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1. Research on polyherbal formulations (PHFs) lags far behind 
research on its constituent herbs and compounds

A PHF is characterized by the inclusion of multiple herbs for 
treatment purposes and is a significan t aspect of traditional medi-
cine systems, including traditional Chinese medicine (TCM), Ayur-
veda, and Kampo [1,2]. In general, a PHF must include multiple 
herbs, with each herb comprising a variety of compounds. The 
hierarchical organization of PHF introduces two key elements: 
firstly, there may be a synergistic interactio n among the various
compounds or herbs, which can enhance the effectiveness of a
PHF compared to individual components; secondly, the intricate
nature of PHF complicates the process of studying it.

Notably, a PHF may encompass various kinds of components, 
including secondary metabolites, natural macromolec ules (such
as DNA, RNA, and peptides), and other types of metabolites [3,4]. 
From the perspective of modern science, the medicinal properties 
of secondary metaboli tes in these components are the most stud-
ied and best understood [5,6]. The isolation of morphine, the first 
known alkaloid, was accomplished in 1803 [7]. This landmark dis-
covery revolutionized the research paradigm of natural medicine 
study. Morphine is derived from opium, a plant which has a 
long-standing history of medicinal application that spans several
millennia, and addresses issues such as toothaches, bruises,
coughs, and diarrhea [8,9]. The introduction of morphine marked 
a significant milestone, as it was the first instance where individu-
als acknowledged that a plant could effectively alleviate health 
problems due to its distinctive compounds, thereby paving the 
way for a more thorough exploration of the mechanism that enable
the herb to combat disease. The isolation of secondary metabolites,
combined with subsequent pharmaceutical assessments, has
resulted in a series of significant successes including the identifica-
tion of acetylsalicylic acid (aspirin), Penicillin, Paclitaxel, and
Artemisinin. Even after two centuries since morphine’s discovery 
and despite considerable hurdles such as high-throughput screen-
ing (HTS) difficulties, natural substances continue to produce com-
pounds for drug discovery [5,10]. 

The fact that secondary metabolites come from herbs, predomi-
nantly medicinal plants, highlights the importance of studying 
these plants in the field of natural medicine. One of the primary 
objectives of researching medicinal plants is to guarantee a consis-
tent availability of specialized metabolites. Paclitaxel has been val-
idated as an effective chemotherapy medication for a variety of 
cancers, such as lung and ovarian cancers, among others. Paclitaxel 
was first sourced from the bark of the Pacific yew tree, but the sup-
ply is significantly limited due to two factors: the Pacific yew tree’s
slow growth rate and the restricted concentration of Paclitaxel
found in its bark. The ‘‘Taxol crisis” illustrates a similar issue regard-
ing the availability of specialized metabolites derived from medic-
inal plants, thus, prompting a broad spectrum of studies focused on
the ecological and evolutionary dynamics of these medicinal plant
species [11]. Another primary objective is the biosynthesis of sec-
ondary metabolites [12]. Investigating and isolating secondary 
metabolites like morphine shows that the health benefits of herbs 
result from specific compounds found within them. Due to their 
specialized metabolism, different herbs produce unique com-
pounds, which allows them to be effective in treating a variety of
diseases. The advancements in genomics during the early part of
the 21st century have particularly enhanced the collaboration of
medicinal plant research, thus leading to the establishment of a
new field termed herbgenomics [13]. Herbgenomics primarily sup-
ports research on medicinal plants through two key areas of focus. 
First, it contributes to the accurate classification of herbs, revealing 
their evolutionary features like population structures and phyloge-
netic relationships, which consequently promotes breeding initia-
tives. Second, it provides insight into the specialized metabolism,
detailing regulatory mechanisms, and ultimately paves the way
for innovations in metabolic bioengineering [14–16]. 

Despite significant progress in the fields of secondary 
metabolites and herbal research, the research trajectory for PHFs
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is somewhat constrained primarily due to the difficulty of achiev-
ing a comprehensive understanding of this complicated topic. For 
example, the Huo Xiang Zhen Qi formulation, which contains ten
herbs, has been reported to be beneficial in the treatment of severe
acute respiratory syndrome (SARS) [17], colorectal cancer [18], and 
gastrointestinal diseases [19]. Nevertheless, research dedicated to 
identifying efficacious herbs or compounds for diverse disease 
treatments remains restricted. These challenges cannot be effec-
tively addressed through the former research paradigm, thus,
necessitating the establishment of a new one.
2. Herbgenomics-based investigation of all natural diverse
components of PHFs

Here, we propose a new paradigm for PHF research with her-
bgenomics-based investigation of all natural diverse components 
research at its core. We first explain why we need to focus on all
the natural diverse components and then explain why this relies
on herbgenomics research.

First, the herbs included in a PHF are limited in quantity, usually 
numbering less than 100 and often fewer than 10, whereas the 
components are present in significantly larger quantities—often
by several orders of magnitude. As a library of metabolites for a
single species, the Human Metabolome Database currently has
more than 200 thousand compounds [20]. Thus, the overwhelming 
number of compounds is an inescapable challenge in PHF research, 
and marks it as the most crucial issue within this field. Second, PHF 
not only contains secondary metabolites but also encompasses 
other types of compounds including peptides, nucleic acids, and 
carbohydrates. Since all these types of compounds have reported 
therapeutic effects on specific diseases, none of them should be 
omitted when studying PHF. Third, an attractive but hard-to-study
property of PHF is the synergistic effect between its components.
Without a comprehensive view of all natural diverse components
within a PHF, it is always possible to ignore the true component
or synergistic relationship that treats a disease. Given that the
numerous and diverse components of PHF can undergo synergistic
interactions, all its natural components must be studied.

Since obtaining the diverse components of PHFs is the core 
issue of PHFs research, the new paradigm of PHF research should 
aim to overcome this issue. Given that the chemical nature of these 
diverse components varies, the approaches to isolating them are 
also quite complicated. Thus, it can be highly challenging, or even
unattainable, to collect all these diverse components when relying
on traditional methods of chemical investigation. A set of methods
that can be used to study diverse components has been developed
based on biological principles [21]. The fundamental concept stems 
from the fact that every natural diverse component of any herb is 
either directly or indirectly encoded by the genomic sequence of 
that herb. For instance, all forms of RNA are generated from the 
DNA sequence, while most peptides are created by translating 
messenger RNA (mRNA) sequences. Thus, these components could 
be defined as direct gene-encoded components. Meanwhile, the 
genomic sequence plays a central role in the indirect determina-
tion of certain secondary metabolites. To synthesize any secondary 
metabolite, the necessary enzymes must be present, and these
enzymes are specified by the organism’s genetic sequence. Conse-
quently, one can argue that the genomic sequence establishes the
upper limit of diverse natural substances that any herb can pro-
duce. Herbgenomics provides a range of tools and methods to
study the natural diverse components of herbs. The genomic
sequence can facilitate the identification of components through
genome mining, followed by verification using transcriptomics,
proteomics, and metabolomics techniques. This strategy has pro-
ven effective when applied to a multitude of herbs and has resulted
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in the discovery of hundreds of millions of natural diverse compo-
nents. Recently, Chen and colleagues [21,22] developed the Gene-
encoded Natural Diverse Components Repository (GNDC), which 
utilizes custom pipelines and artificial intelligence (AI) algorithms 
for the genomic analysis of herbs. This methodology facilitated the 
identification of 2.32 million secondary metabolites, 229 million 
small peptides, 2.38 million small RNAs, and 0.26 million carbohy-
drates. However, it is believed that these numbers underestimate 
the total number of components in these herbs as current omics
data might overlook certain developmental stages or tissues where
many secondary metabolites are specifically produced. Although it
remains unconfirmed whether herbgenomics-based approaches
can capture the natural chemodiversity of herbs, the results hint
at the substantial potential of this approach [10,12]. 
3. AI-powered multi-dimensional paradigm for PHF research

Based on herbgenomics-based mining of natural diverse com-
ponents, here we proposed a multi-dimensional paradigm of PHF 
research. This paradigm includes multiple layers of PHFs such as 
compounds, herbs, and PHFs themself; multiple omics techniques 
such as genomics, transcriptomics, proteomics, and metabolomics; 
multiple experimental platforms such as HTS platforms, pharma-
cological platforms, omics, and platforms; and multi-dimensional 
data. Starting with a designated PHF, we first gathered the herbs 
along with their genomic sequence. Next, we extracted all the nat-
ural diverse components from the herbs, and carried out HTS and a
range of pharmacological tests on some of these components.
Multi-faceted data could be collected for every single component.
Last, we leveraged statistical modeling and AI to unify data from
all components, obtaining a complete overview of the focal PHF
(Fig. 1).

To start, we created a comprehensive list of all individual herbs 
in a PHF and gathered their genome sequences. It should be high-
lighted that not all herbs found in a PHF possessed a fully assem-
bled and annotated genome (Figs. 1(a) and (b)). Next, a series of 
analysis published along with GNDC enabled a herbgenom ics-
based study of secondary metabolites, small peptides, and small
RNAs [21] (Fig. 1(c)). There are additional types of natural diverse 
components, like carbohydrates, which cannot be entirely covered 
by GNDC’s methodology at this time. Nonetheless, it is the most 
cutting-edge technique, employing genomic information and AI 
to increase yield and allow for detailed analysis. After collecting 
as many components as possible, all the components can be used
for virtual screening, such as molecular docking and flexible dock-
ing based on AI. Then, HTS experiments should be conducted since
it is essential to discover the cellular target for individual compo-
nent (Fig. 1(d)). For example, G protein-coupled receptors (GPCRs), 
which represent a superfamily of membrane proteins, are thera-
peutic targets for roughly one-third of all marketed pharmaceutical 
products. They have also been identified as potential targets for 
various compounds extracted from traditional medical treatments. 
Genome-wide pan-GPCR cell libraries represent a robust tool that 
significantly enhances the screening of GPCR ligands, enables
detailed investigations into GPCR signaling pathways, and
improves drug safety evaluations, thereby ultimately accelerating
the process of GPCR-targeted drug discovery. HTS based on the
pan-GPCR cell libraries should take full advantage of genome-wide
pan-GPCR cell libraries that allow for the simultaneous exploration
of all human GPCRs as targets [19,20]. Together with omics and 
pharmacological research, it is possible to compile extensive mul-
ti-faceted data for each component, encompassing its target,
downstream signaling pathways, pharmacodynamics, and other
pertinent details regarding its safety and therapeutic efficacy
(Fig. 1(e)). Finally, by combining multi-dimensional data from each
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Fig. 1. Illustration of a multi-dimensional paradigm for investigating PHF. (a) Utilizing statistical modeling and AI methods within a multi-dimensional framework is crucial 
for unraveling the complex network involving PHFs, herbs, components, targets, and diseases; (b) it is essential for the genome of every herb to be sequenced and annotated; 
(c) the genomic sequences of herbs should be used to identify multiple types of natural diverse components; (d) experiments such as HTS are necessary to uncover the
cellular targets of a component; (e) multi-dimensional datasets ought to be generated for each distinct component. rRNA: ribosomal RNA; tRNA: transfer RNA; snRNA: single-
nucleus RNA.
element of a PHF, it becomes possible to uncover additive, syner-
gistic, or antagonistic interactions among them, while utilizing sta-
tistical analysis, AI, and other computational techniques (Fig. 1(a)). 
The concluding step may provide answers to the final question: 
since PHFs are thought to tackle diseases in a multi-target and 
multi-pathway manner, the complex connections among PHFs, 
herbs, components, targets, and diseases should ultimately be clar-
ified. Acknowledging that these elaborate relationships will pro-
duce a considerable amount of multi-dimensional data and lead
to a complicated network, big data-driven AI models must become
a vital part of the entire paradigm [22,23]. In other words, this 
paradigm should essentially be a multi-dimens ional, big data-dri-
ven, and AI-powered one for drug discovery.
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