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Abstract: The discovery of natural products has been pivotal in drug development, providing
a vast reservoir of bioactive compounds from various biological sources. This narrative review
addresses a critical research gap: the largely underexplored role of gut microbiota in the mediation
and biotransformation of medicinal herb-derived natural products for therapeutic use. By examining
the interplay between gut microbiota and natural products, this review highlights the potential
of microbiota-mediated biotransformation to unveil novel therapeutic agents. It delves into the
mechanisms by which gut microbes modify and enhance the efficacy of natural products, with
a focus on herbal medicines from Ayurveda and traditional Chinese medicine, known for their
applications in treating metabolic and inflammatory diseases. The review also discusses recent
advances in microbiota-derived natural product research, including innovative methodologies such
as culturomics, metagenomics, and metabolomics. By exploring the intricate interactions between
gut microorganisms and their substrates, this review uncovers new strategies for leveraging gut
microbiota-mediated processes in the development of groundbreaking therapeutics.
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Narrative Review of New Frontiers in 1. Introduction

Drug Discovery. ] 2024, 7, 351-372. Natural products represent a vast reservoir of bioactive compounds that have played a
https:/ /doi.org/10.3390/j7030020 pivotal role in the development of numerous drugs and pharmaceuticals. Natural products,
characterized by their origin from living organisms, continue to interest researchers due
to their pharmacological diversity, and they play a crucial role in drug development,
agriculture, and various industrial applications. The rich biodiversity of our planet offers
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Published: 4 September 2024 diverse pharmacological properties [1]. The process of natural product discovery involves

the identification, isolation, characterization, and optimization of these compounds for
various applications.

The discovery of natural products and their derivatives has contributed significantly
to drug development, providing treatments for a wide range of diseases, including cancer,
infectious diseases, and neurological disorders [2]. With the increasing prevalence of
distributed under the terms and  drug-resistant pathogens and emerging diseases, there is a growing need for innovative
conditions of the Creative Commons  @pproaches to natural products discovery. Recent advances in microbiome research have
Attribution (CC BY) license (nttps://  shed light on the remarkable metabolic potential of microbial communities residing in
creativecommons.org/licenses/by/  the gastrointestinal tract, offering new opportunities for natural products discovery and
40/). drug development [3]. This narrative review explores the current relevance of natural
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products in drug discovery and the relationship between gut microbiota and natural
products metabolism and highlights the multifaceted activities of microbial communities
in the context of the biotransformation of bioactive compounds derived from medicinal
herbs from Ayurveda and traditional Chinese medicine. The field of natural products
discovery has witnessed significant advancements fueled by technological innovations,
interdisciplinary collaborations, and a deeper understanding of biological systems. This
review discusses the future directions and emerging trends in natural products discovery,
focusing on cutting-edge methodologies, challenges, and the potential impact on drug
development and various industries.

The central research gap this review addresses is the underexplored potential of gut
microbiota as a source and mediator of natural products with therapeutic applications,
specifically in the context of drug discovery. While significant advances have been made in
understanding natural product biosynthesis from traditional sources like plants and marine
organisms, the role of gut microbiota in biosynthesizing and biotransforming natural
products has not been fully investigated or utilized in drug development. Current research
has largely focused on the general metabolic activities of gut microbiota, but there remains
a substantial gap in comprehensively understanding how these microbial communities
can be routinely harnessed to discover novel bioactive compounds from medicinal herbs,
which could lead to innovative therapeutic strategies. This gap is particularly evident in the
biotransformation processes where gut microbes convert dietary and herbal components
into bioactive metabolites, a process that could reveal new drug candidates with enhanced
efficacy and bioavailability. This review provides a detailed examination of the microbiome-
mediated modification of medicinal herbs, highlighting the mechanisms by which gut
microbes influence the pharmacokinetics and pharmacodynamics of these compounds.
This work offers a novel perspective on the integration of microbiome research with natural
product discovery, proposing new methodologies and future directions to explore this
underexplored territory.

In this narrative review, we provide an in-depth exploration of microbiota-mediated
natural products discovery, emphasizing the pivotal role of gut microbiota in the biotrans-
formation of medicinal herbs and its impact on drug development. This review is organized
into several key sections. We begin by discussing the traditional and emerging applications
of natural products in drug discovery. This is followed by an examination of natural
product sources, including terrestrial plants, marine organisms, and microbial sources,
with a particular emphasis on the gut microbiome’s role in natural product biotransforma-
tion. We then delve into specific examples of the microbiome-mediated modification of
medicinal herbs used in Ayurveda and traditional Chinese medicine, highlighting classes
such as polyphenols, terpenes, alkaloids, and polysaccharides. Subsequent sections de-
tail the methods and recent advances in natural products discovery, particularly those
derived from gut microbiota, using modern techniques like culturomics, metagenomics,
and metabolomics. We conclude with a discussion of the future directions in the field,
considering the challenges and opportunities that lie ahead, particularly in the context of
technological advancements and ethical considerations.

2. Applications and Sources of Natural Products

Natural products remain an essential component of drug discovery efforts, with their
diverse chemical structures and biological activities holding promise for the treatment
of various diseases. In recent years, advances in technology and methodologies have
revitalized interest in natural products research, leading to exciting discoveries and clinical
prospects. Natural products have been leveraged for a wide array of applications. For ex-
ample, they have contributed to the development of numerous drugs, including antibiotics,
anticancer agents, and immunosuppressants. In addition, natural products play a crucial
role in the development of biopesticides and plant growth regulators and are utilized in
the cosmetic and nutraceutical industries due to their perceived health benefits.
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Natural products are derived from living organisms. Terrestrial plants remain a
primary source of natural products, with secondary metabolites like alkaloids, flavonoids,
and terpenoids exhibiting a wide range of bioactivities. In addition, bacteria, fungi, and
actinomycetes are prolific producers of bioactive compounds. Importantly, microbial
natural products have contributed significantly to antibiotics, immunosuppressants, and
anticancer agents [1]. The oceans harbor a vast array of organisms that produce unique
compounds. Marine natural products have also shown promise in drug discovery, with
applications in antiviral, antibacterial, and anticancer drug development [4]. Importantly,
the gut microbiome and its activities, while becoming more appreciated in this context,
remains an essentially untapped reservoir of potential natural products.

Recent advances in microbiome research have shed light on the intricate interactions
between microorganisms and their hosts, revealing the diverse metabolic pathways in-
volved in natural product biosynthesis. Natural products synthesized and biotransformed
by gut microbes are of key importance across many pathways and functions (Figure 1).
Gut microbiota-derived natural products can be classified into three groups based on their
biogenesis: those biosynthesized de novo by gut microbiota, those derived from the modifi-
cation of host metabolites and nutrients, or those generated by the biotransformation of
host dietary components such as foods and herbal medicines. The relevance of this dietary
exposure of medicinal herbs and the mechanisms of action are starting to be revealed.
Thus, the current review highlights recent advances in gut microbiota-derived natural
products, including strategies for discovering such bioactive compounds, and the gut
microbiota-mediated biotransformation of natural products derived from medicinal herbs.
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Figure 1. Medicinal herb-derived natural products and the gut microbiota. The gut microbiota
mediates the biosynthesis and biotransformation of natural products derived from medicinal herbs
to impact both health and disease. Figure created with Biorender.com; URL accessed on 19 July 2024.

3. Microbiome-Mediated Modification of Medicinal Herbs

Natural products derived from medicinal herbs interact intricately with the gut micro-
biota, as revealed by advancements in sequencing technologies targeting gut microbiota.
These natural products can modify both the composition and structure of the gut micro-
biota, leading to beneficial health outcomes through either enhancing or inhibiting specific
microbial populations. Additionally, certain gut microbes have the ability to metabolize
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ingested natural products, thereby increasing their bioavailability or transforming them
into biologically active compounds within the body.

Numerous studies have established strong connections between the gut microbiota
and the therapeutic effects of natural products from medicinal herbs [5]. However, sig-
nificant questions remain unanswered, particularly concerning the specific gut microbes
responsible for mediating the therapeutic effects, especially for natural products that are
poorly absorbed orally. Understanding these mechanisms has been catalyzed by advanced
culturing and metabolomics approaches, which have provided insights into how the gut
microbiota influence various physiological pathways such as the gut-brain axis.

Recent studies have highlighted the role of the gut microbiome in modulating the
bioavailability and pharmacological activity of medicinal herbs. Gut microbes can metabo-
lize herbal compounds, leading to the formation of bioactive metabolites with enhanced
pharmacological properties [6]. For example, certain bacterial strains can hydrolyze the
glycosidic bonds in herbal compounds, releasing aglycones that are more readily absorbed
by the body. Additionally, gut microbes can biotransform herbal compounds into secondary
metabolites, which may exhibit different pharmacological activities compared with the
parent compounds.

Several studies have demonstrated the microbiome-mediated modification of medic-
inal herbs and their constituents. For instance, the gut microbiota can metabolize the
flavonoids, alkaloids, polysaccharides, and terpenoids found in many medicinal herbs
(Figure 2) [7]. In one study, gut bacteria could convert flavonoid glycosides into aglycones,
increasing their bioavailability and antioxidant activity [8]. Similarly, certain bacterial
species have been shown to metabolize alkaloids, such as berberine and sanguinarine, into
biologically active metabolites with enhanced pharmacological effects [9].

3.1. Polyphenols

The absorption of polyphenols in the gastrointestinal tract is often limited, which
poses difficulties in elucidating their mechanisms of action. Recent studies have begun to
identify the processes behind the interactions between polyphenols derived from medicinal
herbs and gut microorganisms [10,11]. Animal models have demonstrated that polyphenols
derived from herbal medicines can effectively treat metabolic and inflammatory illnesses.
For example, mice who were made obese by their diet and given more polymethoxyflavones
(PMFs) found in citrus fruits, such as sinensetin, nobiletin, heptamethoxyflavone, and
tangeretin, had notable decreases in both body weight and adipose tissue (Figure 2) [10].
PMFs also enhanced the prevalence of Bacteroides in the gut microbiota and impacted
the metabolism of BCAAs. In addition, the enrichment of B. ovatus by PMFs contributed
to a reduction in metabolic disorders and levels of BCAAs in both the circulation and
feces. This study highlights the essential function of the gut microbiota in regulating the
equilibrium of BCAAs. A further investigation discovered that phlorizin had anti-obesity
properties in diet-induced obese mice via altering the gut flora and elevating levels of
short-chain fatty acids (SCFAs) [12]. Theabrownins derived from Pu-erh tea have been
discovered to decrease cholesterol levels and modify the gut microbiota by diminishing
bile-salt hydrolase activity and enhancing primary bile acids [13]. These modifications are
thought to play a role in the metabolic advantages of theabrownins, with the FXR-FGF15
signaling pathway recognized as a crucial factor in lowering cholesterol.

Polyphenols derived from medicinal herbs have exhibited anti-inflammatory prop-
erties and have been found to be advantageous in mitigating symptoms associated with
inflammatory bowel disease (IBD), which features chronic inflammation of the gut mucosa
that is associated with gut dysbiosis [14]. For example, urolithin A, a molecule derived
from ellagitannin and generated by bacteria in the gut, decreases inflammation and im-
proves the function of the intestinal barrier by specifically affecting the AhR-Nrf2 signaling
pathways (Figure 2) [15]. Ellagitannins are present in many Ayurvedic herbal medicines
such as amalaki (Emblica officinalis or Phyllanthus emblica), haritaki (Terminalia chebula), and
arjuna (Terminalia arjuna) [16,17]. For example, arjuna extract reduced the expression of
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pro-inflammatory cytokines, decreased oxidative stress, increased plasma zinc levels, and
improved the gut microbiota community structure in a murine model of colitis [18]. Rhein,
an anthraquinone and primary constituent of rhubarb, effectively ameliorated chronic
colitis in a study using dextran sodium sulfate (Figure 2) [19]. Through fecal microbiota
transplantation, the involvement of gut microbiota in the anti-inflammatory effects of
rhein has been observed. This process leads to an elevation in Lactobacillus levels, which
subsequently reduces the levels of uric acid that harm the functions of the intestinal barrier.

OH

Figure 2. Structure of medicinal herb-derived metabolites with gut microbiota-mediated action mech-
anisms. The compounds displayed are 1. sinensetin, 2. curcumin, 3. urolithin A, 4. quercetin, 5. gallic
acid, 6. thymoquinone, 7. chebulinic acid, 8. isoquercetin, 9. ginsenoside Rh4, 10. ginsenoside com-
pound K, 11. ginsenoside Rb1, 12. berberine, 13. berbamine, and 14. basic polysaccharide structure.
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Several Ayurvedic herbs, amalaki (Emblica officinalis), neem (Azadirachta indica), turmeric
(Curcuma longa), and tulsi (Ocimum sanctum), contain the flavanol quercetin, which is
considered the most potent flavonoid [16,20-22]. For example, quercetin-rich plants such as
amalaki can promote platelet recovery in serious conditions such as chemotherapy-induced
thrombocytopenia (Figure 2) [23]. In an animal model, tulsi exhibited a protective role
and reduced biochemical and histopathological changes via antioxidant activities [24].
Quercetin derived from amalaki has shown promise as a drug with antidiabetic and
antihyperglycemic effects, influencing glucose, cholesterol, and triglyceride levels, as
demonstrated by both in silico and in vivo studies [25]. Phytochemicals in the Ayurvedic
formulation triphala (a combination of amalaki (Phyllanthus emblica), bibhitaki (Terminalia
bellirica), and haritaki (Terminalia chebula) in equal parts), such as quercetin and gallic
acid, foster the growth of beneficial gut bacteria such as Bifidobacteria and Lactobacillus
species, while suppressing harmful bacteria like E. coli (Figure 2). Lactic acid bacteria
can enzymatically degrade plant tannins, including the gallic acid found in triphala [26].
Triphala polyphenols, such as chebulinic acid, are converted by the gut microbiota into
metabolites like urolithins, which can prevent oxidative damage (Figure 2) [27]. Some of
the gut bacterial species known to be involved in the biotransformation of quercetin into
active metabolites include Bacteroides fragilis, Eubacterium ramulus, Clostridium perfringens,
Bacteroides, Bifidobacterium, Lactobacillus, and Streptococcus [28,29]. This suggests that the
bioactivity of triphala is mediated by the gut microbiome, enhancing the production and
diversity of anti-inflammatory compounds.

Chronic kidney disease (CKD) is another common inflammatory disorder. Isoquercetin,
present in many herbal medicines, decreased the formation of indole in the intestine
and lowered the levels of indoxyl sulfate in the plasma of both normal and CKD mice
(Figure 2) [30]. The quercetin compound decreased the activity of complex I in the electron
transport chain of the gut bacteria, resulting in a decrease in the H proton potential and the
inhibition of tryptophan transport into the bacteria. This indicates a potentially effective
approach to slow down the course of CKD by manipulating the gut microbiota to reduce
the levels of uremic toxins originating from the gut. Another example, curcumin, a diaryl-
heptanoid derived from turmeric, has been shown to positively modulate inflammation,
lipid peroxidation, and gut microbiota community structure in CKD (Figure 2) [31]. De-
spite mounting evidence, the influence of curcumin on the intestinal microbiota remains
unclear. However, current data suggest that curcumin is biotransformed in the gut to
various bioactive metabolites through pathways including demethylation, hydroxylation,
and demethoxylation [32]. Many gut microbes, including E. coli, E. fergusonii, Blautia sp., Bi-
fidobacteria longum, Bifidobacteria pseudocatenulaum, Lactobacillus casei, Lactobacillus acidophilus,
and Enterococcus faecalis, are biologically relevant in the biotransformation of curcumin [33].
The curcumin metabolites, along with changes in the microbiota composition and diversity
induced by curcumin, suggest potential indirect health benefits. Previous research on
plant polyphenols has frequently failed to identify the crucial gut bacteria responsible
for polyphenol metabolism and the synthesis of active compounds such as bile acids and
SCFAs. Future studies should focus on addressing this gap in knowledge.

3.2. Terpenes

Terpenes are bioactive compounds present in many medicinal plants. Recent advances
in the study of terpenes with gut microbiota-linked therapeutic benefits have identified
critical mechanisms and roles of gut microbiota in regulating host pathways. The essential
oil extracted from black cumin seed (Nigella sativa) (common name: kalonji or black cumin
seed), commonly used as an edible oil in India and the Middle East, is known for numerous
pharmacological benefits, such as antioxidant, anti-inflammatory, antimicrobial, immune-
enhancing, and anticancer properties [34]. These beneficial effects are primarily attributed
to thymoquinone, a bioactive monoterpene in the oil, which has demonstrated free-radical
scavenging activity and inhibition of various inflammatory mediators (Figure 2). In an
animal model of cadmium exposure, treatment with black cumin seed oil inhibited the
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overgrowth of pathogenic Staphylococci, E. coli, Pseudomonas, and Enterococci, which are com-
monly increased with cadmium toxicity [34]. It was concluded that protective mechanisms
were mediated by a combination of major bioactive components including thymoquinone
and the diverse fatty acids identified in the seed oil.

Ginsenosides are a well-studied group of glycosylated triterpenes, also known as
saponins, that are primary bioactive compounds found in the root Panax ginseng [35].
Ginsenoside Rh4 has demonstrated potential in regulating intestinal inflammation and
correcting gut microbiota dysbiosis in colorectal cancer (CRC) (Figure 2) [36]. One strategy
to elucidate the mechanisms by which Rh4 modulates the gut microbiota to exert its in-
hibitory effects on CRC utilized a mouse model along with transcriptomics, genomics, and
metabolomics. Additional experiments included antibiotic treatments and fecal microbiota
transplantation (FMT) to determine the role of gut microbiota in Rh4’s effects. With this
approach, the anti-CRC effects of Rh4 were found to be dependent on the gut microbiota.
The compound corrected the dysbiosis of gut microbiota associated with CRC and reg-
ulated bile acid metabolism mediated by Akkermansia muciniphila. The study concluded
that Rh4 effectively inhibits CRC through a gut microbiota-dependent mechanism. By
modulating gut microbiota-mediated bile acid metabolism and promoting the production
of ursodeoxycholic acid, Rh4 activates the farnesoid X receptor (FXR) and regulates the
TLR4-NF-«B signaling pathway, thereby inhibiting CRC. These findings suggest that Rh4
holds promise as a modulator of gut microbiota for the prevention and treatment of CRC.

Gut microbiota dysbiosis is believed to be linked to inflammatory bowel disease (IBD).
Ginsenoside compound K (CK), the primary metabolite of Panax ginseng ginsenosides,
has shown efficacy as an anti-inflammatory agent for IBD (Figure 2). Recent findings
indicate that CK can suppress the release of proinflammatory cytokines by modulating gut
microbiota. Supplementation with CK has been shown to restore gut microbiota balance,
particularly by enhancing populations of Lactobacillus and Akkermansia. Moreover, CK
significantly increased the levels of tryptophan metabolites derived from Lactobacillus,
which can activate the aryl hydrocarbon receptor [37]. Thus, the beneficial effects of CK
in alleviating IBD are primarily due to the promotion of Lactobacillus growth and the
production of tryptophan metabolites, highlighting CK’s potential as a therapeutic for IBD.

Several studies on ginsenosides have revealed gut microbiota-linked mechanisms and
roles of the gut microbiota in regulating the glucose and lipid metabolism of the host. A re-
cent animal study reported that ginsenoside Rb1, compound K, and 20(s)-protopanaxadiol
(PPD) attenuate high-fat-diet-induced hyperlipidemia via modulation of the gut micro-
biota and bile acid metabolism (Figure 2) [38]. Notably, only ginsenoside Rb1 enhanced
lipid metabolism by modulating the PPARy/ACC/FAS signaling pathway and promoting
fatty acid f-oxidation. Additionally, all three ginsenosides significantly improved bile
acid enterohepatic circulation via the FXR/CYP7A1 pathway. This led to reduced hepatic
and serum total bile acids and altered bile acid pool composition, characterized by a de-
crease in primary/unconjugated bile acids and an increase in conjugated bile acids, which
correlated with changes in the gut microbiota. In another study, a ginsenoside extract
significantly reduced adiposity and enhanced energy metabolism in obese mice [38]. This
effect was associated with an enrichment of Enterococcus faecalis in the gut following oral
administration of the extract. The strain of E. faecalis played a role in controlling obesity
by producing myristoleic acid, which increased brown adipose tissue activity. However,
the specific pathway targeted by the myristoleic acid remained unclear. In studies on
medicinal Ganoderma mushrooms, a Ganoderma meroterpene derivative was found to
have gut microbiota-associated benefits against metabolic disorders. This was linked to
an enrichment of Parabacteroides distasonis. Oral supplementation with live P. distasonis
provided metabolic benefits, including reductions in weight gain, hyperglycemia, and
hepatic steatosis in mice. Targeted metabolomic analysis indicated that colonization with
P. distasonis enhanced the production of lithocholic acid, ursodeoxycholic acid, and succi-
nate in the gut. This subsequently influenced the secondary bile acid-mediated gut-liver
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axis via the FXR signaling pathway and the succinate-mediated gut-brain axis through the
activation of intestinal gluconeogenesis.

3.3. Alkaloids

Several medicinal herb-derived alkaloids, including berberine, piperine, and ajmaline,
have exhibited diverse bioactivities with gut microbiota-associated mechanisms. Berberine
is an isoquinoline alkaloid derived from various medicinal plants such as Berberis aristata,
Berberis aquifolium, Hydrastis canadensis, and Coptis chinensis (Figure 2). In an animal model
of glucolipid metabolism disorders, berberine administration increased intestinal barrier
function and lowered serum glycolipid levels. Berberine was metabolized by gut mi-
crobiota into 12 metabolites, with its primary metabolic pathways including oxidation,
demethylation, and hydrogenation. Additionally, berberine significantly improved gut
microbiota diversity and promoted the growth of beneficial microbes. Tryptophan metabo-
lites such as indole, indole-3-acetamide, indole-3-acetaldehyde, indole-3-pyruvic acid, and
indole-3-acetic acid were altered by berberine treatment. Taken together, the data suggest
that berberine alleviates intestinal barrier dysfunction in glucolipid metabolic disorders
by modulating gut microbiota and related tryptophan metabolites, suggesting a potential
pharmacological mechanism for future therapeutics.

Berberis amurensis contains several alkaloids, including berberine, berbamine, mag-
noflorine, jatrorrhizine, and palmatine. In an animal model, normal and antibiotic-treated
pseudo-germ-free animals were treated with B. amurensis extracts [39]. A total of 46 metabolites
were detected in the normal animals with key metabolic pathways including demethylation,
dehydrogenation, methylation, hydroxylation, sulfation, and glucuronidation. In contrast,
only 29 metabolites were found in the pseudo-germ-free rats, with dehydrogenated and
methylated metabolites among those missing. These findings suggest that gut bacteria play
a significant role in the metabolism of B. amurensis, which may enhance our understand-
ing of B. amurensis metabolism and its clinical use. In another animal study, the primary
components and metabolites were identified in rat intestinal contents and serum samples
following the oral administration of a Berberis kansuensis extract to diabetic and pseudo-
germ-free diabetic rats. The analysis revealed 16 primary components and 40 metabolites.
The main metabolic pathways of the chemical compounds from the B. kansuensis extract
included demethylation, desaturation, deglycosylation, reduction, hydroxylation, and
various conjugation reactions such as sulfation, glucuronidation, glycosidation, and methy-
lation. Comparing the metabolites between diabetic and pseudo-germ-free diabetic rats
revealed that the metabolic transformation of certain components, such as bufotenin, ferulic
acid 4-O-f-D-glucopyranoside, magnoflorine, and 8-oxyberberine, was influenced by the
gut microbiota. These results highlight the significant role of the gut microbiota in the
metabolic biotransformation of the chemical constituents in Berberis kansuensis [40].

In clinical studies, the hypolipidemic effect of berberine was associated with short-
chain fatty acid-producing gut microbes such as Alistipes and Blautia [41]. Causality experi-
ments in mice demonstrated that the gut microbiota are both essential and sufficient for
mediating the lipid-lowering effects of berberine. Specifically, the absence of Blautia signifi-
cantly reduced berberine’s ability to lower cholesterol. A clinical trial in type 2 diabetes
patients using metagenomics and metabolism methods reported that berberine altered
microbial bile acid metabolism [42]. The hypoglycemic effect of berberine was mediated
by the inhibition of deoxycholic acid biotransformation by Ruminococcus bromii. Therefore,
the data provide a human microbial related mechanism underlying the antidiabetic effect
of berberine. Future studies should investigate other gut microbes that may mediate the
hypolipidemic and hypoglycemic effects of berberine.

3.4. Polysaccharides

The gut microbiota are crucial for the bioavailability and bioactivity of polysaccharides
derived from medicinal herbs. Utilizing a range of carbohydrate-active enzymes, the
gut microbiome is essential in the degradation of the complex polysaccharides found in
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herbal medicines (Figure 2). This degradation produces physiologically active metabolites,
such as short-chain fatty acids, and alters the gut microbiota composition and structure
to influence host health and disease. These polysaccharides, which serve as beneficial
prebiotics, are poorly absorbed in the gut as a result of their high molecular weights and
complex polymer structures. However, they significantly influence the gut microbiota
and have demonstrated positive effects on conditions such as metabolic syndrome. Our
in vitro and clinical work has demonstrated the robust prebiotic potential of medicinal
herbs [43,44]. The restructuring of microbial communities with glycan substrates alters
community metabolism, potentially impacting host physiology [45]. We analyzed sugar
fermentation pathways and predicted products as well as the prebiotic-induced changes
in vitamin and amino acid biosynthesis and degradation. The results of the lab model
revealed that the sugar composition of the medicinal herbs is not the main driver of the gut
microbial changes. The functions of a bacterial gene family called glycosyl hydrolases are
more strongly associated with herbal medicine response. These findings underscore the
value of combining genome-wide metabolic reconstruction with 16S rRNA sequence-based
community profiles to gain insights into community metabolism. This approach also offers
a rational method for prioritizing in vivo analyses of prebiotics and medicinal herbs to
test hypotheses related to their therapeutic potential in specific diseases. In a pilot clinical
trial, the prebiotic effects of turmeric were demonstrated through gut microflora profiles
of healthy individuals in a dietary intervention using curcumin tablets, turmeric, or a
placebo [46]. The data suggested that the response to turmeric may be due to the metabolism
of polysaccharide compounds in the root by a variety of glycosyl hydrolases produced
by certain gut species, including Bacteroides, Bifidobacterium, Alistipes, and Parabacteroides,
which were found in higher levels in responsive subjects.

Several animal studies have explored the effects of polysaccharides in the context
of diseases affecting metabolism. In a high-fat-diet-induced type 2 diabetes model, the
effects of Nigella sativa seed polysaccharides on gut microbiota and blood biomarkers
were explored [47]. The results demonstrated that high-dose polysaccharides significantly
reduced fasting blood glucose, total cholesterol, low-density lipoprotein cholesterol, mal-
ondialdehyde, TNF-«, IL-6, and IL-13. Conversely, it significantly increased insulin, high-
density lipoprotein cholesterol, total antioxidant capacity, superoxide dismutase, catalase,
and the levels of p-AKT and GLUT4 in the mice. Additionally, high-dose polysaccha-
rides notably increased the abundance of Muribaculaceae and Bacteroides, which had been
significantly reduced following streptozotocin treatment. These findings suggest that
polysaccharides may ameliorate the diabetic state in mice by modulating the PI3K/AKT
signaling pathway and altering the gut microbiota composition. In an immunosuppressive
mouse model using cyclophosphamide, the impact of N. sativa seed polysaccharide treat-
ment led to significant increases in the levels of lactate dehydrogenase, acid phosphatase,
total antioxidant capacity, superoxide dismutase, IL-2, IL-4, and IL-6, while reducing TNF-oc
and malondialdehyde levels [48]. Proteomic analysis suggested that the polysaccharide
enhances immune responses by modulating key proteins involved in the PI3K and PTEN
pathways as well as affecting metabolism-related pathways such as autoimmune diseases
and the PI3K-AKT signaling pathway. Gut microbiome analysis suggested that N. sativa
polysaccharide improves immune regulation by enhancing the gut microbiota diversity;
regulating short-chain fatty acids; and modifying metabolic pathways related to lipid
metabolism, polysaccharide synthesis, and signal transduction.

In diet-induced obese mice, polysaccharides from Lyophyllum decastes reduced obe-
sity by altering the gut microbiota community structure and increasing energy expendi-
ture by increasing the abundance of Bacteroides intestinalis and Lactobacillus johnsonii [49].
Supplementation experiments with B. intestinalis and L. johnsonii prevented obesity and
hyperlipidemia in obese mice, thus highlighting their causative role in the efficacy of the
polysaccharides. In addition, these species increased primary bile acid metabolism and
increased secondary bile acid levels in the gut. Thus, one proposed mechanism was the
increased energy expenditure in brown adipose tissue driven by the upregulation of the
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TGRS pathway activated by secondary bile acids. Further research is needed to identify the
specific carbohydrate-active enzymes in the gut microbiota and to more fully understand
the mechanisms underlying the effectiveness of polysaccharide-rich medicinal herbs.

The microbiome-mediated modification of medicinal herbs can significantly influence
their pharmacokinetic and pharmacodynamic properties. By altering the metabolism and
bioavailability of herbal compounds, gut microbes can affect the onset, duration, and
intensity of pharmacological effects. Moreover, microbiome-mediated modification may
contribute to interindividual variability in response to herbal treatments. Factors such as
age, diet, and gut microbiome composition can influence the extent of microbial metabolism
and, consequently, the therapeutic efficacy of medicinal herbs.

The gut microbiome plays a critical role in modulating the bioavailability and pharma-
cological activity of medicinal herbs. By metabolizing herbal compounds, gut microbes can
generate bioactive metabolites with enhanced therapeutic potential. By targeting specific
gut microbial pathways, it may be possible to enhance the efficacy and safety of herbal treat-
ments. In addition, personalized approaches that take into account individual differences
in gut microbiome composition could optimize herbal therapy outcomes [50].

Further research is needed to elucidate the complex interactions between the gut
microbiome and medicinal herbs fully. However, these findings hold promise for the
development of novel herbal treatments with improved efficacy and safety profiles. The
interaction between natural products from medicinal herbs and the gut microbiota is
a complex and dynamic process that holds promise for developing targeted therapies.
Further research is needed to elucidate the specific roles of gut microbes and the molecular
mechanisms underlying their interactions with natural products, particularly in the context
of polyphenols, polysaccharides, terpenes, and alkaloids found in herbal medicines.

4. Gut Microbiota Biotransformation of Essential Host Nutrients

The gut microbiota metabolize dietary nutrients into bioactive natural products, and
thus provide insights into the effects of food and dietary supplementation on human health.
The complex interplay between dietary substrates, gut microbiota, and host metabolism
highlights the importance of understanding these interactions for health and disease
management. For example, branched-chain amino acids (BCAAs), including leucine,
isoleucine, and valine, are essential nutrients that play a critical role in protein synthesis
and energy metabolism. However, high host serum levels of the BCAAs, which are both
nutrients and signaling molecules, are associated with type 2 diabetes risk and insulin
resistance [51]. These amino acids are predominantly obtained from protein-rich foods
in the diet; however, medicinal herbs such as ashwagandha, shatavari, and amalaki also
contain these amino acids. Specific gut bacteria such as Prevotella copri and Bacteroides
vulgatus are known to biosynthesize BCA As within the gut [51]. Conversely, other microbes
like Clostridium sporogenes can biotransform BCAAs into immune-modulatory branched
short-chain fatty acids such as isobutyrate, 2-methylbutyrate, and isovalerate. These
interactions underscore the role of the gut microbiome in modulating BCAA levels and
their subsequent effects on host health and disease [52].

Additionally, gut microbes play a significant role in the metabolism of other amino
acids such as the aromatic group, which includes tryptophan, tyrosine, and phenylalanine.
For example, the gut species Lactobacillus plantarum and Bacteroides ovatus can generate 4-
ethylphenyl sulfate (4EPS) from tyrosine, which can impact brain health and behavior [53].
Tryptophan, another essential aromatic amino acid, is metabolized by gut bacteria into
various indole derivatives, such as indole-3-lactic acid (ILA), indole-3-propionic acid (IPA),
indole-3-acetic acid (IAA), and indole-3-aldehyde (IAld). These metabolites have been
associated with inflammatory bowel disease (IBD), tumors, and neuropsychiatric conditions.
ILA in particular has been shown to modulate the immune system by increasing the
production of the immunoregulatory factor galectin-1 in T helper cells, which reduces T-cell
activation. Studies with the ILA-producing Bifidobacterium infantis EVC001 demonstrated
similar immune system effects in breastfed infants [54].
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Tryptophan metabolites are also involved in tumor development. For instance, the
ILA-producing Lactobacillus gallinarum and ILA itself can induce apoptosis and decrease the
incidence of colorectal tumors in certain mice models. IPA and IPA-producing gut bacteria
have been linked to axonal regeneration, particularly through intermittent fasting therapy,
as oral administration of IPA can promote axon regeneration and functional recovery via
an immune-regulatory mechanism. An example of host nutrient biotransformation in the
context of essential amino acids is that Streptococcus mutans and Eggerthella lenta metabolize
histidine into imidazole propionate, a compound found in higher levels in individuals
with type 2 diabetes (T2D) that is linked to insulin resistance. This compound impairs
oral glucose tolerance through the activation of the p38y MAPK/p62/mTORC1 signaling
pathway. Identifying the specific gut bacteria involved in the metabolism of nutrients in
healthy and diseased states will inform the design of more personalized therapeutics.

5. Methods and Advances in Natural Products Discovery

Many innovative methods have been developed and applied in the context of natural
products discovery [2] (Table 1). For example, bioprospecting is one commonly used
method that systematically explores biodiversity-rich regions for new organisms and their
bioactive compounds. A robust laboratory approach called bioassay-guided fractionation
isolates and tests fractions from crude extracts based on bioactivity, leading to greater
identification of active compounds. Automation and miniaturization of bioassays for the
rapid screening of large compound libraries enables high-throughput screening. Other
advances include engineering microorganisms to produce specific natural products or
analogs with synthetic biology that overcomes the challenges associated with supply
and sustainability.

Table 1. Strategies for natural products discovery. This table provides a comparison of different
methods used in natural products discovery, including traditional methods, modern analytical
techniques, and computational approaches.

Natural Products Discovery

Traditional Methods Modern Methods
Ethnopharmacology Genomic mining
Extraction and isolation Metagenomics
Bioassay-guided fractionation Metabolomics
Dereplication Synthetic biology
Structural elucidation Computational methods

Pharmacological screening

The isolation of natural products from complex mixtures is a crucial step in the
discovery process. Traditional isolation techniques, such as solvent extraction, column
chromatography, and crystallization, are still widely used. However, recent advances
in separation technologies such as high-performance liquid chromatography (HPLC),
supercritical fluid extraction (SFE), and solid-phase extraction (SPE) have improved the
efficiency and purity of isolated compounds [55].

Spectroscopic techniques, including nuclear magnetic resonance (NMR) spectroscopy,
mass spectrometry (MS), and infrared (IR) spectroscopy, play a vital role in the structural
elucidation of natural products. NMR spectroscopy in particular is a powerful tool for
determining the chemical structure and stereochemistry of complex molecules. MS provides
valuable information on the molecular mass to charge ratio, elemental composition, and
fragmentation pattern of natural products, while IR spectroscopy can be used to identify
functional groups.

Computational methods are increasingly being used to predict the structures and
bioactivities of natural products. Molecular docking, virtual screening, and quantitative
structure—activity relationship (QSAR) modeling are valuable tools for identifying potential
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drug candidates from large libraries of natural products [56,57]. In silico screening of natural
product databases can significantly reduce the time and cost involved in drug discovery.

Advances in biotechnology have revolutionized natural products discovery by en-
abling the cultivation and genetic manipulation of microorganisms and plants (Table 2).
Metagenomics, genome mining, and synthetic biology approaches have facilitated the
discovery of novel biosynthetic gene clusters and the production of bioactive compounds
in heterologous hosts. Genomic mining leverages genomic information to predict and
identify novel biosynthetic gene clusters for targeted isolation [58]. For example, non-
ribosomal proteins (NRPs) often produce or can be engineered to produce compounds that
are extremely difficult for chemists to synthesize or engineer. Microbial NRPs have been
engineered to produce artemisinic acid, a precursor to artemisinin, in microbial hosts such
as yeast. This approach allows for the scalable production of artemisinic acid and has the
potential to lower the cost of artemisinin production, making this important antimalarial
drug more accessible [59,60]. Metagenomics explores the collective genetic material of mi-
crobial communities to access the biosynthetic potential of unculturable organisms [61]. The
integration of advanced analytical techniques to analyze the metabolites and genomic data
of organisms facilitates targeted isolation. In addition, bioinformatics tools and databases
such as antiSMASH, MIBiG, and NORINE are valuable resources for the identification and
characterization of natural product biosynthetic pathways [62-64].

Table 2. Recent advances in natural products discovery. This table summarizes the key recent
advances in natural products discovery, including new technologies, methodologies, and approaches,
that have revolutionized the field.

Methodology

Application Advantages Limitations

Traditional extraction
and isolation

Isolation of
bioactive compounds

Well-established methods

Time-consuming

Structural elucidation

High-purity compounds

Requires large amounts of
starting material.

Suitable for complex mixtures.

Limited chemical diversity

Biological screening assays

Antimicrobial activity

Rapid identification of
bioactive compounds

Relies on bioassays.

Anticancer activity

High-throughput screening

False positives/negatives

Anti-inflammatory activity

Provides information on
mode of action.

Limited by available assays.

Antioxidant activity

Genome mining
and bioinformatics

Identification of biosynthetic
gene clusters

Targeted discovery of
novel compounds

Requires genome sequencing.

Prediction of secondary
metabolite biosynthetic
pathways

In silico analysis
accelerates discovery.

Some biosynthetic pathways
may be silent.

Dereplication of known
compounds

Allows for prioritization of
strains for further study.

Not all clusters correspond to
bioactive compounds.

Metabolomics and
metabolic profiling

Comprehensive analysis
of metabolites

High-resolution detection
of metabolites

Requires sophisticated
instrumentation.

Dereplication of
known compounds

Provides insight into cellular
metabolism.

Data analysis can be complex.

Identification of
new compounds

Can be used with small
sample sizes.

Identification of novel
compounds requires
further validation.
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Table 2. Cont.
Methodology Application Advantages Limitations
Synthetic biology and Heterologous expression of Access to cryptic and silent  Requires genetic manipulation
metabolic engineering biosynthetic gene clusters biosynthetic pathways of host organisms.
Production of Engineering biosynthetic

Scalable production

novel compounds pathways can be challenging.

Modification of Allows for production Some pathways may be
existing pathways of analogs. difficult to engineer.

The bioprospecting of microbial communities offers a promising strategy for the
identification and isolation of bioactive compounds with therapeutic potential [65]. By
harnessing high-throughput screening platforms and metagenomic libraries, researchers
can systematically interrogate the metabolic activities of microbiota and identify lead
compounds with desired pharmacological properties [66]. Moreover, innovative screening
assays such as phenotypic profiling and functional genomics enable the rapid prioritization
of candidate molecules for further characterization and development [67].

Recent advances in natural products discovery have led to the identification of novel
bioactive compounds with therapeutic potential. For example, the discovery of teixobactin,
a promising antibiotic with activity against drug-resistant bacteria, highlights the impor-
tance of innovative screening techniques and cultivation methods [68]. Similarly, the
identification of artemisinin from Artemisia annua and its derivatives as potent antimalarial
agents underscores the value of traditional herbal medicines in drug discovery [69].

Mass spectrometry-based metabolomics has revolutionized the ability to study the
chemical composition of complex biological samples and to conduct natural products
discovery. Introduced in 2012, molecular networking has become a cornerstone bioin-
formatics tool for visualizing and annotating non-targeted mass spectrometry data as it
offers a powerful approach to analyze mass spectrometry data beyond spectral matching
against reference libraries. The global natural products social (GNPS) molecular net-
working analysis environment provides a highly efficient platform to perform molecular
networking (https://gnps.ucsd.edu/ProteoSAFe/static/gnps-splash.jsp; URL accessed on
19 July 2024) [63]. To build upon the success of classical molecular networking, which is
based on the MS-cluster algorithm, a complementary tool named feature-based molecular
networking (FBMN) was introduced [70]. FBMN leverages mass spectrometry processing
software to incorporate MS1 information such as isotope patterns, retention time, and
ion-mobility separation when performed. This method enables the detection of isomers,
facilitates spectral annotation, and incorporates relative quantitative information for robust
downstream metabolomics statistical analysis. FBMN represents a significant advancement
in mass spectrometry-based metabolomics, enabling the characterization of isomers, the
incorporation of relative quantification, and the integration of ion mobility data. The
FBMN workflow, available on the GNPS web platform, offers automated spectral library
search, spectral entry curation, and integration with other annotation tools. This innova-
tive approach promotes data analysis reproducibility, advancing the understanding of the
chemical composition of complex biological samples and facilitating rapid discovery of
novel natural products.

6. Advances in Methods for Gut Microbiota-Derived Natural Products Discovery

Microbial metabolites and biotransformation products are reservoirs for therapeutic
compounds and may also provide information about the involvement of microbes in
both health and disease. Currently, three primary strategies are employed to identify
and characterize bioactive natural products derived from gut microbiota: culturomics,
metabolomics, and metagenomics.
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6.1. Culturomics-Based Methodologies

Culturomics, a method that combines diverse culture conditions and advanced iso-
lation techniques, has led to the discovery of several natural products from the human
microbiome. This approach allows researchers to cultivate a wide array of microbial species
that are often missed by other methods such as metagenomics. Culturomics has signif-
icantly increased the number of microbial species recovered from microbiome samples,
leading to the identification of many other bioactive compounds with potential therapeutic
applications. By providing pure cultures of previously uncultured microbes, this method
facilitates the detailed study of microbial physiology and the discovery of novel natural
products that could be harnessed for medical and biotechnological applications. By using
a variety of culture conditions and advanced isolation techniques such as serial-dilution
plating and single-cell microfluidics, approximately 1500-2000 microbial species have been
successfully isolated from human fecal samples [71]. This approach allows for the creation
of a human gut microbe bank, where strains are selected based on their bioactivity, ge-
nomic data, and chemical structure information. These strains are then fermented with
conditioned media and extracted for further metabolite profiling and targeted isolation.

One notable discovery using culturomics is the identification of the antimicrobial
compound lugdunin from Staphylococcus lugdunensis. This bacterium, isolated from the
human nasal cavity, produces lugdunin, which has shown effectiveness against various
pathogenic bacteria, including Staphylococcus aureus [72]. Another example includes the
identification of isoalloLCA, an anti-infective bile acid derivative produced by certain gut
microbes [73]. This compound was discovered through metabolomic-based methods in
conjunction with culturomics, demonstrating its potential in protecting against infections.

Despite its potential, culturomics faces challenges such as the low abundance of target com-
pounds in growth media, detection difficulties, and labor-intensive purification processes [74].
Enhancing the understanding of gut microbes’ physiology and biochemical characteristics
can optimize culture conditions. Techniques like liquid chromatography—high-resolution mass
spectrometry (LC-HRMS), global natural products social (GNPS) molecular networking, in
situ MS imaging (MSI), and high-field NMR spectrometry can accelerate the identification
of bioactive NPs from gut microbiota [2].

6.2. Metagenomics-Based Methodologies

Metagenomics, the study of genetic material recovered directly from all the organisms
(typically microbes) in a community or bulk sample, has significantly advanced the discov-
ery of natural products. This approach also facilitates identification and characterization
of bioactive compounds produced by microorganisms that cannot be cultured in the lab.
Advanced sequencing and gut metagenome assemblies have uncovered numerous biosyn-
thetic genes within the gut microbiome. Multi-omics analyses combined with machine
learning (ML) approaches have been used to discover many microbial natural products.

Computational and synthetic biology tools are effective strategies for mining natu-
ral products from biosynthetic gene clusters in the gut microbiome [75]. This method
has led to the discovery of compounds such as commendamide, which is a quorum-
sensing molecule and GPCR agonist discovered from the human gut microbiome [76].
Commendamide influences host signaling pathways and has potential implications in
microbiome-host interactions.

Additionally, deep-learning approaches utilizing natural language processing (NLP)
neural network models have been developed to mine antimicrobial peptides from the
human gut microbiome [2]. The continued development of suitable hosts for heterologous
expression, new gene editing tools, single-cell sequencing, and gene modulation techniques
are essential to expedite the identification of natural products derived from gut microbiota.
By using metagenomics methods, the vast genetic diversity of microbial communities can
be observed to facilitate identification of natural products with potential applications in
medicine, agriculture, and biotechnology.
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6.3. Metabolomics-Based Methodologies

Gut microbiota-derived natural products enter the bloodstream and affect physiologi-
cal processes in distant organs. Metabolomic analysis can distinguish health- and disease-
related biomarkers by comparing serum and fecal metabolomes in patient or animal cohorts.
Untargeted metabolomic analysis initially identifies potentially distinct metabolites, which
are then verified through targeted metabolomic detection [77]. Novel metabolites require
chemical synthesis or targeted isolation for structural determination [78].

Metabolomics-based methods have led to the discovery of several significant natural
products. One notable example is the identification of lugdunin, an antibiotic discovered
from the human nasal microbiota. Metabolomics facilitated the analysis of microbial
metabolites, leading to this important discovery with potential applications in combating
antibiotic-resistant bacteria. The discovery of the anti-infection effects of isoalloLCA in
centenarians validated metabolomics-based methods for identifying gut microbiota-derived
natural products [73]. This discovery highlights the potential of metabolomics in finding
bioactive compounds that could contribute to healthy aging and disease prevention. The
integration of artificial intelligence, culturomics, and comprehensive metabolomic and
metagenomic analyses is expected to advance the discovery of new bioactive natural
products from the gut microbiome and enhance understanding of their biotransformation
and biosynthetic pathways.

7. Methods for Identifying Gut Microbiome-Mediated Metabolism of Natural Products

To understand the mechanisms by which gut microbiota-derived natural products
exert their effects, a multifaceted systems approach is necessary. Such strategies include
RNA sequencing, protein binding studies, signaling transduction analysis, and detection of
catalytic functions, similar to the approach used for small-molecule drugs, in the context
of in vivo and in vitro assays. There are several advancements in strategies to elucidate
these microbiota-driven mechanisms for orally administered natural products with low
bioavailability. A general strategy may begin with case control studies in animal or human
cohorts that can elucidate the therapeutic benefits of the orally administered natural prod-
ucts. To establish causality, fecal microbiota transplantation (FMT) or animal co-housing
experiments alongside therapeutic assays with germ-free or antibiotic-treated animals
can be designed. Multi-omics methods can be used to identify the key species, genes,
proteins, or metabolites from gut microbiota that mediate phenotypic efficacy. Additionally,
signaling pathways involved in gut microbiota—host interactions can be confirmed using
strategies such as inoculating the host with the key microbe and its corresponding mutant.

To uncover the mechanisms by which gut microbiota mediate the effects of natural
products, several multi-omics approaches can be utilized. For example, global microbiome
analysis with metagenomics can be employed to identify candidate biosynthetic genes,
bacteria, or microbial communities associated with specific phenotypes. Techniques such
as linear discriminant analysis effect size (LEfSe) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis are commonly used to determine which gut bacteria
and metabolic pathways are enriched by bioactive natural products [79,80]. These methods
have been effective in studies involving polysaccharides and terpene derivatives [81,82].

Additional approaches to identifying gut microbiome-mediated metabolism of natural
products include metabolomics and metaproteomics. Both targeted and global untargeted
metaproteomics and metabolomics can identify microbial signatures and intervention-
specific molecules [77,78]. Significant mediators derived from gut microbiota, including
short-chain fatty acids, vitamins (such as folic acid and vitamin B12), secondary bile acids,
amino acid derivatives, and relevant microbial enzymes, have been identified through
these techniques [42,83]. However, the current limitations in our understanding of gut
microbiome metabolism pose challenges to accurately identifying key metabolites and
proteins. Artificial intelligence and computational prediction algorithms, when combined
with metabolomics, can enhance the identification of gut-microbiome-derived mediators
and involved proteins [84,85]. In addition, systems biology approaches that combine
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metagenomics, metaproteomics, and metabolomics can provide additional power for the
discovery of bioactive microbial gene products. For example, one such study systematically
identified over 340,000 microbial protein families potentially associated with bioactivity in
gut inflammation during inflammatory bowel disease [86].

Culture-based methods and culturomics approaches can isolate specific gut microbes,
contributing to observed differences in the metaproteome and metabolome [87]. By cultur-
ing enriched gut microbes treated with natural products and comparing their effects with
those of natural products, specific microbial contributions can be identified. One notable
public resource is the human gut microbial biobank (hGMB), which provides resources
for studying interactions between the microbiome, natural products, and the host [71]. In
addition, intervention with key metabolites or proteins in animal models can facilitate the
determination of the effects of natural product leads.

By leveraging some of these previously mentioned strategies, recent research has
revealed that the potential regulatory mechanisms of citrus polysaccharide on cholesterol
metabolism are regulated by cholesterol-related gut microbiota and specific metabolites [38].
To understand how citrus polysaccharide influences cholesterol metabolism through the
gut microbiota, an integrative analysis using Illumina MiSeq sequencing and non-targeted
metabolomics in an in vitro gut microbiota fermentation model was utilized. The addi-
tion of POS significantly altered the metabolite profile of the gut microbiota fermentation
metabolites, with changes observed in 221 different metabolites and an increase in short-
chain fatty acid production. Specifically, metabolites related to cholesterol metabolism such
as adenosine monophosphate, cyclic adenosine monophosphate, guanosine, and butyrate
were more abundant in the citrus polysaccharide-treated group compared with the control
group. Another recent study identified protective effects and underlying mechanisms
of Xiaoyu Xiezhuo polyherbal decoction in addressing acute kidney injury caused by
ischemia-reperfusion, focusing on the gut-kidney axis [89]. In total, 1778 targets related to
acute kidney injury were identified, with 140 of these potentially regulated by the tradi-
tional Chinese medicine decoction. The core targets were predominantly associated with
inflammation-related pathways. These findings demonstrate the advantages of an inte-
grated strategy for understanding the interactions among natural products, gut microbiota,
and the host.

8. Future Directions and Advances in Natural Products Discovery

Continued advancements in technology, such as artificial intelligence and machine
learning, hold the potential to revolutionize natural product discovery [90]. Integrating
interdisciplinary approaches can further accelerate the identification and development of
novel natural products. Natural products continue to be invaluable sources of bioactive
compounds with diverse applications. The ongoing exploration of novel molecules from
nature is poised to revolutionize the drug discovery, agriculture, dietary supplement, and
other industrial sectors.

Metagenomics and microbiome exploration represent powerful tools for the future
of natural products discovery. Metagenomics examines the genetic material recovered di-
rectly from environmental samples, enabling the exploration of uncultured microorganisms
and their biosynthetic potential. Furthermore, drug discovery pipelines should include
activities and metabolites of human microbiota and microbiome-derived compounds. For
example, a powerful method for natural products discovery in medicinal plants developed
in my lab incorporates the microbial metabolism of herb-derived products and microbially
generated metabolites. Unraveling the intricate relationship between host-associated micro-
bial communities and the production of bioactive compounds with therapeutic potential
will provide new opportunities for therapeutics development.

Microbial communities play a pivotal role in the synthesis and modification of natural
products through enzymatic transformations and biotransformations [91]. By harnessing
the catalytic activities of microbial enzymes, it is possible to engineer microbial consortia
to produce structurally diverse compounds and analogs with enhanced pharmacologi-
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cal profiles [92]. Furthermore, microbial fermentation and biotransformation processes
offer scalable and sustainable approaches for the production of bioactive molecules with
therapeutic applications [93]. Synthetic biology and metabolic engineering offer tools for
precision engineering of biosynthetic pathways in microorganisms for the production of
target natural products. In addition, combinatorial biosynthesis, or creating libraries of
bioactive compounds through the manipulation of biosynthetic pathways, will allow for
the generation of novel analogs.

The integration of -omics technologies leverages multiple global approaches for a
systems-based strategy. Rapid advancements in metabolomic techniques for the compre-
hensive profiling of natural product extracts and the identification of bioactive compounds
continues to accelerate discovery. Leveraging genomic and transcriptomic data helps to
predict and prioritize the biosynthetic potential of organisms. Combining -omics with high-
throughput screening and automation further promotes these investigations. For example,
continued miniaturization of bioassays and the development of high-throughput screening
platforms allows rapid and efficient compound screening. Integration of robotic systems
and automation streamline the isolation and characterization of bioactive compounds.

Future directions in natural products discovery include computational approaches and
artificial intelligence. Predictive modeling using computational tools to predict the chemical
space of natural products will accelerate the identification of potential drug candidates,
as will harnessing machine learning algorithms to analyze large datasets and predict
bioactivity based on structural and chemical features. Leveraging artificial intelligence
and other models will help navigate the vast combinatorial and complex chemical spaces
relevant in natural products discovery.

9. Challenges and Opportunities

While microbiota-mediated natural products discovery holds immense promise for
drug development, several challenges must be addressed to realize its full potential. These
include the identification of novel microbial strains, optimization of fermentation condi-
tions, and elucidation of biosynthetic pathways [94]. Additionally, ethical considerations
surrounding microbial collection and utilization require careful consideration to ensure
sustainable and responsible practices [95]. Nonetheless, the advent of cutting-edge technolo-
gies including metagenomics, synthetic biology, and machine learning offers unprecedented
opportunities for accelerating natural products discovery and innovation [96].

Other challenges to consider in natural product discovery include rediscovery and
ethical issues. Some natural products may be rediscovered due to the re-isolation of known
compounds from different sources. In addition, supplies are often limited, as isolation of
sufficient quantities of rare compounds from natural sources can be challenging. Increased
innovation in bioactivity assays will be key to increasing discovery rates. Developing
relevant and efficient bioassays to screen for specific biological activities is of high priority
in the field. Addressing ethical concerns related to biodiversity conservation and the
sustainable sourcing of natural products is an important consideration, especially in the
context of the use of synthetic biology. Fair and equitable frameworks for the sharing of
benefits derived from the use of genetic resources are vital for access and benefit sharing
ethical considerations. Despite the significant progress in natural products discovery,
several other challenges remain, including the identification of novel scaffolds, optimization
of production methods, and sustainable sourcing of natural resources. Future research
should focus on the development of high-throughput screening methods, the exploration
of unexplored ecological niches, and the application of innovative biotechnological tools
for drug discovery.

Amidst the challenges, great opportunities emerge, such as the positive impact on
drug development. Exploring natural products as a source of new antibiotics to combat
the rising threat of antibiotic-resistant bacteria is one important opportunity. In addition,
the identification of natural compounds with potent anticancer properties and novel mech-
anisms of action represents another key area of development. Future collaborations and
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global initiatives are opportunities to accelerate this work, such as strengthening collabo-
rations between researchers, institutions, and industries to foster global advancements in
natural products discovery. Moreover, initiatives that promote open-access platforms for
sharing data, compounds, and knowledge will further accelerate this research.

While this narrative review provides a comprehensive overview of microbiota-mediated
natural products discovery, several limitations must be acknowledged. Firstly, the scope
of the review, while extensive, may not cover all emerging methodologies or recent break-
throughs in the rapidly evolving field of microbiome research. The focus on microbiota-
mediated biotransformation of medicinal herbs, although central to the review, may exclude
other significant sources of natural products and their interactions with the microbiome.
Additionally, the review is constrained by the availability and quality of current data, which
can vary widely across studies. Some findings may be preliminary or based on limited
sample sizes, potentially impacting the generalizability of the conclusions. Furthermore,
the review primarily discusses established methods and may not fully explore the potential
of newer, innovative techniques in natural products discovery. Finally, the ethical and
practical challenges associated with microbiota-based research, including issues of repro-
ducibility and the complexities of translating preclinical findings to clinical applications,
are only briefly addressed. Future reviews should aim to integrate these aspects more
thoroughly and consider the implications of ongoing technological advancements.

10. Conclusions

Microbiota-mediated natural products discovery represents a frontier in drug devel-
opment, offering a treasure trove of bioactive compounds with therapeutic potential. By
unraveling the metabolic activities and biosynthetic capabilities of microbial communities,
researchers can harness the relationship between microorganisms and their environment
to unlock novel drug candidates and address unmet medical needs. As we continue this
exploration and discovery, collaboration between scientists, biotech, and pharmaceutical
companies will be essential for translating microbiota-mediated natural products into
next-generation therapeutics.

The future of natural products discovery holds immense promise, driven by the
convergence of technological breakthroughs, innovative methodologies, and a collective
commitment to harnessing nature’s chemical diversity. Continued exploration and col-
laboration will undoubtedly pave the way for the development of novel therapeutics,
sustainable solutions, and transformative technologies. Methods and advances in natural
products discovery have transformed the field of drug discovery, providing a vast array
of bioactive compounds with therapeutic potential. From traditional isolation techniques
to cutting-edge biotechnological tools, researchers have a wide range of methods at their
disposal for the identification and characterization of natural products. By harnessing
the power of nature and innovation, the discovery of novel natural products holds great
promise for the development of new treatments for a variety of diseases.

In conclusion, the scientific community is on the brink of a new era in natural products
discovery, where interdisciplinary approaches and cutting-edge technologies converge
to unlock the full potential of nature’s chemical repertoire and clinical potential. The
microbiome’s multifaceted impact on natural products discovery underscores the need for
a holistic understanding of host-microbe interactions. Leveraging this knowledge holds
immense promise for the identification of novel bioactive compounds with applications in
pharmaceuticals, agriculture, and beyond. Natural product discovery remains a dynamic
and multidisciplinary field, providing a foundation for the development of new medicines
and sustainable technologies. Despite challenges, ongoing innovations and collaborative
efforts promise a future filled with exciting discoveries from the wealth of nature’s chemical
diversity.
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