such as drug resistance or polyphar-
macy burdens. The National Center for Complementary
and Integrative Health (NCCIH) refers to this as “com-
plementary medicine” when used alongside conventional
treatments, part of the broader framework of “traditional,
complementary, and integrative medicine (TCIM)”

International health systems offer valuable precedents.
Germany’s Commission E, India’s Ministry of AYUSH,
and China’s integration of TCM in state hospitals dem-
onstrate that botanical therapies, when accompanied by
appropriate quality controls and safety standards, can
coexist with allopathic medicine, be dispensed in phar-
macies, and be covered by national insurance systems
[208, 209]. These models demonstrate that, with appro-
priate oversight, natural compounds can be safely inte-
grated into modern healthcare without compromising
rigor or patient safety.

Beyond the clinical and regulatory integration, urban
planning offers another translational opportunity by
redesigning urban environments to include accessible
green spaces, an approach that has demonstrated physi-
ological and mental health benefits [210-212]. Studies
such as the Green Heart Louisville project have shown
that increasing urban green cover is associated with
reduced inflammatory biomarkers and demonstrates
beneficial effects on cardiovascular health, providing
large-scale, population-level evidence for the health-pro-
moting effects of neighborhood-integrated plant-based
exposures [213, 214].
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Technological innovation and novel trial designs

The convergence of big data, Al, and real-world evidence
presents a transformative opportunity for healthcare. Al
systems leverage complex, high-dimensional datasets to
uncover patterns, predict outcomes, and enable person-
alized, holistic insights. While healthcare often operates
with specialized disciplines and targeted interventions,
Al can facilitate more integrative, systems-level analysis
that better reflects the interconnected nature of human
health. This approach mirrors the systems-based philoso-
phy of traditional medicine, which emphasizes whole-
person care and the restoration of homeostasis.

Despite advances in computational biology, wearable
technology, multi-omics profiling, and digital thera-
peutics, many clinical and regulatory processes remain
anchored in outdated frameworks, relying heavily on
large, fixed-cohort RCTs, which are slow, expensive, and
often misaligned with the heterogeneity of human biol-
ogy. The standard drug development timeline still spans a
decade or more [215]—a delay that is particularly unjus-
tifiable for compounds with centuries of empirical use.

To accelerate integration, the biomedical ecosystem
must embrace novel clinical trial designs, such as adap-
tive trials [216], N-of-1 designs, and pragmatic real-world
trials [215], which offer flexible, patient-centric alterna-
tives to traditional RCTs. These models allow for iterative
refinement of interventions, incorporate ecological valid-
ity, and can stratify responders by genetic, metabolic,
or microbiome profiles. Wearable sensors and mobile
health platforms further enable low-burden, continuous
outcome tracking, capturing sleep, mood, pain, inflam-
mation, and autonomic responses outside laboratory set-
tings. These technologies can be integrated into clinical
trials to provide real-world evidence.

In the era of precision medicine, integration should no
longer be delayed by outdated paradigms. Data-driven
decision making, participatory research models, and
interoperable digital tools can forge a new path for vali-
dating nature-based therapies as evidence-supported
complements to biomedical care.

Standardization and harmonization

The standardization of phytochemical research work-
flows is essential to ensure rigor, reproducibility, and
regulatory readiness. This spans authentication of plant
materials, extraction methods, as well as chemical and
biological characterization.

Botanical authentication includes the use of voucher
specimens, DNA barcoding, and geo-tagged metadata
to verify plant identity and origin. Standardized extrac-
tion protocols (e.g., hydrodistillation, supercritical CO,
extraction) should clearly specify solvent types, tempera-
tures, durations, and extraction yields to facilitate com-
parability across studies. Additionally, researchers should
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report yield percentages, GC/LC-MS chromatograms,
retention indices (RI), and relative abundances of active
constituents to support reproducibility and compound-
specific analysis.

Beyond chemical profiling, bioactivity assays must
also follow standardized protocols, including validated
cell lines, animal models, defined dose ranges, consis-
tent endpoints (e.g., cytokine levels, gene expression),
and appropriate controls. Despite the existence of har-
monized international standards, such as those from
the United States Pharmacopeia (USP Herbal Medicines
Compendium) [217], the European Pharmacopoeia [218],
and the International Organization for Standardization
(ISO 19609, ISO 22590) [219], adoption remains limited
in academic and preclinical research. Barriers include
limited awareness of best practices, inherent variability
in plant materials, and lack of standardized enforcement
mechanisms across journals and funding agencies.

To accelerate global reproducibility, researchers should
adhere to data reporting principles like FAIR (Findable,
Accessible, Interoperable, Reusable) and deposit spectral
data, raw results, and metadata in open-access platforms
such as PubChem [220, 221], Metabolomics Workbench
[222, 223], and GNPS (Global Natural Products Social
Molecular Networking) [224, 225]. Such standardization
will be critical for translating traditional botanical knowl-
edge and novel phytochemical discoveries into clinically
relevant, data-driven frameworks, enabling large-scale
meta-analyses and facilitating Al-driven therapeutic
discovery.

Alignment with the united nations sustainable
development goals

Harnessing plant-derived compounds and nature-based
interventions supports multiple United Nations (UN)
Sustainable Development Goals (SDGs).

SD@G3: Good Health and Well-being [226] is addressed
through the promotion of accessible, culturally appro-
priate, and holistic health solutions that complement
conventional pharmaceutical approaches, especially in
resource-limited settings. In many parts of the world
where access to pharmaceuticals and advanced medical
care may be limited, strengthening the scientific under-
standing of naturally-occurring bioactive compounds and
disseminating this knowledge through public health edu-
cation will empower individuals, families, and healthcare
providers to adopt affordable and personalized plant-
based interventions that would otherwise be inaccessible.

SDG@G 11: Sustainable Cities and Communities [226] is
addressed by integrating green infrastructure and nature-
based solutions into urban design. Increasing access to
urban green spaces offers scalable and equitable path-
ways to improve both physical and mental health out-
comes while enhancing environmental sustainability and
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climate resilience. As urbanization accelerates worldwide,
embedding nature-based interventions into city planning
represents a vital intersection between planetary health
and public health [227].

Plants, climate change, and urban spaces

The relationship between human health, plant biology,
and the environment is deeply interconnected. Climate
change threatens ecosystems globally while simultane-
ously altering plant biochemistry, shifting the availability,
potency, and diversity of beneficial phytochemicals with
downstream effects on human health [228]. Changes in
temperature, precipitation patterns, atmospheric CO,
levels, and environmental stressors can modify plant sec-
ondary metabolism, potentially influencing the composi-
tion and concentration of health-promoting compounds
[229, 230].

Preserving biodiversity and protecting ecosystems are
therefore critical not only for environmental sustain-
ability but also for safeguarding the human health ben-
efits derived from plant-based exposures. Plants play
an important role in mitigating climate change through
carbon sequestration, temperature regulation, and air
purification; consequently, integrating green spaces and
nature-based infrastructure into urban environments
enhances both public health and climate resilience [231,
232].

Conclusion

Plant-derived phytochemicals, particularly phyton-
cides, demonstrate measurable effects on human health
through GxE. Integrating traditional knowledge from
TCM, Ayurveda, and other medical systems with modern
multi-omics approaches can illuminate how these com-
pounds influence systemic health across molecular lay-
ers. This review has demonstrated phytochemical effects
across six major organ systems, with particularly robust
evidence for immunomodulation (a-pinene, linalool),
cardiovascular protection (EO-mediated vasorelaxation),
and gut-brain axis modulation (curcumin, eucalyptus
oil).

Critical gaps remain: the evidence base is predomi-
nantly preclinical, EO composition lacks standardiza-
tion, and many proposed mechanisms remain correlative
rather than causal. Translating these finding into clinical
practice requires rigorous human trials using chemicals
using chemically characterized preparations, mecha-
nistic studies establishing causality, and investigation of
individual variability including genetic and microbiome
factors. Larger-scale clinical trials adopting novel trial
designs are essential to establish comprehensive safety
and efficacy profiles across diverse populations. Such evi-
dence will be essential for integration into global health
policy and precision medicine.



Kim et al. Human Genomics (2026) 20:36

Global organizations like the WHO, the UN, and the
NCCIH increasingly support TCIM practices, yet real-
izing this potential will require dedicated regulatory
frameworks that address the multi-compound nature
of phytochemical mixtures while maintaining standards
for quality, safety, and efficacy. Emerging technologies,
including Al high-throughput omics platforms, and pre-
cision health analytics, now enable the molecular reso-
lution needed to characterize complex biological effects
and guide evidence-based applications.

Beyond individual therapeutics, understanding ben-
eficial plant-environment interactions offers population-
level opportunities through urban green space integration
and nature-based solutions. As climate change threatens
plant biochemistry and ecosystem stability, preserving
biodiversity becomes critical not only for environmental
sustainability but also for maintaining access to beneficial
phytochemical exposures. Only through interdisciplin-
ary collaboration spanning traditional medicine, rigorous
clinical and translational research, regulatory science,
and public health can phytochemical research advance
from promising preclinical findings to validated interven-
tions in precision public health and inform nature-based
public health strategies.

Acknowledgements

This work was made possible by the support of the BV and Anu Jagadeesh
Family Foundation and the Helmsley Foundation. (figure 1) Created in
BioRender. Kim, J. (2025) https://BioRender.com/kqz7nge(figure 2) Created in
BioRender. Kim, J. (2025) https://BioRender.com/fzc4h9g.

Author contributions

JK,TY, XZ,XL,SS., and M.M. wrote the main manuscript text. JK. prepared
Figs. 1 and 2. JK.and S.S. prepared Table 1. All authors reviewed the
manuscript.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Competing interests
XZ and MS are co-founders of Exposomics.

Received: 29 June 2025 / Accepted: 22 November 2025
Published online: 22 January 2026

References

1. Demmig-Adams B, Adams WW. Antioxidants in photosynthesis and human
nutrition. Science. 2002;298(5601):2149-53.

2. Raskin I, Ribnicky DM, Komarnytsky S, llic N, Poulev A, Borisjuk N, et al.
Plants and human health in the twenty-first century. Trends Biotechnol.
2002,20(12):522-31.

3. Vivaldo G, Masi E, Taiti C, Caldarelli G, Mancuso S. The network of plants
volatile organic compounds. Sci Rep. 2017;7(1):11050.

4. Samy RP, Pushparaj PN, Gopalakrishnakone P. A compilation of bioactive
compounds from ayurveda. Bioinformation. 2008;3(3):100-10.

5. Wachtel-Galor S. Herbal medicine: an introduction to its history, usage,
regulation, current trends, and research needs. In: Benzie IFF, Wachtel-Galor
S, editors. Herbal medicine: biomolecular and clinical aspects. 2nd ed. Boca
Raton: CRC Press/Taylor & Francis; 2011.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Page 25 of 30

Petrovska BB. Historical review of medicinal plantsusage. Pharmacogn Rev.
2012:6(11):1-5.

Eddin LB, Jha NK, Meeran MFN, Kesari KK, Beiram R, Ojha S. Neuroprotective
potential of limonene and limonene containing natural products. Molecules.
2021;26(15):4535.

Hughes DA. Effects of carotenoids on human immune function. Proc Nutr
Soc. 1999;58(3):713-8.

Kim DS, Lee HJ, Jeon YD, Han YH, Kee JY, Kim HJ, et al. Alpha-Pinene

exhibits Anti-Inflammatory activity through the suppression of MAPKs and
the NF-kB pathway in mouse peritoneal macrophages. Am J Chin Med.
2015/43(04):731-42.

Rao AV, Agarwal S. Role of antioxidant lycopene in cancer and heart disease. J
Am Coll Nutr. 2000;19(5):563-9.

Wu'S, Chen R, Chen J,Yang N, Li K, Zhang Z, et al. Study of the anti-inflamma-
tory mechanism of 3-carotene based on network pharmacology. Molecules.
2023,;28(22):7540.

Wild CP. Complementing the genome with an exposome: the outstanding
challenge of environmental exposure measurement in molecular epidemiol-
ogy. Cancer Epidemiol Biomarkers Prev. 2005;14(8):1847-50.

Wild CP.The exposome: from concept to utility. Int J Epidemiol.
2012;41(1):24-32.

Antonovsky A. The salutogenic model as a theory to guide health promotion.
Health Promot Int. 1996;11(1):11-8.

Hahad O, Al-Kindi S, Lelieveld J, Miinzel T, Daiber A. Supporting and
implementing the beneficial parts of the exposome: the environment can
be the problem, but it can also be the solution. Int J Hyg Environ Health.
2024;255:114290.

Bandres-Ciga S, Diez-Fairen M, Kim JJ, Singleton AB. Genetics of parkinson’s
disease: an introspection of its journey towards precision medicine. Neuro-
biol Dis. 2020;137:104782.

Ngo KJ, Paul KC, Wong D, Kusters CDJ, Bronstein JM, Ritz B, et al. Lysosomal
genes contribute to parkinson’s disease near agriculture with high intensity
pesticide use. Npj Park Dis. 2024;10(1):1-10.

Cragg GM, Newman DJ, Biodiversity. A continuing source of novel drug leads.
Pure Appl Chem. 2005;77(1):7-24.

Dias DA, Urban S, Roessner U. A historical overview of natural products in
drug discovery. Metabolites. 2012,2(2):303-36.

Patwardhan B, Mashelkar RA. Traditional medicine-inspired approaches to
drug discovery: can ayurveda show the way forward? Drug Discov Today.
2009;14(15):804-11.

Jakubczyk K, Druzga A, Katarzyna J, Skonieczna-Zydecka K. Antioxidant
potential of curcumin—a meta-analysis of randomized clinical trials. Antioxi-
dants. 2020;9(11):1092.

Panknin TM, Howe CL, Hauer M, Bucchireddigari B, Rossi AM, Funk JL.
Curcumin supplementation and human disease: a scoping review of clinical
trials. Int J Mol Sci. 2023;24(5):4476.

Singh N, Bhalla M, de Jager P, Gilca M. An overview on ashwagandha: a
rasayana (rejuvenator) of ayurveda. Afr J Tradit Complement Altern Med.
2011;8(55):67963.

YaoY, Zhang X, Wang Z, Zheng C, Li P, Huang C, et al. Deciphering the
combination principles of traditional Chinese medicine from a systems Phar-
macology perspective based on Ma-huang Decoction. J Ethnopharmacol.
2013;150(2):619-38.

Zhou X, Seto SW, Chang D, Kiat H, Razmovski-NaumovskiV, Chan K, et al.
Synergistic effects of Chinese herbal medicine: a comprehensive review of
methodology and current research. Front Pharmacol. 2016;7:201.

Kanowski S, Herrmann WM, Stephan K, Wierich W, Horr R. Proof of efficacy of
the Ginkgo Biloba special extract EGb 761 in outpatients suffering from mild
to moderate primary degenerative dementia of the alzheimer type or multi-
infarct dementia. Phytomedicine. 1997;4(1):3-13.

Lal M, Chandraker SK, Shukla R. 4 - Antimicrobial properties of selected plants
used in traditional Chinese medicine. In: Prakash B, editor. Functional and pre-
servative properties of phytochemicals. Amsterdam: Academic Press; 2020. p.
119-43.

Attele AS, Zhou YP, Xie JT, Wu JA, Zhang L, Dey L, et al. Antidiabetic effects of
panax ginseng berry extract and the identification of an effective compo-
nent. Diabetes. 2002;51(6):1851-8.

Hofseth LJ, Wargovich MJ. Inflammation, cancer, and targets of ginseng. J
Nutr. 2007;137(1):5183-5.

Scholey AB, Kennedy DO. Acute, dose-dependent cognitive effects of Ginkgo
biloba, Panax ginseng and their combination in healthy young volunteers:


https://BioRender.com/kqz7nge
https://BioRender.com/fzc4h9g

Kim et al. Human Genomics

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

(2026) 20:36

differential interactions with cognitive demand. Hum Psychopharmacol Clin
Exp. 2002;17(1):35-44.

Shoba G, Joy D, Joseph T, Majeed M, Rajendran R, Srinivas PSSR. Influence

of piperine on the pharmacokinetics of curcumin in animals and human
volunteers. Planta Med. 2007,64:353-6.

Haesler E, Carville K. WHAM evidence summary: effectiveness of tea tree oil in
managing chronic wounds. WCET J. 2021;41(3):44.

Gorski KM, Kowalczyk T, Picot L, Rijo P, Ghorbanpour M, Sitarek P. The precious
potential of the sacred tree Chamaecyparis obtusa (Siebold & Zucc.) Endl. As
a source of secondary metabolites with broad biological applications. Int J
Mol Sci. 2024;25(5):2723.

Li Q. Effect of forest bathing trips on human immune function. Environ
Health Prev Med. 2010;15(1):9-17.

Li Q Kobayashi M, Wakayama Y, Inagaki H, Katsumata M, Hirata Y, et al. Effect
of phytoncide from trees on human natural killer cell function. Int J Immuno-
pathol Pharmacol. 2009;22(4):951-9.

Shin SH, Jung YD, Seo YT, Son HJ, Ye MK. Anti-inflammatory effects of
Chamaecyparis obtusa essential oil on peripheral blood mononuclear cells.
Korean J Otorhinolaryngol Head Neck Surg. 2017;60(11):565-9.

Roy P. Global pharma and local science: the untold tale of reserpine. Indian J
Psychiatry. 2018,60(Suppl 2):5277-83.

Malhotra N, Singh M. Himalayan Medicinal Plants: Advances in Botany,
Production & Research. Academic Press; 2021. p. 111-49.

Chaachouay N, Zidane L. Plant-derived natural products: a source for drug
discovery and development. Drugs Drug Candidates. 2024;3(1):184-207.
Mahdi JG. Medicinal potential of willow: a chemical perspective of aspirin
discovery. J Saudi Chem Soc. 2010;14(3):317-22.

Tu Y. The discovery of Artemisinin (ginghaosu) and gifts from Chinese medi-
cine. Nat Med. 2011;17(10):1217-20.

Yang YH, Mao JW, Tan XL. Research progress on the source, production, and
anti-cancer mechanisms of Paclitaxel. Chin J Nat Med. 2020;18(12):890-7.
Commision on dietary supplement labels. Report of the commission on
dietary supplement labels. 1997.

Office of Dietary Supplements. Dietary supplement health and education act
of 1994. Accessed 10 June 2025. https://ods.od.nih.gov/About/DSHEA_Word
ing.aspx

Nayak S, Hegde RB, Rao AS, Poojary R. Unlocking the potential of essential oils
in aromatic plants: a guide to recovery, modern innovations, regulation and
Al integration. Planta. 2025,262(1):6.

Ekor M. The growing use of herbal medicines: issues relating to adverse reac-
tions and challenges in monitoring safety. Front Pharmacol. 2014. https://doi.
0rg/10.3389/fphar.2013.00177/full.

Wu C, Lee SL, Taylor C, Li J, Chan YM, Agarwal R, et al. Scientific and regulatory
approach to botanical drug development: A U.S. FDA perspective. J Nat Prod.
2020;83(2):552-62.

Wang H, ChenY, Wang L, Liu Q, Yang S, Wang C. Advancing herbal medicine:
enhancing product quality and safety through robust quality control prac-
tices. Front Pharmacol. 2023;14:1265178.

Corson TW, Crews CM. Molecular understanding and modern application of
traditional medicines: triumphs and trials. Cell. 2007;7(5):769-74.

Research C. for DE and. What is a Botanical Drug? FDA. 2025. Accessed 27
June 2025. https://www.fda.gov/about-fda/cder-offices-and-divisions/wha
t-botanical-drug

Fabricant DS, Farnsworth NR. The value of plants used in traditional medicine
for drug discovery. Environ Health Perspect. 2001;109(suppl 1):69-75.

Artuso A. Drugs of Natural Origin: Economic and Policy Aspects of Discovery,
Development, and Marketing. New York: Pharmaceutical Products Press;
1997.

Kumar S, Yadav A, Yadav M, Yadav JP. Effect of climate change on phytochem-
ical diversity, total phenolic content and in vitro antioxidant activity of Aloe
Vera (L) Burm.f. BMC Res Notes. 2017;10(1):60.

Ahmad Khan MS, Ahmad |. Chapter 1 - Herbal Medicine: Current Trends and
Future Prospects. In: Ahmad Khan MS, Ahmad |, Chattopadhyay D, editors.
New Look to Phytomedicine. Academic Press; 2019. pp. 3-13. https:/www.s
ciencedirect.com/science/article/pii/B978012814619400001X. Accessed 12
June 2025.

Lee KH. Research and future trends in the pharmaceutical develop-

ment of medicinal herbs from Chinese medicine. Public Health Nutr.
2000;3(4a):515-22.

Raja M, Cramer H, Lee MS, Wieland LS, Ng JY. Addressing the challenges

of Traditional, Complementary, and integrative medicine research: an

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Page 26 of 30

international perspective and proposed strategies moving forward. Perspect
Integr Med. 2024;30(2):86-97.

Salm'S, van den Rutz J, Blaheta RA, Bachmeier BE. Current state of research
on the clinical benefits of herbal medicines for non-life-threatening ailments.
Front Pharmacol. 2023;14. https.//www.frontiersin.org/journals/pharmacolog
y/articles/https://doi.org/10.3389/fphar.2023.1234701/full. Accessed 11 June
2025.

Salmerén-Manzano E, Garrido-Cardenas JA, Manzano-Agugliaro F. World-
wide research trends on medicinal plants. Int J Environ Res Public Health.
2020;17(10):3376.

Clarke FJ, Kotera Y, McEwan K. A qualitative study comparing mindfulness
and Shinrin-Yoku (forest bathing): practitioners' perspectives. Sustainability.
2021;13(12):6761.

Farrow MR, Washburn K. A review of field experiments on the effect of

forest bathing on anxiety and heart rate variability. Glob Adv Health Med.
2019;8:2164956119848654.

Ideno 'Y, Hayashi K, Abe Y, Ueda K, Iso H, Noda M, et al. Blood pressure-
lowering effect of Shinrin-yoku (forest bathing): a systematic review and
meta-analysis. BMC Complement Altern Med. 2017;17:409.

Li Q, Morimoto K, Kobayashi M, Inagaki H, Katsumata M, Hirata Y, et al. Visiting
a forest, but not a city, increases human natural killer activity and expression
of anti-cancer proteins. Int J Immunopathol Pharmacol. 2008;21(1):117-27.
Gilani AH. Atta-ur-Rahman. Trends in ethnopharmacology. J Ethnopharmacol.
2005;100(1):43-9.

Farnsworth NR, Akerele O, Bingel AS, Soejarto DD, Guo Z. Medicinal plants in
therapy. Bull World Health Organ. 1985;63(6):965-81.

Burki T. WHA adopts new strategy on traditional medicine. Lancet.
2025;405(10493):1897-8.

Organization WH. WHO global report on traditional and complementary
medicine 2019. World Health Organization; 2019. https://iris.who.int/handle/
10665/312342. Accesssed 16 June 2025.

Draft global traditional medicine strategy (2025-2034).

One Health Joint Plan of Action, 2022-2026 [Internet]. FAO, UNEP; WHO. ;
World Organisation for Animal Health (WOAH) (founded as OIE); 2022 [cited
2025 June 12]. Available from: http://www.fao.org/documents/card/en/c/cc2
28%n

Verpoorte R, Kim HK. Natural products analysis through time: from past
achievements to future prospects. In: Choi YH, Erol O, Irmisch S, editors. Natu-
ral Product Isolation and Identification: Methods and Protocols. New York, NY:
Springer US; 2025. pp. 3-13. https://doi.org/10.1007/978-1-0716-4350-1_1.
Accessed 15 June 2025.

Domingo-Ferndndez D, Gadiya Y, Mubeen S, Healey D, Norman BH, Colluru

V. Exploring the known chemical space of the plant kingdom: insights into
taxonomic patterns, knowledge gaps, and bioactive regions. J Cheminform.
2023;15:107.

Verpoorte R. Pharmacognosy in the new millennium: leadfinding and bio-
technology. J Pharm Pharmacol. 2000;52(3):253-62.

Jafari S, Abdollahi M, Saeidnia S. Personalized medicine: a confluence

of traditional and contemporary medicine. Altern Ther Health Med.
2014;20(5):31-40.

Zhao C, Liu Z, Lin J, Wang YP, Wang YY, Shang HC. Standardizing individual-
ized efficacy evaluation to optimize evidence-using pattern in traditional
Chinese medicine—preliminarily establishing traditional Chinese medicine
evidence-based case reporting system. World J Tradit Chin Med. 2016;2(4):49.
Baccarelli A, Dolinoy DC, Walker CL. A precision environmental health
approach to prevention of human disease. Nat Commun. 2023;14(1):2449.
Wink M. Plant secondary metabolites modulate insect behavior-steps toward
addiction? Front Physiol. 2018;9:364.

Pichersky E, Raguso RA. Why do plants produce so many terpenoid com-
pounds? New Phytol. 2018;220(3):692-702.

Salehi B, Upadhyay S, Erdogan Orhan |, Kumar Jugran A, Jayaweera LD, Dias
SA. Therapeutic potential of a- and B-Pinene: a miracle gift of nature. Biomol-
ecules. 2019;,9(11):738.

Gershenzon J, Dudareva N. The function of terpene natural products in the
natural world. Nat Chem Biol. 2007;3(7):408-14.

Kamatou GPP, Viljoen AM. Linalool - a Review of a Biologically Active
Compound of Commercial Importance. Nat Prod Commun. 2008 July
1;3(7):1934578X0800300727.

Friedman M, Henika PR, Mandrell RE. Bactericidal activities of plant essential
oils and some of their isolated constituents against Campylobacter jejuni,
Escherichia coli, Listeria monocytogenes, and Salmonella enterica. ) Food Prot.
2002;65(10):1545-60.


https://ods.od.nih.gov/About/DSHEA_Wording.aspx
https://ods.od.nih.gov/About/DSHEA_Wording.aspx
https://doi.org/10.3389/fphar.2013.00177/full
https://doi.org/10.3389/fphar.2013.00177/full
https://www.fda.gov/about-fda/cder-offices-and-divisions/what-botanical-drug
https://www.fda.gov/about-fda/cder-offices-and-divisions/what-botanical-drug
https://www.sciencedirect.com/science/article/pii/B978012814619400001X
https://www.sciencedirect.com/science/article/pii/B978012814619400001X
https://www.frontiersin.org/journals/pharmacology/articles/
https://www.frontiersin.org/journals/pharmacology/articles/
https://doi.org/10.3389/fphar.2023.1234701/full
https://iris.who.int/handle/10665/312342
https://iris.who.int/handle/10665/312342
http://www.fao.org/documents/card/en/c/cc2289en
http://www.fao.org/documents/card/en/c/cc2289en
https://doi.org/10.1007/978-1-0716-4350-1_1

Kim et al. Human Genomics

82.

83.

84.

85.

86.

87.

88.

89.

90.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

(2026) 20:36

Tholl D, Boland W, Hansel A, Loreto F, Rose USR, Schnitzler JP. Practical
approaches to plant volatile analysis. Plant J. 2006;45(4):540-60.

Rinnan R, Rinnan A, Faubert P, Tiiva P, Holopainen JK, Michelsen A. Few long-
term effects of simulated climate change on volatile organic compound
emissions and leaf chemistry of three subarctic dwarf shrubs. Environ Exp
Bot. 2011,72(3):377-86.

Augusto F, Valente ALP, dos Santos Tada E, Rivellino SR. Screening of Brazilian
fruit aromas using solid-phase microextraction-gas chromatography-mass
spectrometry. J Chromatogr A. 2000;873(1):117-27.

Pawliszyn J. Solid phase microextraction: theory and practice. Wiley; 1997. p.
266.

Tongnuanchan P, Benjakul S. Essential oils: extraction, bioactivities, and their
uses for food preservation. J Food Sci. 2014;79(7):R1231-49.

Yang JK, Choi MS, Seo WT, Rinker DL, Han SW, Cheong GW. Chemical com-
position and antimicrobial activity of Chamaecyparis obtusa leaf essential oil.
Fitoterapia. 2007;78(2):149-52.

Azmir J, Zaidul ISM, Rahman MM, Sharif KM, Mohamed A, Sahena F, et al.
Techniques for extraction of bioactive compounds from plant materials: A
review. J Food Eng. 2013;117(4):426-36.

Dai J, Mumper RJ. Plant phenolics: extraction, analysis and their antioxidant
and anticancer properties. Molecules. 2010;15(10):7313-52.

Pereira CG, Meireles MAA. Supercritical Fluid Extraction of Bioactive Com-
pounds: Fundamentals, Applications and Economic Perspectives. Food
Bioprocess Technol. 2010 June 1;3(3):340-72.

Herrero M, Mendiola JA, Cifuentes A, Ibafez E. Supercritical fluid extraction:
recent advances and applications. J Chromatogr A. 2010;1217(16):2495-511.
Adams RP. In: Stream C, editor. Identification of essential oil components by
gas chromatography/mass spectorscopy. 4 ed. llI: Allured Pub. Corp; 2007. p.
804.

Bicchi C, Cordero C, Liberto E, Rubiolo P, Sgorbini B. Automated headspace
solid-phase dynamic extraction to analyse the volatile fraction of food matri-
ces. J Chromatogr A. 2004;1024(1):217-26.

Tsao R, Deng Z. Separation procedures for naturally occurring antioxidant
phytochemicals. J Chromatogr B. 2004;812(1):85-99.

Wolfender JL, Marti G, Thomas A, Bertrand S. Current approaches and chal-
lenges for the metabolite profiling of complex natural extracts. J Chromatogr
A.2015;1382:136-64.

Kim HK, Choi YH, Verpoorte R. Nmr-based metabolomic analysis of plants. Nat
Protoc. 2010;5(3):536-49.

Pauli GF, Chen SN, Simmler C, Lankin DC, Godecke T, Jaki BU, et al. Importance
of purity evaluation and the potential of quantitative TH NMR as a purity
assay. ) Med Chem. 2014,57(22):9220-31.

Wheelock CE, Rappaport SM. The role of gene-environment interactions in
lung disease: the urgent need for the exposome. Eur Respir J. 2020. 55(2).
Available from: https://erj.ersjournals.com/content/55/2/1902064. Accessed
22 Aug 2024.

Vermeulen R, Schymanski EL, Barabasi AL, Miller GW. The exposome and
health: where chemistry meets biology. Science. 2020;367(6476):392-6.
Charting the landscape of the environmental. exposome - Wei - 2022 - iMeta
- Wiley Online Library. https://onlinelibrary.wiley.com/doi/full/https://doi.org/
10.1002/imt2.50. Accessed 13 Sept 2024.

Oyabu T, Sawada A, Onodera T, Takenaka K, Wolverton B. Characteristics

of potted plants for removing offensive odors. Sens Actuators B Chem.
2003;89(1):131-6.

Andrew Smith PM. Healthy Workplaces: Plantscaping for indoor environmen-
tal quality. https://core.ac.uk/reader/6811. Accessed 19 June 2025.
Papinchak HL, Holcomb EJ, Best TO, Decoteau DR. Effectiveness of
houseplants in reducing the indoor air pollutant ozone. HortTechnology.
2009;19(2):286-90.

Mitchell RL, Burridge JC. Trace elements in soils and crops. Philos Trans R Soc
Lond B Biol Sci. 1979;288(1026):15-24.

Durnford E. nurture growth bio fertilizer. 2021. Bio-Structure: Microorganisms
and their Influence on Soil Structure. https://www.nurturegrowthbio.com
/post/bio-structure-microorganisms-and-their-influence-on-soil-structure.
Accessed 19 June 2025.

Harrill JA, Everett LJ, Haggard DE, Sheffield T, Bundy JL, Willis CM, et al. High-
Throughput transcriptomics platform for screening environmental chemicals.
Toxicol Sci. 2021;181(1):68-89.

Niu L, Thiele M, Geyer PE, Rasmussen DN, Webel HE, Santos A, et al. Non-
invasive proteomic biomarkers for alcohol-related liver disease. Nat Med.
2022,28(6):1277-87.

107.

108.

115.

116.

117.

118.

121

123.

124.

128.

Page 27 of 30

Gouveia-Figueira S, Karimpour M, Bosson JA, Blomberg A, Unosson J, Poura-
zar J, et al. Mass spectrometry profiling of oxylipins, endocannabinoids, and
N-acylethanolamines in human lung lavage fluids reveals responsiveness

of prostaglandin E2 and associated lipid metabolites to biodiesel exhaust
exposure. Anal Bioanal Chem. 2017;409(11):2967-80.

Walker DI, Uppal K, Zhang L, Vermeulen R, Smith M, Hu W, et al. High-
resolution metabolomics of occupational exposure to trichloroethylene. Int J
Epidemiol. 2016;45(5):1517-27.

. Motsinger-Reif AA, Reif DM, Akhtari FS, House JS, Campbell CR, Messier KP et

al. Gene-environment interactions within a precision environmental health
framework. Cell Genomics. 2024. https://www.cell.com/cell-genomics/abstra
Ct/S2666-979X(24)00175-7. Accessed 22 Aug 2025.

. Shen X, Kellogg R, Panyard DJ, Bararpour N, Castillo KE, Lee-McMullen B, et al.

Multi-omics microsampling for the profiling of lifestyle-associated changes in
health. Nat Biomed Eng. 2024;8(1):11-29.

. Shen X, Wang C, Zhou X, Zhou W, Hornburg D, Wu'S, et al. Nonlinear

dynamics of multi-omics profiles during human aging. Nat Aging.
2024;4(11):1619-34.

. Babu M, Snyder M. Multi-omics profiling for health. Mol Cell Proteomics.

2023,22(6):100561.

. Zhang X, Gao P, Snyder MP. The exposome in the era of the quantified self.

Annu Rev Biomed Data Sci. 2021. 4:255-77.

. JoH, Cha B, Kim H, Brito S, Kwak BM, Kim ST, et al. a-Pinene enhances the

anticancer activity of natural killer cells via ERK/AKT pathway. Int J Mol Sci.
2021;22(2):656.

Li Q, Morimoto K, Kobayashi M, Inagaki H, Katsumata M, Hirata Y, et al. A
forest bathing trip increases human natural killer activity and expression
of anti-cancer proteins in female subjects. J Biol Regul Homeost Agents.
2008;22(1):45-55.

Chang MY, Shen YL. Linalool exhibits cytotoxic effects by activating antitumor
immunity. Molecules. 2014;19(5):6694-706.

Xiong X, Wen X, Zhang Y, Li X, Zhang Y, Long N. Microbial community and
immune modulation enable effective treatment of methicillin-resistant
Staphylococcus aureus skin infections with Linalool. Microb Pathog.
2025;202:107406.

Peana AT, D’Aquila PS, Panin F, Serra G, Pippia P, Moretti MDL. Anti-inflam-
matory activity of linalool and linalyl acetate constituents of essential oils.
Phytomedicine. 2002,9(8):721-6.

. Lappas CM, Lappas NT. d-Limonene modulates T lymphocyte activity and

viability. Cell Immunol. 2012;279(1):30-41.

. Shao J,Yin Z,Wang Y, Yang Y, Tang Q, Zhang M et al. Effects of different doses

of eucalyptus oil from eucalyptus globulus labill on respiratory tract immu-
nity and immune function in healthy rats. Front Pharmacol. 2020. https://ww
w.frontiersin.org/journals/pharmacology/articles/https://doi.org/10.3389/fph
ar.2020.01287/full. Accessed 20 June 2025.

Liu SD, Song MH, Yun W, Lee JH, Kim HB, Cho JH. Effect of carvacrol essential
oils on immune response and inflammation-related genes expression in
broilers challenged by lipopolysaccharide. Poult Sci. 2019;98(5):2026-33.

. Baradaran Rahimi'V, Askari VR. A mechanistic review on immunomodulatory

effects of selective type two cannabinoid receptor B-caryophyllene. BioFac-
tors. 2022,48(4):857-82.

Hooda P, Malik R, Bhatia S, Al-Harrasi A, Najmi A, Zoghebi K et al. Phytoimmu-
nomodulators: A review of natural modulators for complex immune system.
Heliyon. 2024. https://www.cell.com/heliyon/abstract/S2405-8440(23)1099
8-4. Accessed 25 June 2025.

Kim EC, Min JK, KimTY, Lee SJ, Yang HO, Han S et al. [6]-Gingerol, a pungent
ingredient of ginger, inhibits angiogenesis in vitro and in vivo. Biochem
Biophys Res Commun 2005 Sept 23;335(2):300-8.

. LeeTY, Lee KC, Chen SY, Chang HH. 6-gingerol inhibits ROS and iNOS

through the suppression of PKC-a and NF-kB pathways in lipopolysac-
charide-stimulated mouse macrophages. Biochem Biophys Res Commun.
2009;382(1):134-9.

. Kennedy D, Okello E, Chazot P, Howes MJ, Ohiomokhare S, Jackson P, et al.

Volatile terpenes and brain function: investigation of the cognitive and mood
effects of mentha x piperita L. essential oil with in vitro properties relevant to
central nervous system function. Nutrients. 2018;10(8):1029.

. Kim J, Park S, Kim H, Roh D, Kim DH. Effects of phytoncide fragrance on

resting-state brain activity in mild cognitive impairment: a randomized
double-blind controlled study. J Integr Complement Med. 2024;30(9):848-57.
Park S, Kim J, Kim H, Kim DH. Effects of phytoncide inhalation on Stroop task
performance in patients with mild cognitive impairment: an fNIRS pilot study.
Clin Psychopharmacol Neurosci. 2025;23(1):42-52.


https://erj.ersjournals.com/content/55/2/1902064
https://onlinelibrary.wiley.com/doi/full/
https://doi.org/10.1002/imt2.50
https://doi.org/10.1002/imt2.50
https://core.ac.uk/reader/6811
https://www.nurturegrowthbio.com/post/bio-structure-microorganisms-and-their-influence-on-soil-structure
https://www.nurturegrowthbio.com/post/bio-structure-microorganisms-and-their-influence-on-soil-structure
https://www.cell.com/cell-genomics/abstract/S2666-979X(24)00175-7
https://www.cell.com/cell-genomics/abstract/S2666-979X(24)00175-7
https://www.frontiersin.org/journals/pharmacology/articles/
https://www.frontiersin.org/journals/pharmacology/articles/
https://doi.org/10.3389/fphar.2020.01287/full
https://doi.org/10.3389/fphar.2020.01287/full
https://www.cell.com/heliyon/abstract/S2405-8440(23)10998-4
https://www.cell.com/heliyon/abstract/S2405-8440(23)10998-4

Kim et al. Human Genomics

129.

130.

131.

132

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

145.

146.

147.

148.

149.

(2026) 20:36

Wang ZJ, Heinbockel T. Essential oils and their constituents targeting the
GABAergic system and sodium channels as treatment of neurological dis-
eases. Mol J Synth Chem Nat Prod Chem. 2018;23(5):1061.

Sadiki FZ, Idrissi ME, Cioanca O, Trifan A, Hancianu M, Hritcu L, et al. Tetraclinis
articulata essential oil mitigates cognitive deficits and brain oxidative stress in
an alzheimer's disease amyloidosis model. Phytomedicine. 2019;56:57-63.
Du B, Schwartz-Narbonne H, Tandoc M, Heffernan EM, Mack ML, Siegel JA.
The impact of emissions from an essential oil diffuser on cognitive perfor-
mance. Indoor Air. 2022;32(1):e12919.

Gregory J, Vengalasetti YV, Bredesen DE, Rao RV. Neuroprotective herbs for
the management of Alzheimer’s disease. Biomolecules. 2021;11(4):543.
Mathur D, Goyal K, Koul V, Anand A. The Molecular Links of Re-Emerging
Therapy: A Review of Evidence of Brahmi (Bacopa monniera). Front Pharma-
col [Internet]. 2016 Mar 4 [cited 2025 June 25];7. Available from: https://www.
frontiersin.org/journals/pharmacology/articles/https://doi.org/10.3389/fphar.
2016.00044/full

Cryan JF, Dinan TG. Mind-altering microorganisms: the impact of the gut
microbiota on brain and behaviour. Nat Rev Neurosci. 2012;13(10):701-12.
Camarda L, Mattioli LB, Corazza I, Marzetti C, Budriesi R. Targeting the gut—
brain axis with plant-derived essential oils: phytocannabinoids and beyond.
Nutrients. 2025;17(9):1578.

Li X, Zhang Y, Zhang Q, Cao A, Feng J. Eucalyptus essential oil exerted a
sedative-hypnotic effect by influencing brain neurotransmitters and gut
microbes via the gut microbiota-brain axis. Front Pharmacol. https://www.fro
ntiersin.org/journals/pharmacology/articles/https://doi.org/10.3389/fphar.20
24.1464654/full. Accessed 5 Sept 2025.

Xia L, Li R, Tao T, Zhong R, Du H, Liao Z et al. Therapeutic potential of Litsea
cubeba essential oil in modulating inflammation and the gut microbiome.
Front Microbiol [Internet]. 2023. https://wwuw.frontiersin.org/journals/microb
iology/articles/https://doi.org/10.3389/fmicb.2023.1233934/full. Accessed 8
Sept 2025.

Zhu H, Zhang H, Hou B, Xu B, Ji L, Wu Y. Curcumin regulates gut microbiota
and exerts a neuroprotective effect in the MPTP model of Parkinson'’s disease.
Evid Based Complement Alternat Med. 2022,2022(1):9110560.

Cui G, HanY, LiH, Yu H, Zhang B, Li G. Curcumin-driven reprogramming of the
gut microbiota and metabolome ameliorates motor deficits and neuroin-
flammation in a mouse model of Parkinson’s disease. Front Cell Infect Micro-
biol. 2022. https://www.frontiersin.org/journals/cellular-and-infection-micro
biology/articles/https://doi.org/10.3389/fcimb.2022.887407/full. Accessed 22
Sept 2025.

Enayati A, Soghi A, Butler AE, Rizzo M, Sahebkar A. The effect of curcumin

on the Gut-Brain axis: therapeutic implications. J Neurogastroenterol Motil.
2023;29(4):409-18.

Ouwehand AC, Tiihonen K, Kettunen H, Peuranen S, Schulze H, Rautonen N.
In vitro effects of essential oils on potential pathogens and beneficial mem-
bers of the normal microbiota. Vet Med (Praha). 2010;55(2):71-8.

Furman D, Auwerx J, Bulteau AL, Church G, Couturaud V, Crabbe L et al. Skin
health and biological aging. Nat Aging 2025;1-12.

Biatort M, Krzysko-tupicka T, Nowakowska-Bogdan E, Wieczorek PP. Chemical
composition of two different lavender essential oils and their effect on facial
skin microbiota. Molecules. 2019;24(18):3270.

. Muralidhara M. Chapter Ten - Propensity of ayurvedic herbs as potential

modulators of gut microbiome (GM): implications in neurological disorders.
In: Muralidhara M, Rajini PS, editors. Ayurvedic Herbal Preparations in Neuro-
logical Disorders. Academic Press; 2023. pp. 275-302. https://www.sciencedir
ect.com/science/article/pii/B9780443190841000156. Accessed 21 Sept 2025.
Ramanathan A, Rani KRV, Bhupathyraaj M, Sridhar S, Shareef J, Thomas S. A
Comprehensive Review of Medicinal Herbs Improving Gut-Brain Health. In:
Handbook of Neurodegenerative Disorders. Springer, Singapore; 2024. http
s://link.springer.com/rwe/https://doi.org/10.1007/978-981-19-3949-5_36-1.
Accessed 21 Sept 2025.

Wallace RK. The microbiome in health and disease from the perspective of
modern medicine and Ayurveda. Medicina (Mex). 2020;56(9):462.

Silva J, Abebe W, Sousa SM, Duarte VG, Machado MIL, Matos FJA. Analgesic
and anti-inflammatory effects of essential oils of Eucalyptus. J Ethnopharma-
col. 2003;89(2-3):277-83.

Costa R, Machado J, Abreu C. Evaluation of analgesic properties of Piper
nigrum essential oil: a randomized, double-blind, placebo-controlled study.
World J Tradit Chin Med. 2016;2(2):60.

Klauke AL, Racz |, Pradier B, Markert A, Zimmer AM, Gertsch J, et al. The
cannabinoid CB2 receptor-selective phytocannabinoid beta-caryophyllene

151.

153.

154.

155.

156.

157.

159.

162.

163.

165.

166.

Page 28 of 30

exerts analgesic effects in mouse models of inflammatory and neuropathic
pain. Eur Neuropsychopharmacol. 2014;24(4):608-20.

. OuM, HsuT, Lai AC, Lin Y, Lin C. Pain relief assessment by aromatic essential

oil massage on outpatients with primary dysmenorrhea: a randomized,
double-blind clinical trial. J Obstet Gynaecol Res. 2012;38(5):817-22.
Juergens UR, Stober M, Vetter H. Inhibition of cytokine production and
arachidonic acid metabolism by eucalyptol (1.8-cineole) in human blood
monocytes in vitro. Eur J Med Res. 1998,;3(11):508-10.

. Kim JT, Ren CJ, Fielding GA, Pitti A, Kasumi T, Wajda M et al. Treatment with

Lavender Aromatherapy in the Post-Anesthesia Care Unit reduces Opioid
Requirements of Morbidly Obese Patients Undergoing Laparoscopic Adjust-
able Gastric Banding. Obes Surg. 2007 July 1;17(7):920-5.

Lindler BN, Long KE, Taylor NA, Lei W. Use of herbal medications for treatment
of osteoarthritis and rheumatoid arthritis. Medicines (Basel). 2020;7(11):67.
Xu H, Blair NT, Clapham DE. Camphor activates and strongly desensitizes

the transient receptor potential vanilloid subtype 1 channel in a vanilloid-
Independent mechanism. J Neurosci 2005;25(39):8924-37.

Kunnumakkara AB, Banik K, Bordoloi D, Harsha C, Sailo BL, Padmavathi G et al.
Googling the Guggul (Commiphora and Boswellia) for Prevention of Chronic
Diseases. Front Pharmacol. 2018. https://www.frontiersin.org/journals/pharm
acology/articles/https://doi.org/10.3389/fphar.2018.00686/full. Accessed 21
Sept 2025.

Yu G, Xiang W, Zhang T, Zeng L, Yang K, Li J. Effectiveness of Boswellia and
Boswellia extract for osteoarthritis patients: a systematic review and meta-
analysis. BMC Complement Med Ther. 2020;17(1):225.

Fouyet S, Olivier E, Leproux P, Dutot M, Rat P. Evaluation of placental toxicity
of five essential oils and their potential endocrine-disrupting effects. Curr
Issues Mol Biol. 2022:44(7):2794-810.

. Sartorius T, Peter A, Schulz N, Drescher A, Bergheim I, Machann J, et al. Cin-

namon extract improves insulin sensitivity in the brain and lowers liver fat in
mouse models of obesity. PLoS One. 2014;9(3):€92358.

El-Soud NA, El-Laithy N, El-Saeed G, Wahby MS, Khalil M, Morsy F, et al. Anti-
diabetic activities of foeniculum vulgare mill. Essential Oil in Streptozotocin-
Induced Diabetic Rats; 2011.

. Li Q Effects of forest environment (Shinrin-yoku/Forest bathing) on health

promotion and disease prevention —the establishment of forest Medi-
cine—. Environ Health Prev Med. 2022;27:43. https://doi.org/10.1264/ehpm.2
2-00160

. Mao GX, Lan XG, Cao YB, Chen ZM, He ZH, Lv YD et al. Effects of Short-Term

Forest Bathing on Human Health in a Broad-Leaved Evergreen Forest in
Zhejiang Province, China. Biomed Environ Sci. 2012 June 1;25(3):317-24.
Ochiai H, lkei H, Song C, Kobayashi M, Takamatsu A, Miura T, et al. Physi-
ological and psychological effects of forest therapy on middle-aged

males with high-normal blood pressure. Int J Environ Res Public Health.
2015;12(3):2532-42.

Heo SJ, Park SK, Jee YS. Effects of phytoncide on immune cells and psycho-
logical stress of gynecological cancer survivors: randomized controlled trials.
J Exerc Rehabil. 2023;19(3):170-80. https://doi.org/10.12965/jer.2346150.075.

. Sankar MR, Suyamprakasam SundaramV, Sankar M, Muthupandian S. A

review of the role of herbs in managing metabolic syndrome. Discov Food.
2025;5(1):90.

Karimi Jashni H, Kargar Jahromi H, Ghorbani Ranjbary A, Kargar Jahromi Z,
Khabbaz Kherameh Z. Effects of aqueous extract from asparagus officinalis L.
roots on hypothalamic-pituitary-gonadal axis hormone levels and the num-
ber of ovarian follicles in adult rats. Int J Reprod Biomed. 2016;14(2):75-80.
Alves-Silva JM, Zuzarte M, Girdo H, Salgueiro L. The role of essential oils and
their main compounds in the management of cardiovascular disease risk
factors. Molecules. 2021;9(12):3506.

. De Menezes IAC, Moreira [JA, De Paula JWA, Blank AF, Antoniolli AR, Quintans-

Junior LJ, et al. Cardiovascular effects induced by cymbopogon Winterianus
essential oil in rats: involvement of calcium channels and vagal pathway. J
Pharm Pharmacol. 2010;62(2):215-21.

. Lahlou S, Interaminense LdeFL, Leal-Cardoso JH, Morais SM, Duarte GP.

Cardiovascular effects of the essential oil of ocimum gratissimum leaves in
rats: role of the autonomic nervous system. Clin Exp Pharmacol Physiol.
2004;31(4):219-25.

. Interaminense LFL, Leal-Cardoso JH, Magalhaes PJC, Duarte GP, Lahlou S.

Enhanced hypotensive effects of the essential oil of ocimum gratissimum
leaves and its main constituent, eugenol, in DOCA-salt hypertensive con-
scious rats. Planta Med. 2005;71(4):376-8.

. Pinto NV, Assreuy AMS, Coelho-de-Souza AN, Ceccatto VM, Magalhées PJC,

Lahlou S, et al. Endothelium-dependent vasorelaxant effects of the essential


https://www.frontiersin.org/journals/pharmacology/articles/
https://www.frontiersin.org/journals/pharmacology/articles/
https://doi.org/10.3389/fphar.2016.00044/full
https://doi.org/10.3389/fphar.2016.00044/full
https://www.frontiersin.org/journals/pharmacology/articles/
https://www.frontiersin.org/journals/pharmacology/articles/
https://doi.org/10.3389/fphar.2024.1464654/full
https://doi.org/10.3389/fphar.2024.1464654/full
https://www.frontiersin.org/journals/microbiology/articles/
https://www.frontiersin.org/journals/microbiology/articles/
https://doi.org/10.3389/fmicb.2023.1233934/full
https://www.frontiersin.org/journals/cellular-and-infection-microbiology/articles/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology/articles/
https://doi.org/10.3389/fcimb.2022.887407/full
https://www.sciencedirect.com/science/article/pii/B9780443190841000156
https://www.sciencedirect.com/science/article/pii/B9780443190841000156
https://link.springer.com/rwe/
https://link.springer.com/rwe/
https://doi.org/10.1007/978-981-19-3949-5_36-1
https://www.frontiersin.org/journals/pharmacology/articles/
https://www.frontiersin.org/journals/pharmacology/articles/
https://doi.org/10.3389/fphar.2018.00686/full
https://doi.org/10.1264/ehpm.22-00160
https://doi.org/10.1264/ehpm.22-00160
https://doi.org/10.12965/jer.2346150.075

Kim et al. Human Genomics

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

(2026) 20:36

oil from aerial parts of alpinia zerumbet and its main constituent 1,8-cineole
in rats. Phytomedicine. 2009;16(12):1151-5.

Tao L, Hu HS, Shen XC. Endothelium-dependent vasodilatation effects of the
essential oil from fructus alpiniae zerumbet (EOFAZ) on rat thoracic aortic rings
in vitro. Phytomedicine. 2013;20(5):387-93.

Suruci¢ R, Kundakovi¢ T, Lakusic¢ B, Drakul D, Milovanovic SR, Kovacevi¢

N. Variations in chemical composition, vasorelaxant and angiotensin
l-converting enzyme inhibitory activities of essential oil from aerial parts of
Seseli pallasii Besser (Apiaceae). Chem Biodivers. 2017. https://doi.org/10.1002
/cbdv.201600407.

Singh'V, Jain M, Misra A, Khanna V, Rana M, Prakash P, et al. Curcuma oil ame-
liorates hyperlipidaemia and associated deleterious effects in golden Syrian
hamsters. Br J Nutr. 2013;110(3):437-46.

Huang J,Wang S, Luo X, Xie Y, Shi X. Cinnamaldehyde reduction of platelet
aggregation and thrombosis in rodents. Thromb Res. 2007;119(3):337-42.
Shaito A, Thuan DTB, Phu HT, Nguyen THD, Hasan H, Halabi S et al. Herbal
Medicine for Cardiovascular Diseases: Efficacy, Mechanisms, and Safety. Front
Pharmacol. 2020. https://www.frontiersin.org/journals/pharmacology/articles
/https://doi.org/10.3389/fphar.2020.00422/full. Accessed 7 Apr 2025.
Ramesh P, Palaniappan A. Terminalia arjuna, a cardioprotective herbal medi-
cine-relevancy in the modern era of pharmaceuticals and green nanomedi-
cine—a review. Pharmaceuticals. 2023;16(1):126.

Xue BX, Liu SX, Kwabena Oduro P, Ama Mireku-Gyimah N, Zhang LH, Wang Q,
et al. Vasodilatory constituents of essential oil from nardostachys Jatamansi
DC. virtual screening, experimental validation and the potential molecular
mechanisms. Arab J Chem. 2023;16(8):104911.

Inouye S, Takizawa T, Yamaguchi H. Antibacterial activity of essential oils and
their major constituents against respiratory tract pathogens by gaseous
contact. J Antimicrob Chemother. 2001;47(5):565-73.

Doran AL, Morden WE, Dunn K, Edwards-Jones V. Vapour-phase activities

of essential oils against antibiotic sensitive and resistant bacteria including
MRSA. Lett Appl Microbiol. 2009;48(4):387-92.

Usachev EV, Pyankov OV, Usacheva OV, Agranovski E. Antiviral activity of tea
tree and Eucalyptus oil aerosol and vapour. J Aerosol Sci. 2013;59:22-30.

Lee JY, Lee DC. Cardiac and pulmonary benefits of forest walking versus city
walking in elderly women: a randomised, controlled, open-label trial. Eur J
Integr Med. 2014;6(1):5-11.

Juergens UR, Dethlefsen U, Steinkamp G, Gillissen A, Repges R, Vetter H.
Anti-inflammatory activity of 1.8-cineol (eucalyptol) in bronchial asthma: a
double-blind placebo-controlled trial. Respir Med. 2003;97(3):250-6.
Dayawansa S, Umeno K, Takakura H, Hori E, Tabuchi E, Nagashima Y, et al.
Autonomic responses during inhalation of natural fragrance of cedrol in
humans. Auton Neurosci Basic Clin. 2003;108(1-2):79-86.

Campbell L. Traditional herbal plants and their phytoconstituents

based remedies for respiratory diseases: A review. Open Respir Med J.
2025;19:2187430643410009.

Srivastava A, Subhashini, Pandey V, Yadav V, Singh S, Srivastava R. Potential
of hydroethanolic leaf extract of ocimum sanctum in ameliorating redox
status and lung injury in COPD: an in vivo and in silico study. Sci Rep.
2023;13(1):1131.

Kim SS, Baik JS, Oh TH, Yoon WJ, Lee NH, Hyun CG. Biological activities of
Korean citrus obovoides and citrus natsudaidai essential oils against acne-
inducing bacteria. Biosci Biotechnol Biochem. 2008;72(10):2507-13.
Orchard A, van Vuuren S. Commercial essential oils as potential antimi-
crobials to treat skin diseases. Evid Based Complement Alternat Med.
2017,2017(1):4517971.

Andji¢ M, Bozin B, Dragini¢ N, Kocovic¢ A, Jeremic¢ JN, Tomovi¢ M, et al.
Formulation and evaluation of helichrysum italicum essential oil-based
topical formulations for wound healing in diabetic rats. Pharmaceuticals.
2021;14(8):813.

Serra D, Cruciani S, Garroni G, Sarais G, Kavak FF, Satta R, et al. Effect of
helichrysum italicum in promoting collagen deposition and skin regen-
eration in a new dynamic model of skin wound healing. Int J Mol Sci.
2024,25(9):4736.

Jiang Q Wu et al. Yeming, Zhang, Hui, Liu, Pei, Yao, Junhong, Yao, Pei-

jun,. Development of essential oils as skin permeation enhancers:
penetration enhancement effect and mechanism of action. Pharm Biol.
2017,55(1):1592-600.

Bertuzzi G, Tirillini B, Angelini P, Venanzoni R. Antioxidative action of citrus
limonum essential oil on skin. Eur J Med Plants. 2012;3(1): 1-9.

192.

193.

194.

195.

198.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211,

212,

213.

214.

215,

216.

217.

218.

Page 29 of 30

Pal RS, Pal Y, Saraswat N, Wal P, Wal A. Current Review on Herbs for Derma
Care. https://opendermatologyjournal.com/VOLUME/13/PAGE/41/. Accessed
27 June 2025.

Vollono L, Falconi M, Gaziano R, lacovelli F, Dika E, Terracciano C, et al. Poten-
tial of curcumin in skin disorders. Nutrients. 2019;11(9):2169.
Lizarraga-Valderrama LR. Effects of essential oils on central nervous system:
focus on mental health. Phytother Res. 2021;35(2):657-79.

Han X, Gibson J, Eggett DL, Parker TL. Bergamot (Citrus bergamia) essential oil
inhalation improves positive feelings in the waiting room of a mental health
treatment center: a pilot study. Phytother Res. 2017;31(5):812-6.

. Rombola L, Corasaniti MT, Rotiroti D, Tassorelli C, Sakurada S, Bagetta G, et al.

Effects of systemic administration of the essential oil of Bergamot (BEO) on
gross behaviour and EEG power spectra recorded from the rat hippocampus
and cerebral cortex. Funct Neurol. 2009;24(2):107-12.

. KimY, Choi Y, Kim H. Positive effects on emotional stress and sleep quality of

forest healing program for exhausted medical workers during the COVID-19
outbreak. Int J Environ Res Public Health. 2022;19(5):3130.

Mao GX, Cao YB, Lan XG, He ZH, Chen ZM, Wang YZ, et al. Therapeutic

effect of forest bathing on human hypertension in the elderly. J Cardiol.
2012,60(6):495-502.

. Shin WS, Shin, Chang Seob, Yeoun, Poung Sik, and, Kim JJ. The influ-

ence of interaction with forest on cognitive function. Scand J For Res.
2011;26(6):595-8.

Sarris J. Herbal medicines in the treatment of psychiatric disorders: 10-year
updated review. Phytother Res. 2018;32(7):1147-62.

White PT, Subramanian C, Motiwala HF, Cohen MS. Natural Withanolides in
the Treatment of Chronic Diseases. In: Gupta SC, Prasad S, Aggarwal BB, edi-
tors. Anti-inflammatory Nutraceuticals and Chronic Diseases [Internet]. Cham:
Springer International Publishing; 2016 [cited 2025 June 271. pp. 329-73.
Available from: https://doi.org/10.1007/978-3-319-41334-1_14

Posadzki P, Alotaibi A, Ernst E. Adverse effects of aromatherapy: a systematic
review of case reports and case series. Int J Risk Saf Med. 2012;24(3):147-61.
Woolf A. Essential oil poisoning. J Toxicol Clin Toxicol. 1999;37(6):721-7.
Jiang C,Wang X, Li X, Inlora J, Wang T, Liu Q, et al. Dynamic human envi-
ronmental exposome revealed by longitudinal personal monitoring. Cell.
2018;175(1):277-291.e31.

Wan M, Simonin EM, Johnson MM, Zhang X, Lin X, Gao P, et al. Exposomics:

a review of methodologies, applications, and future directions in molecular
medicine. EMBO Mol Med. 2025;17(4):599-608.

Maitre L, Bustamante M, Hernandez-Ferrer C, Thiel D, Lau CHE, Siskos AP, et
al. Multi-omics signatures of the human early life exposome. Nat Commun.
2022;13(1):7024.

Wagner H, Ulrich-Merzenich G. Synergy research: approaching a new genera-
tion of phytopharmaceuticals. Phytomedicine. 2009;16(2):97-110.

Xu J, Yang Y. Traditional Chinese medicine in the Chinese health care system.
Health Policy. 2009;90(2-3):133-9.

Blumenthal M, Busse WR, Goldberg A, Gruenwald J, Hall T, Riggins CW, et al.
The complete German commission E monographs: therapeutic guide to
herbal Medicines. Austin, Texas and Boston. Massachusetts: American Botani-
cal Council and Integrative Medicine Communications; 1998. p. 685.

James P, Banay RF, Hart JE, Laden F. A Review of the Health Benefits of Green-
ness. Curr Epidemiol Rep. 2015 June 1,2(2):131-42.

Kondo MC, Fluehr JM, McKeon T, Branas CC. Urban green space and its
impact on human health. Int J Environ Res Public Health. 2018;15(3):445.
Markevych I, Schoierer J, Hartig T, Chudnovsky A, Hystad P, Dzhambov AM, et
al. Exploring pathways linking greenspace to health: theoretical and method-
ological guidance. Environ Res. 2017;158:301-17.

Sears CG, Riggs DW, Keith RJ, Sithu |, Yeager R, Srivastava S et al. The Effects of
Neighborhood Greening on Inflammation in The Green Heart Project. ISEE
Conf Abstr. 2024;2024(1). https://ehp.niehs.nih.gov/doi/https://doi.org/10.12
89/isee.2024.1426. Accessed 16 June 2025.

Bhatnagar A, Keith R, Yeager R, Riggs D, Sears C, Bucknum B et al. The green
heart project: Objectives, Design, and methods. Am J Epidemiol. 2024 Dec
16;kwae458. Epub ahead of print. https://doi.org/10.1093/aje/kwae458.
Subbiah V. The next generation of evidence-based medicine. Nat Med.
2023;29(1):49-58.

Bhatt DL, Mehta C. Adaptive designs for clinical trials. N Engl J Med.
2016;375(1):65-74. https://doi.org/10.1056/NEJMra1510061.

Herbal Medicines Compendium [Internet]. [cited 2025 Sept 18]. Herbal
Medicines Compendium. Available from: https://hmc.usp.org/

European Directorate for the Quality of Medicines. & HealthCare [Internet].
[cited 2025 Sept 18]. European Pharmacopoeia — New online-only 12th


https://doi.org/10.1002/cbdv.201600407
https://doi.org/10.1002/cbdv.201600407
https://www.frontiersin.org/journals/pharmacology/articles/
https://www.frontiersin.org/journals/pharmacology/articles/
https://doi.org/10.3389/fphar.2020.00422/full
https://opendermatologyjournal.com/VOLUME/13/PAGE/41/
https://doi.org/10.1007/978-3-319-41334-1_14
https://ehp.niehs.nih.gov/doi/
https://doi.org/10.1289/isee.2024.1426
https://doi.org/10.1289/isee.2024.1426
https://doi.org/10.1093/aje/kwae458
https://doi.org/10.1056/NEJMra1510061
https://hmc.usp.org/

Kim et al. Human Genomics

219.

220.

221.

222.

223.

224.

225.

226.

(2026) 20:36

Edition - European Directorate for the Quality of Medicines & HealthCare -
EDQM. Available from: https.//www.edgm.eu/en/european-pharmacopoei
a-new-online-only-12th-edition

1SO [Internet]. [cited 2025 Sept 18].1SO - International Organization for Stan-
dardization. Available from: https://www.iso.org/home.html

Kim S, Chen J, Cheng T, Gindulyte A, He J, He S, et al. PubChem in 2021:

new data content and improved web interfaces. Nucleic Acids Res.
2021;49(D1):D1388-95.

PubChem. PubChem. https://pubchem.ncbi.nim.nih.gov/. Accessed 18 Sept
2025.

Sud M, Fahy E, Cotter D, Azam K, Vadivelu |, Burant C, et al. Metabolomics
workbench: an international repository for metabolomics data and metadata,
metabolite standards, protocols, tutorials and training, and analysis tools.
Nucleic Acids Res. 2016;44(D1):D463-70.

Metabolomics W. Home [Internet]. [cited 2025 Sept 18]. Available from: https:
//www.metabolomicsworkbench.org/

Wang M, Carver JJ, Phelan WV, Sanchez LM, Garg N, Peng Y, et al. Sharing and
community curation of mass spectrometry data with global natural products
social molecular networking. Nat Biotechnol. 2016;34(8):828-37.

Analyze GNPS-, Connect. and Network with your Mass Spectrometry Data. h
ttps://gnps.ucsd.edu/ProteoSAFe/static/gnps-splash.jsp. Accessed 18 Sept
2025.

United Nations. Transforming our world: the 2030 Agenda for Sustainable
Development | Department of Economic and Social Affairs [Internet]. 2015
[cited 2025 June 16]. Available from: https://sdgs.un.org/2030agenda

227.

228.

229.

230.

231.

232.

Page 30 of 30

Shanahan DF, Astell-Burt T, Barber EA, Brymer E, Cox DTC, Dean J et al.
Nature-Based interventions for improving health and wellbeing: the Pur-
pose, the people and the outcomes. Sports 2019;7(6):141.

Pant P, Pandey S, Dall’Acqua S. The influence of environmental conditions on
secondary metabolites in medicinal plants: a literature review. Chem Biodiv-
ers. 2021:18(11):22100345.

Zandalinas SI, Mittler R, Balfagdn D, Arbona V, Gomez-Cadenas A. Plant adap-
tations to the combination of drought and high temperatures. Physiol Plant.
2018;162(1):2-12.

Peruelas J, Staudt M. Bvocs and global change. Trends Plant Sci.
2010;15(3):133-44.

Whitmee S, Haines A, Beyrer C, Boltz F, Capon AG, de Dias BF. Safeguard-

ing human health in the anthropocene epoch: report of the rock-

efeller Foundation-Lancet commission on planetary health. Lancet.
2015;386(10007):1973-2028.

Knight T, Price S, Bowler D, Hookway A, King S, Konno K et al. How effective is
‘greening’of urban areas in reducing human exposure to ground-level ozone
concentrations, UV exposure and the ‘urban heat island effect”? An updated
systematic review. Environ Evid. 2021;10(1):12.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://www.edqm.eu/en/european-pharmacopoeia-new-online-only-12th-edition
https://www.edqm.eu/en/european-pharmacopoeia-new-online-only-12th-edition
https://www.iso.org/home.html
https://pubchem.ncbi.nlm.nih.gov/
https://www.metabolomicsworkbench.org/
https://www.metabolomicsworkbench.org/
https://gnps.ucsd.edu/ProteoSAFe/static/gnps-splash.jsp
https://gnps.ucsd.edu/ProteoSAFe/static/gnps-splash.jsp
https://sdgs.un.org/2030agenda

	﻿Harnessing phytochemicals for engineering health solutions
	﻿Abstract
	﻿Background
	﻿Traditional uses of plant compounds
	﻿Historical context
	﻿Transition to modern science and regulation
	﻿Contemporary integration and global trends
	﻿Challenges and opportunities

	﻿Bioactive phytochemicals: classes and characterization
	﻿Phytoncides and other major phytochemical classes
	﻿Sampling, extraction, and characterization of phytochemicals

	﻿Genome–exposome interactions of plant-derived compounds
	﻿The exposome framework
	﻿Omics approaches

	﻿Influence of plants on human health
	﻿Immune system
	﻿Traditional applications


	﻿Neurological system
	﻿Cognitive function



