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ABSTRACT

Natural-product pharmacology has conventionally inferred activity from averaged biochemical, cellular, tissue,
or organism-level measurements. These approaches remain indispensable, but averaging can obscure which
cellular states respond, which remain refractory, where pharmacologically relevant species accumulate, and
whether apparent pathway normalization reflects direct action or changing cellular composition. Single-cell and
spatial technologies create a complementary analytical layer by resolving treatment-associated states, intercellular
relationships, tissue neighborhoods, and local molecular distributions. This state-of-the-art review examines how
these technologies are entering natural-product research, with particular attention to heterogeneous response, cell-
state selectivity, tissue context, and the evidential steps required for stronger mechanistic interpretation. Current
applications span defined phytochemicals, complex herbal interventions, perturbational transcriptomics, spatial
transcriptomics, and spatial metabolomics. Collectively, the literature shows that cell-resolved measurements can
reveal pharmacological responses concealed by bulk assays and can prioritize cellular compartments or
interactions for subsequent validation. However, cell-state association does not itself establish causal mechanism,
formula-level effects cannot automatically be assigned to individual constituents, and spatial colocalization does
not prove target engagement. We therefore propose an evidence-bounded interpretation architecture in which
cellular response, local exposure, pathway perturbation, and orthogonal mechanistic validation remain distinct
until experimentally connected. The near-term opportunity is not simply to add single-cell or spatial assays to
natural-product studies, but to design perturbation experiments in which chemical identity, dose, time, cellular
state, tissue location, and validation are jointly interpretable.
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Introduction

Natural products occupy an unusual position in contemporary pharmacology. Their chemical diversity provides
valuable starting points for drug discovery, yet their biological effects are frequently studied through assays that
compress multicellular systems into one concentration, one pathway score, or one average transcriptional
response. Single-cell RNA sequencing (scRNA-seq) has expanded drug discovery by allowing target biology,
pharmacological response, resistance, and biomarker hypotheses to be examined at the level of heterogeneous
cellular populations rather than only bulk samples [1]. This distinction is especially important when a treatment
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changes the abundance of a cell population while simultaneously changing transcription within that population:
the same bulk signal can arise from biologically different processes.

Natural-product research is beginning to exploit this resolution. Recent synthesis of traditional Chinese medicine
studies documents increasing use of scRNA-seq to interrogate cell-type-specific responses, disease-associated
subpopulations, immune remodeling, and candidate mechanisms after treatment with herbal medicines or their
constituents [2]. The technological premise is broader than descriptive cell atlasing. Perturbational platforms such
as sci-Plex demonstrated that large numbers of chemical perturbations can be multiplexed and read
transcriptionally at single-cell resolution, making heterogeneous chemical response itself an experimentally
tractable object [3].

Spatial information adds a second missing coordinate. Integrating single-cell and spatial transcriptomics can
distinguish cellular identity from tissue position and relate inferred cellular states to neighboring populations and
local microenvironments [4]. For natural-product pharmacology, the conceptual opportunity is therefore not
merely higher-dimensional profiling. It is a shift from asking whether a compound, extract, or formula changes a
tissue-average endpoint toward asking which cells change, in what state, at what location, after what exposure,
and with what evidence that the observed state participates in the pharmacological mechanism. This review
evaluates that shift while maintaining a strict distinction between response localization, mechanistic nomination,
causal validation, and translational inference.

What bulk natural-product pharmacology cannot resolve

Bulk measurements remain appropriate when the relevant biological unit is genuinely homogeneous or when the
objective is an integrated tissue-level endpoint. Their limitation appears when pharmacological response is
distributed unevenly across cell types or states. Contemporary single-cell and spatial analyses of drug response
and resistance show that treatment-sensitive, adaptive, resistant, stromal, and immune programs can coexist within
the same specimen, meaning that a tissue-average expression change can conceal both responding and
nonresponding compartments [5]. A bulk decrease in an inflammatory transcript, for example, cannot by itself
distinguish transcriptional suppression within macrophages from depletion, redistribution, or phenotypic
replacement of the macrophage population.

Natural-product experiments already illustrate this problem. In diabetic nephropathy, rosmarinic-acid treatment
was examined by scRNA-seq alongside additional molecular measurements, revealing nonuniform responses
across renal epithelial and immune populations, including proximal tubular, podocyte, macrophage, and natural-
killer-cell compartments [6]. The value of the single-cell layer is not that every differential gene becomes
mechanistic evidence; rather, it identifies where a whole-kidney treatment effect is concentrated and which
cellular hypotheses warrant orthogonal testing.

Three-dimensional organization introduces another source of hidden variation. Spatially engineered spheroid
experiments have shown that cells occupying different positions can exhibit different transcriptomic responses to
the same drug exposure, plausibly reflecting gradients in penetration, metabolism, nutrients, oxygenation, or stress
[7]. Although this example is not natural-product-specific, the experimental principle is directly relevant to
compounds whose solubility, binding, metabolism, or tissue access may be heterogeneous.

Finally, apparent cellular heterogeneity can itself be technically produced. Cell recovery, ambient RNA, doublets,
normalization, batch structure, and integration choices can change the observed single-cell landscape [8]. Thus,
replacing a bulk assay with sScRNA-seq does not remove uncertainty; it redistributes uncertainty from averaging
toward sampling, measurement, annotation, and inference. The appropriate comparison is therefore not “bulk
versus single cell” as competing technologies, but whether the biological question requires information that
averaging necessarily discards.

Single-cell technologies entering the field

The most direct entry point is treatment-linked sScCRNA-seq in which the administered intervention and sampled
biological system are experimentally connected. In sepsis-induced acute lung injury, a study of Yantiao Formula
combined chemical characterization with sScCRNA-seq and experimental validation, using cell-resolved data to
examine changes in the pulmonary immune environment and macrophage polarization [9]. Such designs can
localize formula-associated responses, but constituent—target attribution remains a separate problem: predicted or
docked formula constituents do not become validated causal ligands merely because their candidate pathways
overlap a responding cell state.

132



Dupuis et al., Single-Cell and Spatial Technologies Enter Natural-Product Pharmacology: A State-of-the-Art Review of
Heterogeneous Response, Cell-State Selectivity, and Mechanistic Resolution

Defined natural products permit tighter attribution. Syringin has been investigated in experimental rheumatoid
arthritis using single-cell analysis to resolve macrophage—fibroblast-like-synoviocyte interactions in the treated
inflammatory environment [10]. Cryptotanshinone studies likewise illustrate how scRNA-derived immune-state
information can be combined with experimental pharmacology to investigate treatment-associated remodeling
rather than relying only on bulk inflammatory markers [11]. These studies shift the evidential unit from “the tissue
responded” to “specific cellular compartments and communication programs changed after a defined
intervention.”

The strongest mechanistic use of single-cell data occurs when the technology is embedded inside a larger
validation chain. Dihydrotanshinone | was studied using biochemical target-engagement approaches,
metabolomics, co-culture experiments, and sScCRNA-seq, allowing cell-resolved tumor-microenvironment changes
to be interpreted alongside independent evidence concerning PHGDH inhibition and serine metabolism [12].
Similarly, multi-omic investigation of tubeimoside Il combined single-cell analysis with other molecular
measurements while examining its interaction with anti-PD-1 treatment [13]. Neither design implies that SCRNA-
seq alone proves mechanism; rather, single-cell data become more informative when molecular perturbation, cell-
state change, and functional outcome can be triangulated.

The resulting evidence configurations differ sufficiently that they should not be treated as interchangeable. Table
1 summarizes what each configuration can legitimately resolve and where its mechanistic interpretation should
stop.

Table 1. Evidence configurations emerging from single-cell natural-product pharmacology
Primary information L. Principal interpretation
v Mechanistic value P P
gained boundary
Cell-type and state- Differential expression alone
specific treatment does not identify the causal

Evidence configuration

Defined compound + Localizes responsive

ScCRNA-seq compartments
response target
. Resolves responder .
Formula/extract + Multicellular response to a o ulationsand Effects cannot automatically be
SCRNA-seq complex intervention hop assigned to one constituent

communication changes

Concordance still requires
perturbational testing of the
proposed link

Cell-state change linked to
independent biochemical
evidence
Response distributions

Single-cell + orthogonal
molecular assays

Supports mechanistic
triangulation

Multiplex chemical Reveals heterogeneous Transcriptomic similarity is not
. across compounds, doses, . . .
perturbation perturbation structure functional equivalence
or states
Re-analysis/target Candidate vulnerable Generates prioritization Prediction or colocalization is
nomination states or pathways hypotheses not pharmacological validation

Note: The categories synthesize distinct evidential roles represented in the reviewed literature. They are analytical groupings, not validated
evidence grades.

Spatial technologies and tissue context

Single-cell dissociation resolves cellular identity at the cost of much native positional information. Spatial
technologies address a complementary question: whether treatment-associated cells, transcripts, proteins,
metabolites, or chemical species occupy biologically meaningful tissue locations. Current spatial multi-omics
methods differ in molecular coverage, resolution, tissue compatibility, and whether cellular identity is measured
directly or computationally inferred [14]. For pharmacology, this means that “spatially resolved” is not a single
evidential category; the relevant resolution must match the proposed biological claim.

Natural-product research offers an instructive example through spatial metabolomics. In a zebrafish model,
wedelolactone and demethylwedelolactone were examined using mass-spectrometry imaging integrated with liver
transcriptomics, enabling investigators to map distributions of parent compounds and metabolites while relating
treatment to endogenous metabolic changes [15]. This contributes a pharmacologically important layer that
transcriptomics alone cannot supply: where chemical species are detected. Yet the transcriptomic component was
liver-level rather than single-cell-resolved, so spatial chemical localization should not be misrepresented as proof
that a particular cell type experienced a defined intracellular exposure.

Spatial transcriptomics can instead locate multicellular mechanisms. In thyroid cancer, spatial transcriptomic
analysis contributed to identifying a cancer-associated-fibroblast program linked to tumor dedifferentiation;
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subsequent co-culture and functional work examined the proposed metabolic interaction and resveratrol as an
intervention [16]. Here, spatial evidence gains mechanistic value because tissue localization is connected to
experiments that interrogate the proposed interaction, although clinical transfer remains unresolved.

A different use is discovery rather than post-treatment mechanism. Single-cell and spatial profiling of
inflammatory breast cancer identified heterogeneous immune and tumor compartments and was followed by
screening of a natural-product collection, nominating sanguinarine and a-mangostin as candidate
immunomodulatory agents [17]. Such work illustrates a reverse direction of inference: spatial biology defines a
vulnerability, after which natural products are screened against it. The nominated compounds still require
exposure, target-engagement, and context-specific validation.

Likewise, studies combining single-cell and spatial target mapping with virtual screening can connect tissue-
contextualized target hypotheses to natural-product chemical space [18]. Their evidential endpoint is candidate
prioritization rather than demonstrated pharmacology. The distinction matters because spatial proximity, target
expression, chemical docking, and treatment response occupy different layers of evidence.

Figure 1 integrates the review’s proposed interpretation architecture: cell-state and spatial resolution reduce
specific ambiguities of bulk pharmacology, but stronger natural-product mechanism claims require explicit
passage through exposure and validation boundaries rather than simple accumulation of omics layers.

Near-term validation frontier
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Figure 1. From averaged activity to cell-state- and location-qualified natural-product pharmacology

Cell-state selectivity and heterogeneous drug response

Cell-state selectivity is more specific than cell-type selectivity. Two cells assigned to the same lineage can occupy
transcriptionally, metabolic, proliferative, stressed, differentiated, or treatment-adapted states that differ in
pharmacological susceptibility. This distinction is increasingly consequential for drug-response modeling.
PERCEPTION demonstrated that single-cell tumor transcriptomes can be used to model treatment response and
resistance while explicitly retaining intratumoral cellular heterogeneity [19]. Cellular adaptation under treatment
can also progress along structured continua rather than dividing cleanly into sensitive and resistant populations
[20]. These observations argue against interpreting a natural product as having one invariant “effect on
macrophages,” “effect on epithelial cells,” or “effect on cancer cells”; the relevant unit may instead be a particular
state within that lineage.

This review therefore proposes four analytically distinct forms of cell-state selectivity: response enrichment, in
which a pre-existing state responds more strongly than neighboring states; state displacement, in which treatment
changes the abundance of a state; state transition, in which cells move along an adaptive or differentiation
trajectory; and state persistence, in which a subpopulation remains comparatively refractory. These categories are
interpretations to be tested, not properties that can be inferred solely from cluster-wise differential expression.
Computational models add another qualification: benchmarking of single-cell drug-response models shows
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substantial dependence on dataset, task, representation, and evaluation design, so model-derived sensitivity should
not be treated as an experimentally established cellular phenotype [21].

Natural-product experiments illustrate why these distinctions matter. Single-cell analysis of the multicomponent
natural product Shi-Bi-Man localized treatment-associated changes to hair-follicle stem and dermal-papilla-cell
compartments and implicated altered intercellular signaling [22]. Yet a change in population size, pathway
activity, or inferred communication can have several explanations, including selective survival, proliferation,
differentiation, migration, or transcriptional reprogramming. Resolving heterogeneous natural-product response
therefore requires both a cellular denominator and a mechanistic comparator: which state existed before treatment,
what became of it after treatment, and whether the inferred transition survives independent experimental
interrogation.

Table 2 compares the principal technologies by the pharmacological question they can answer and, equally
importantly, by the inference they cannot establish on their own.

Table 2. Analytical capabilities and interpretation boundaries of cell-resolved technologies in natural-product
pharmacology

Pharmacological

Technology or analysis . . Particularly useful for Interpretation boundar
9y y information resolved y P y
SCRNA-se Cell identities and Locating heterogeneous Expression change is not
q transcriptional states treatment responses target engagement
Multiplex Compound-, dose-, or . Transcriptomic similarity
. L Comparing response . .
perturbational sScRNA- condition-linked state S . is not pharmacological
distributions and adaptation .
seq responses equivalence
. . . Transcript-defined states Mapping neighborhoods and Spatial association is not
Spatial transcriptomics - o . . .
with tissue position spatial response programs causal interaction
Spatial metabolomics / Local parent, metabolite, or Detection does not identify

Relating chemical exposure

mass-spectrometry endogenous molecular . . intracellular target or
. - S to tissue regions .
imaging distributions responding cell
. . s Connecting heterogeneity, Computational integration
Integrated single-cell- Cell states interpreted within . g g y . p . 9 L
. . . . neighborhood, and treatment inherits modality-specific
spatial analysis tissue architecture .
response uncertainty

Note: The distinctions are an analytical synthesis proposed for interpretation; they are not a validated ranking of technologies.

Mechanistic opportunities created by cell-resolved analysis

The principal mechanistic opportunity is localization of the causal question. Instead of testing whether an
intervention changes an entire tissue, investigators can nominate a responsive cell state, its interacting partners,
and a restricted pathway for subsequent perturbation. Single-cell spatial multi-omics has demonstrated that
treatment resistance can be associated with multicellular microenvironmental configurations rather than only
tumor-cell-intrinsic programs [23]. Such evidence narrows where mechanism should be sought, but the spatially
associated state remains a candidate mediator until it is experimentally perturbed.

Perturbational single-cell methods offer a second advance because chemical treatment becomes part of the
experimental design rather than a retrospective label. Multiplex chemical-genomics approaches can resolve
heterogeneous cellular responses to targeted perturbations and identify state-dependent pathway dependencies
[24]. Genome-scale Perturb-seq extends the same logic to genetic perturbation, providing a route for testing
whether genes or regulatory programs nominated from natural-product response maps are functionally necessary
for a phenotype [25]. In a natural-product workflow, these methods are most valuable after a compound-associated
cellular state has been observed: genetic perturbation can distinguish a pathway that merely changes alongside
treatment from one that modifies the response.

Spatial response modeling adds a third layer. SpaRx was developed to infer spatial heterogeneity of drug response
from spatial and single-cell transcriptomic information [26]. The relevant opportunity for natural-product
pharmacology is not to convert such predictions directly into efficacy claims, but to use them to prioritize tissue
regions or cellular neighborhoods for measurement and validation. This is particularly important when local
exposure may differ from nominal dose.

The proposed mechanistic chain is therefore deliberately discontinuous: chemical intervention — observed
cellular response — nominated state/pathway — independent perturbation or target-engagement evidence —

135



Dupuis et al., Single-Cell and Spatial Technologies Enter Natural-Product Pharmacology: A State-of-the-Art Review of
Heterogeneous Response, Cell-State Selectivity, and Mechanistic Resolution

functional consequence. No single omics layer spans that chain automatically. Ligand-receptor inference can
prioritize intercellular communication; trajectory analysis can nominate transitions; spatial analysis can nominate
neighborhoods; and metabolite imaging can qualify local exposure. Their mechanistic value increases when these
independent measurements address competing explanations rather than simply reproduce the same association in
different feature spaces.

Current applications in natural-product research

Natural-product research entered the cell-resolved domain before the present surge in transcriptomic studies.
High-resolution phenotypic profiling demonstrated that natural products can generate heterogeneous single-cell
phenotypes that are obscured by population averages, establishing an early experimental precedent for treating
within-sample variation as pharmacological information [27]. More recent reviews of traditional Chinese
medicine and single-cell omics document a widening application space that includes immune remodeling, disease-
associated cellular subpopulations, intercellular communication, target nomination, and treatment-response
characterization [28]. A complementary synthesis emphasizes that single-cell measurements are increasingly
being combined with transcriptomic, metabolomic, network, and pharmacological evidence rather than used as
isolated descriptive atlases [29].

The field nevertheless remains heterogeneous in evidential maturity. Some studies administer a chemically
defined phytochemical and profile the responding tissue; others investigate an extract or formula whose
pharmacologically active species remain only partly resolved. Still others begin with a disease atlas and
subsequently search natural-product space for compounds predicted or experimentally screened to perturb a
selected state. These designs answer different questions. The broader natural-product discovery literature already
emphasizes that chemical identification, biological activity, mechanism, and translational development are
separate stages of evidence [30]; single-cell and spatial technologies increase resolution within those stages but
do not erase the distinctions between them.

Table 3 organizes the current application landscape according to what has been achieved and which evidential
link most commonly remains open.

Table 3. Evidence synthesis and unresolved links in current cell-resolved natural-product applications
Evidence that can be Characteristic unresolved

Application pattern Principal contribution .
PP P P strengthened link
Defined phytochemical Locates compound- Orthogonal biochemical Responsive state — causal
treatment associated responder states or genetic validation molecular target
Resolves multicellular
Formula or extract L Exposure-resolved Formula response —
response to the administered . . . - .
treatment - constituent analysis responsible chemical species
material
Disease atlas followed by Prioritizes state-specific Prospective Target/state nomination —
natural-product screening candidate interventions perturbational testing demonstrated pharmacology
. . . Qualifies regional exposure Co-registered cell-state Chemical localization —
Spatial chemical mapping . .
and metabolism measurements intracellular response

Triangulates cellular,
molecular, and functional
evidence

Multimodal mechanistic
study

Independent replication Concordant association —
and perturbation causal mechanism

Note: “Unresolved link” denotes the next evidential connection required; it does not imply that every study must use every modality.

The evidence accumulated across these applications supports a second synthesis complementary to Figure 1.
Rather than organizing technologies by modality, Figure 2 maps natural-product studies by the evidential distance
between an administered material and a mechanistically qualified cell-state response.
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Figure 2. Evidence maturation from administered natural product to mechanistically qualified cell-state
response

Technical and interpretive barriers

Greater biological resolution also creates additional routes to error. Tissue dissociation can induce transcriptional
programs and alter the apparent representation of cellular subpopulations [31]. Storage, dissociation strategy, and
the choice between single-cell and single-nucleus workflows can likewise introduce systematic differences in
recovered cell composition and gene expression [32]. Consequently, a treatment-associated “missing” state can
reflect biological depletion, poor recovery, or sample handling, while an induced stress program can be mistaken
for pharmacological reprogramming. These risks are especially important when treated and control tissues differ
in fragility, fibrosis, necrosis, or extracellular-matrix composition.

Multimodal integration does not eliminate these limitations. Single-cell multi-omics platforms differ in molecular
coverage, capture efficiency, throughput, and compatibility with native tissue architecture [33]. Computational
integration can align datasets and improve shared-state representation, but it necessarily depends on assumptions
about correspondence among modalities and samples; modern dictionary-learning approaches expand scalable
integration without making biological equivalence automatic [34]. Batch correction that forces two conditions
into a common representation can also suppress real treatment biology if nuisance variation and pharmacological
signal are confounded.

Natural-product studies add two domain-specific complications. First, chemical exposure must remain explicit.
Nominal administration of an extract, formula, or poorly characterized preparation does not identify which
constituent, metabolite, or transformed species reached the responding cell. Second, time is part of cell state: early
stress, adaptive signaling, cell death, repopulation, and tissue repair may occupy different trajectories. A single
terminal sampling point can therefore make sequential processes appear simultaneous.

Interpretive errors frequently arise after analysis rather than during measurement. Cluster labels can be treated as
fixed biological entities; ligand—receptor predictions can be written as demonstrated communication; enriched
pathways can be called mechanisms; and pseudoreplicated cells can be mistaken for independent biological
specimens. Spatial spots may contain multiple cells, while computational deconvolution introduces model
dependence. These issues do not invalidate single-cell or spatial pharmacology. They define the evidential
discipline required to prevent increased measurement resolution from becoming increased interpretive confidence
without corresponding validation.

Near-term research frontiers
The near-term frontier is perturbation-first cell-resolved pharmacology. Multiplex pharmacotranscriptomic
pipelines now permit many drug conditions to be linked directly to single-cell transcriptional responses, creating
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a practical route to comparing doses, combinations, and heterogeneous state transitions within one experimental
architecture [35]. The Dini and colleagues platform, for example, couples multiplex drug screening to single-cell
RNA sequencing rather than profiling one treatment condition as an isolated endpoint. Natural-product studies
could use this design principle to distinguish reproducible state-selective effects from terminal snapshots, provided
compound identity and exposure are controlled.

A second frontier is computational transfer across increasingly large cell-state spaces. Foundation and transfer-
learning approaches can learn biological representations that generalize across some perturbations or cellular
contexts, but predictive transfer remains conditional on training coverage and task definition [36]. For natural
products, chemical-space novelty adds another source of distribution shift. Models trained predominantly on
conventional synthetic compounds or a narrow set of cancer drugs should therefore not be presumed to transfer
to structurally diverse natural products, metabolites, or complex botanical exposures without explicit
benchmarking.

Third, cell-resolved pharmacology must be connected to multiscale pharmacological measurement. Contemporary
multiscale modeling emphasizes that adding biological detail is useful only when parameters, interfaces,
calibration targets, and validation data remain identifiable [37]. A spatial cell state without local exposure
information can explain where a response occurs but not necessarily why; conversely, tissue drug localization
without cellular response can establish distribution without pharmacodynamic attribution.

Finally, single-cell chemical genomics is expanding from descriptive profiling toward experimentally testable
response maps [38]. We propose that natural-product studies prioritize designs that jointly record verified
intervention identity, biologically replicated dose—time perturbation, baseline cellular state, post-treatment state,
relevant local exposure where measurable, and an independent test of the nominated mechanism. This is not
proposed as a mandatory assay checklist. It is an evidence architecture: each added layer should eliminate a
specific competing explanation. The strongest future studies will therefore be those in which single-cell and spatial
technologies are chosen because they resolve a defined pharmacological ambiguity, not simply because they
increase dimensionality.

Conclusion

Single-cell and spatial technologies change the unit of observation in natural-product pharmacology. A response
that once appeared as one tissue-average change can now be decomposed into responding and persistent states,
altered population structure, spatial neighborhoods, intercellular relationships, and regionally distributed chemical
species. This resolution is particularly valuable for natural products because biological heterogeneity intersects
with chemical complexity, metabolism, tissue access, and, for extracts and formulas, uncertain attribution of
activity to individual constituents.

The central contribution of this review is an evidence-bounded interpretation architecture in which cellular
response, spatial context, chemical exposure, mechanistic nomination, and causal validation remain separate until
experimentally connected. Cell-resolved data can identify where an effect occurs and which states warrant testing;
spatial measurements can qualify where those states and chemical species occur; perturbational and biochemical
experiments can then determine whether nominated pathways or targets participate in the response. None of these
layers substitutes automatically for the others.

Accordingly, the important transition is not from “bulk” to “single cell” as a simple technological upgrade. It is
from averaged pharmacology to state-, location-, exposure-, and validation-qualified inference. Current natural-
product applications demonstrate substantial analytical promise but uneven mechanistic maturity. The most
productive next phase will couple chemically rigorous intervention design with longitudinal or multiplex cell-
resolved perturbation, spatially relevant exposure measurement, orthogonal mechanism testing, and explicit
treatment of uncertainty. Under those conditions, single-cell and spatial technologies can sharpen natural-product
pharmacology without converting molecular resolution into unwarranted mechanistic certainty.
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