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This perspective article examines the integration of traditional phytotherapy into 
precision medicine for cardiovascular remodeling associated with cardiometa-
bolic syndrome (CMS). Herbal medicine, with its intrinsic multi-target action, 
aligns well with the complex network pathology of CMS. However, challenges 
remain in standardizing its use and elucidating its mechanisms. We argue that 
multi-omics biomarkers—spanning genomics, transcriptomics, proteomics, 
metabolomics, and microbiomics—are essential for systematically deciphering 
the systemic effects of herbal interventions. By identifying specific biomarker pro-
files that predict efficacy, stratify patients, and monitor treatment response, tradi-
tional herbal therapy can evolve from a holistic practice into an evidence-based, 
personalized approach. This strategy offers a rigorous, scientifically grounded 
pathway to individualized cardiovascular remodeling management, effectively 
bridging empirical wisdom with contemporary precision medicine.
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1 Introduction

1.1 Complex network of cardiometabolic remodeling

Cardiometabolic syndrome (CMS) is a cluster of interrelated metabolic risk factors, including 
central obesity, insulin resistance, hypertension, dyslipidemia, and hyperglycemia (1, 2). These 
components collectively drive cardiovascular structural and functional remodeling through inter-
twined mechanisms such as chronic low-grade inflammation, metabolic dysregulation, oxidative 
stress, and fibrosis, ultimately leading to heart failure and atherosclerosis (3–5). This syndrome 
represents a highly heterogeneous and dynamic pathological network, with significant variation 
in clinical presentation among individuals (2). Conventional single-target therapies, while effec-
tive, often address only one aspect of this complex network and may be insufficient to halt 
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systemic remodeling driven by multi-system dysfunction. Consequently, 
there is a pressing need for multi-targeted, personalized intervention 
strategies that can modulate the underlying network pathology (1, 2).

1.2 Phytotherapy: bridging tradition and 
precision medicine

Phytotherapy has a well-documented historical and empirical 
foundation in cardiovascular health management. Its contemporary 
relevance lies in its inherent “multi-component, multi-target, multi-
pathway” mode of action (6–8). Herbal formulations, comprising 
numerous bioactive compounds, can simultaneously influence key 
processes—including inflammation, metabolism, and fibrosis—
making them theoretically well-suited for intervening in the complex 
network of CMS (8). However, this very complexity presents a major 
scientific challenge: the mechanisms of action are difficult to elucidate, 
optimal patient populations are hard to define, and traditional empiri-
cal knowledge requires translation into rigorous, verifiable evidence 
(7–9). Addressing these gaps is essential for integrating phytotherapy 
into modern precision medicine.

1.3 Core argument and article roadmap

This perspective article posits that multi-omics biomarkers are 
pivotal for deciphering the systemic effects of herbal medicine and 
enabling its precise application in CMS-related remodeling. Multi-
omics approaches provide a comprehensive framework to map bio-
logical responses at genomic, transcriptomic, proteomic, metabolomic, 
and microbiomic levels (10, 11).

The perspective article will first examine how multi-omics strate-
gies can clarify the holistic mechanisms by which herbal medicines 
modulate the cardiometabolic remodeling network. It will then dis-
cuss how integrated multi-omics data can identify biomarker panels 
for predicting therapeutic response, assessing prognosis, and 

distinguishing disease subtypes to guide patient stratification. 
Finally, a translational pathway will be outlined to show how these 
insights can be developed into clinically actionable tools, thereby 
advancing phytotherapy from an empirical practice toward an evi-
dence-based, personalized component of precision medicine 
(Figure 1).

2 Multi-omics biomarkers: deciphering 
herbal medicine’s polypharmacology

2.1 Need for multi-omics integration

The complex pathological network of CMS cannot be adequately 
captured by traditional single-biomarker approaches, which measure 
isolated analytes such as specific cytokines or lipid fractions (12, 13). 
These conventional markers reflect only a limited snapshot of the dis-
ease process and are incapable of representing the network-wide, syn-
ergistic effects inherent to multi-target herbal interventions (13, 14). 
A systems-level understanding requires the integration of multi-
omics data.

This integrated approach connects biological information across 
complementary layers: genomics and epigenomics provide insight 
into genetic susceptibility and inter-individual variability (11, 15); 
transcriptomics and proteomics reveal dynamic changes in signaling 
pathways and cellular function; metabolomics captures the down-
stream phenotypic consequences in energy and lipid metabolism (10); 
and microbiomics, particularly of the gut microbiota, elucidates the 
role of the gut-heart axis in modulating systemic inflammation and 
metabolism (16). Together, these layers construct a multidimensional 
biological network map, enabling a holistic view of how herbal medi-
cines restore systemic homeostasis (15).

FIGURE 1

A biomarker-driven framework for precision phytotherapy in cardiometabolic syndrome.
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2.2 Uncovering herbal mechanisms with 
multi-omics networks

Multi-omics technologies are uniquely suited to delineate the 
polypharmacological mechanisms of herbal medicines (17). This 
approach is particularly essential in phytotherapy, as it moves 
beyond the single-nutrient focus of precision nutrition by analyzing 
the phytochemical matrices characteristic of herbal interventions 
(18). These complex matrices, composed of multiple diverse con-
stituents, exert biological effects through synergistic or additive 
interactions that cannot be fully attributed to individual com-
pounds (19). Consequently, multi-omics methodologies are 
required to enable a system-wide analysis of the coordinated molec-
ular responses these matrices elicit across interconnected path-
ways (20).

Importantly, the therapeutic relevance of such findings often 
lies not in pinpointing one dominant molecular target, but in 
uncovering co-regulated molecular modules shaped by the inte-
grated actions of phytochemical matrices (21). This coordinated, 
network-level modulation is frequently missed in reductionist 
experimental designs, which underscores why multi-omics integra-
tion is not just beneficial but essential for a mechanistic under-
standing of herbal interventions (22).

This integrative paradigm is illustrated across various physio-
logical domains. For instance, metabolomic studies of berberine 
(from Coptis chinensis) demonstrate its ability to normalize profiles 
associated with insulin resistance and hepatic steatosis, while tran-
scriptomic and proteomic analyses link these effects to the modula-
tion of AMPK and PPAR signaling pathways—illustrating a 
coordinated metabolic reprogramming (23, 24). Inflammation-
related pathways are similarly clarified through multi-omics. 
Proteomic and cytokine profiling of tanshinones (from Salvia milt-
iorrhiza) show concurrent suppression of NF-κB and NLRP3 
inflammasome activity, supporting a multi-target anti-inflamma-
tory mechanism (25, 26). For fibrotic remodeling, astragaloside IV 
(from Astragalus) has been shown via integrated transcriptomic and 
epigenomic analyses to downregulate TGF-β/Smad-driven gene 
expression while altering histone modifications, indicating both 
direct and epigenetic anti-fibrotic actions (27, 28).

Moreover, many herbs exert systemic effects via the gut-heart 
axis. Multi-omics studies combining microbiomics and metabolo-
mics reveal that certain herbal treatments can enrich butyrate-pro-
ducing bacteria, leading to increased circulating short-chain fatty 
acids that subsequently attenuate inflammation and improve endo-
thelial function (29–31). These examples demonstrate how multi-
omics mapping uncovers the pleiotropic, system-level activities of 
herbal medicine.

2.3 Biomarker signatures: bridging 
discovery and clinical use

The translation of multi-omics insights into clinical tools hinges on 
the identification of validated biomarker signatures—composite indica-
tors that reflect specific biological functions (32) (Table 1). In phyto-
therapy research, these signatures should be specifically viewed as 
functional outputs of multi-component botanical extracts, rather than as 
indicators of isolated compound activity (33). Integrated signatures-
combining metabolites, regulatory RNAs, and signaling proteins-are 
especially valuable for capturing network-level biological effects (34). 
This approach establishes a biologically meaningful link between com-
plex herbal formulations and their clinical outcomes (35). Accordingly, 
two primary and complementary types of biomarker signatures are 
essential for advancing precision phytotherapy.

First, pharmacodynamic biomarker signatures quantify the mod-
ulation of key pathological pathways. For an herb targeting inflamma-
tion-dominant CMS, a signature might consist of a panel of 
phosphorylated signaling proteins, selected microRNAs, and inflam-
mation-related metabolites (36, 37). Monitoring the dynamic changes 
in such an integrated signature provides an early and objective assess-
ment of both target engagement and the ensuing network-level bio-
logical response, directly reflecting the extract’s polypharmacology.

Second, predictive stratification signatures identify patient subtypes 
most likely to respond to specific herbal interventions (38). By integrat-
ing baseline multi-omics features—such as genetic variants, proteomic 
profiles, and gut microbial enterotypes—patients can be classified into 
etiological subtypes (e.g., “metabolic-dysregulation,” “chronic-inflam-
mation,” or “gut-dysbiosis” predominant) (39, 40). These subtypes can 
then guide the selection of herbs with complementary mechanisms, 
enabling a stratified, precision approach that moves beyond empirical 
prescription toward biomarker-informed herbal therapy (38, 39).

3 Toward precision phytotherapy: 
building a biomarker-driven clinical 
pathway

3.1 Patient stratification and personalized 
treatment protocols

The precise application of phytotherapy begins with stratifying 
CMS patients using objective biomarkers. Integrated multi-omics 
signatures—such as molecular profiles reflecting baseline metabolic 
dysregulation, chronic inflammation, or gut-heart axis 

TABLE 1  Types of multi-omics biomarker signatures and their roles in precision phytotherapy for CMS.

Biomarker signature type Multi-omics components Clinical purpose Example application

Pharmacodynamic signature Proteins, miRNAs, metabolites Assess target engagement Anti-inflammatory response 

monitoring

Predictive stratification signature Genomics, proteomics, microbiome Patient subtyping Inflammation-dominant CMS

Dynamic monitoring markers Metabolites, circulating RNAs Dose optimization Early on-treatment adjustment

Prognostic/early-response signature Fibrosis-related miRNAs, metabolites Outcome prediction LV remodeling risk

CMS, cardiometabolic syndrome; RNA, ribonucleic acid; miRNA, microRNA; LV, left ventricular.
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dysfunction—can classify patients into molecular subtypes (e.g., 
“metabolism-dominant” or “inflammation-dominant”) (41, 42). This 
biological stratification can be combined with traditional Chinese 
medicine (TCM) syndrome patterns to create a dual diagnostic 
framework that enhance personalization (43). This biomarker-guided 
alignment between phytochemical matrices and disease subtypes 
distinguishes precision phytotherapy from precision nutrition para-
digms, which typically optimize nutrient intake based on metabolic 
efficiency or deficiency states (44). In contrast, precision phytother-
apy aims at pathophysiological network remodeling, leveraging the 
inherent polypharmacology of multi-herb matrices to restore system-
level homeostasis (7, 17). Within this refined paradigm, an integrated 
diagnostic profile directly informs the selection of a targeted herbal 
formula (45). For instance, a patient with an “inflammation-domi-
nant” biomarker profile and a TCM pattern of “phlegm-stasis inter-
mingling” may respond optimally to a formula rich in 
anti-inflammatory, circulation-promoting components such as tan-
shinones (46). This integrated approach provides a scientific basis for 
translating TCM’s “syndrome differentiation” into a measurable, 
reproducible precision-medicine model.

3.2 Dynamic monitoring and dose 
optimization

Precision in herbal therapy requires ongoing adjustment based on 
treatment response. Serially measurable multi-omics biomarkers—
including circulating metabolites, microRNA panels, or inflammatory 
proteins—enable “on-treatment monitoring” (47). These dynamic 
markers provide an early, objective indication of how well an herbal 
regimen modulates key pathological pathways, such as insulin signal-
ing or inflammatory networks (48). By tracking changes over time, 
clinicians can assess whether the current dose achieves the intended 
biological effect, allowing for timely, evidence-based adjustments to 
dosage, formulation, or duration (48). This closed-loop approach 
moves beyond reliance on late clinical endpoints toward real-time, 
biomarker-guided optimization (49).

3.3 Predicting response and evaluating 
prognosis

Long-term clinical outcomes—such as reduced cardiac remodel-
ing or fewer cardiovascular events—are the ultimate goals but take 
time to assess. Early changes in multi-omics biomarkers (e.g., within 
weeks of treatment) can serve as “early-response signatures” that pre-
dict long-term benefit (50, 51). For instance, a rapid decrease in fibro-
sis-related microRNAs or collagen metabolites may forecast 
subsequent improvements in left ventricular mass (52). Using these 
early signatures to identify likely non-responders allows for timely 
intervention, while also offering surrogate endpoints that could accel-
erate the clinical development of herbal therapies (52).

3.4 Challenges and the need for 
standardization

Translating this biomarker-driven vision into practice faces sev-
eral hurdles. First, herbal product quality—ensuring chemical consis-
tency and standardization—is essential for reproducible research and 
reliable clinical effects (53). Second, integrating and interpreting large, 

heterogeneous multi-omics datasets require robust bioinformatic tools 
and standardized analytical workflows (34). Third, the predictive value 
of biomarker signatures and their impact on hard clinical outcomes 
should be validated in large, prospective trials (54). Finally, regulatory 
and reimbursement frameworks need to adapt to accommodate multi-
target herbal interventions and companion diagnostics, ensuring that 
biomarker-guided phytotherapy can be sustainably implemented in 
clinical care (55, 56).

4 Future perspectives: a roadmap for 
next-generation precision 
phytotherapy

4.1 Core research paradigm: closing the 
discovery-to-validation loop

Future research should establish a continuous, hypothesis-driven 
cycle that integrates discovery with validation. Beginning with evi-
dence-informed hypotheses—often rooted in traditional knowledge—
researchers can employ multi-omics technologies to uncover 
mechanisms and identify candidate biomarkers (57, 58). These bio-
markers should then be prospectively validated in rigorously designed 
clinical trials where patient allocation is guided by baseline multi-
omics profiles (58). The results of such trials will refine the original 
hypotheses, creating an iterative, self-correcting scientific framework 
(59). Key to this approach is the adoption of biomarker-stratified trial 
designs, such as basket or umbrella trials, in which patients are assigned 
to specific herbal interventions based on pre-defined molecular signa-
tures (60, 61). This design directly tests whether biomarkers can predict 
therapeutic response, moving precision phytotherapy from concept to 
practice.

4.2 Technology integration and 
infrastructure development

Realizing this vision depends on the strategic integration of 
advanced computational and monitoring technologies. Machine-
learning methods, including graph neural networks, are essential for 
modeling complex, nonlinear relationships within high-dimensional 
multi-omics datasets—going beyond conventional statistical 
approaches to reveal higher-order biomarker patterns (62). In parallel, 
wearable sensors that track continuous physiological signals (e.g., glu-
cose variability, vascular tone) can be combined with periodic multi-
omics profiling to generate dynamic, individualized “digital twin” 
models (63). These models would allow real-time, data-driven treat-
ment adjustments. Equally important is the establishment of open, 
standardized biorepositories that link herbal product characterization, 
longitudinal multi-omics data, and clinical outcomes (34). Such shared 
resources will accelerate discovery, foster reproducibility, and support 
global collaboration.

4.3 Building an interdisciplinary ecosystem

Successful translation requires a cohesive, cross-disciplinary eco-
system. A new field of “systems-precision phytomedicine” should be 
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cultivated, uniting experts in phytochemistry, bioinformatics, clinical 
trial design, and traditional medicine from the earliest stages of 
research planning (64). In parallel, regulatory frameworks should 
evolve to support biomarker-driven development pathways (65). 
Adaptive licensing models—which grant conditional approval for 
herbal products that demonstrate efficacy in biomarker-defined sub-
populations, contingent on continued post-marketing evidence gen-
eration—could provide a viable route to market while ensuring 
scientific rigor and patient safety (66). Together, these efforts will 
create an enabling environment for the responsible and effective inte-
gration of precision phytotherapy into modern healthcare.

5 Summary

5.1 Summary of core arguments

Cardiovascular remodeling in cardiometabolic syndrome is sys-
temic and heterogeneous, requiring precision interventions that target 
the underlying network pathology. Herbal medicine, with its inherent 
multi-target activity, offers a promising resource. However, fully trans-
lating its potential demands rigorous scientific translation, where 
multi-omics biomarkers are central. These biomarkers enable the 
quantification and systemic mapping of herbal effects across molecu-
lar networks, providing an evidence-based path toward standardized, 
reproducible phytotherapy.

5.2 Significance of the paradigm shift

This work outlines a transition from empirical, disease-centered 
herbal use to biomarker-defined precision phytotherapy. By linking 
multi-omics-derived molecular phenotypes with tailored herbal regi-
mens, the approach moves beyond a “one-size-fits-all” model. This 
shift not only aims to improve efficacy and safety but also integrates 
traditional herbal wisdom with the measurable, predictive, and per-
sonalized framework of modern precision medicine.

5.3 Final outlook

Implementing this framework could redefine cardiovascular 
disease management—bridging systems-level mechanism, dynamic 
biomarker monitoring, and individualized treatment. The resulting 
strategy would transcend the limits of both single-target drugs and 
unstratified herbal therapy. Ultimately, this synthesis of traditional 
knowledge and contemporary science may offer a actionable blue-
print for “precision remodeling” in cardiovascular health, uniting 
Eastern and Western medical insights in a forward-looking model 
of care.
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