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Natural medicines (NMs) demonstrate distinct advantages in the clinical management of
chronic diseases. Recent years have seen growing recognition of the gut microbiota’s role in
the efficacy and synergy of NMs, providing new impetus for elucidating the material basis and
mechanisms of NMs and their path toward modernization. A fundamental question that has
emerged is how NM-microbiota interactions integrate into the multi-target holistic mechan-
isms of NMs, the answer to which may also illuminate new avenues for drug discovery. Meta-
bolic regulation via small-molecule metabolites has been increasingly implicated in host-mi-
crobe interaction. This review presents an integral metabolic perspective on NMs-microbiota
interaction in host health and disease. It highlights the emerging understanding of gut micro-
biota-related metabolic signals implicated in NM components’ local and systemic actions. Ad-
ditionally, it discusses key issues and prospects related to drug development and the transla-
tional study of NMs.

1. Introduction

Natural medicines (NMs), also known as natural products,
have an extensive history of application and rich clinical experi-
ence. The discovery and development of NMs represent the
primary sources of original drugs in China, playing a crucial role
in preventing and treating chronic diseases. According to data
from the Food and Drug Administration (FDA), among all drugs
approved between 1981 and 2019, over 35% were natural
products, derivatives of natural products, or natural product ana-
logs. NMs have consistently maintained a significant role in phar-
maceutical research, substantially influencing the treatment of
human diseases " °. Furthermore, numerous clinical trials for
NMs-based new drug development are currently underway glob-
ally **. Despite these advancements, the material basis and mech-
anism of action of NMs have not been fully elucidated, which re-
mains a key obstacle to their modernization.

In recent years, advancements in bioinformatics, proteomics,
transcriptomics, and metabolomics have significantly enhanced
our understanding of life, health, and diseases, accelerating the
elucidation of natural products and their mechanisms of action ’.
The human body is recognized as a superorganism comprised of
the host and symbiotic microorganisms. Over the past decade, the
crucial role of gut microbiota in health, disease, and therapeutic
outcomes has gained increasing recognition *'’. Furthermore, the
interaction between drugs and gut microbiota has attracted
growing attention for its role in mediating individual variations in
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drug efficacy and adverse effects ''. Correspondingly, evidence
demonstrates that gut microbiota is involved in the pharmaco-
logy of NMs, particularly those with low oral bioavailability. For
instance, a series of studies on the interplay between gut microbi-
ota and berberine have provided novel mechanistic insights into
its clinical efficacy in managing dyslipidemia and reducing blood
glucose levels '°. Additionally, investigations into gut microbiota
and ginsenosides offer new perspectives for comprehending their
antidepressant mechanisms and pave the way for identifying new
therapeutic targets . Consequently, gut microbiota modulation
has emerged as a dynamic field in NM research, with implica-
tions for elucidating clinical efficacy, guiding rational drug use,
and inspiring novel drug discovery.

As evidence accumulates supporting the role of gut microbi-
ota in the efficacy of NMs, a critical question emerges: how does
the interplay between NMs and microbiota integrate into the
multi-target holistic mechanisms and clinical effectiveness of
NMs? Recent years have witnessed a surge in studies demonstrat-
ing the crucial involvement of gut microorganisms in NM action,
primarily via pharmacokinetic (PK) and pharmacological path-
ways "' (Fig. 1). A comprehensive review of the PK mechanisms
underlying microbiota-NM interactions has recently been pub-
lished, offering insights into microbial regulation of NM biodis-
position . Another compelling aspect is the involvement of small-
molecule metabolites from gut microbiota in the pharmacologic-
al effects of NM components. This review highlights recent re-
search progress on NM mechanisms of action from the perspect-
ive of gut microbiota metabolic signals, aiming to inspire novel
approaches to drug discovery. Additionally, we discuss key is-
sues related to further elucidating the metabolic regulatory basis
of NMs through gut microbiota modulation and its clinical trans-
lation into new therapeutics.

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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2. Metabolic crosstalk between the gut microbiota and NMs

2.1. Gut microbiota affecting the PKs and metabolism of NM com-
ponents

Due to extensive interactions in the gastrointestinal tract, gut
microbiota can significantly influence the quality and quantity of
active substances from NMs, thereby affecting their PK behavior
and biological effects (Fig. 2). For instance, research has demon-
strated that cyclic enol ether terpene glycosides can undergo hy-
drolysis by bacterial S-glucosidase, resulting in the formation of
corresponding glycosidic ligands. Typically, these secondary glyc-
osidic ligands are the active ingredients absorbed by the intestin-
al tract, exerting therapeutic effects. Furthermore, gut microbi-
ota can directly or indirectly alter drug bioavailability by impact-
ing mucosal barrier function and absorption. The prevalent types
of drug metabolism mediated by gut microbiota include hydrolys-
is and reduction '*'°. Additionally, under the unique biochemical
conditions of the gut, functional group transfer and cleavage reac-
tions may occur ***' (Table 1).

Gut microbiota hydrolysis refers to the process by which gut
microorganisms metabolize complex molecules into smaller,
more absorbable, and utilizable fragments (e.g., monosacchar-
ides, amino acids, fatty acids) through specific hydrolase en-
zymes. Saponins constitute the primary active ingredients in nu-
merous commonly used Chinese medicinal materials, such as
Panax ginseng and Panax notoginseng. A growing body of re-
search indicates that protopanaxadiol (PPD) saponin exhibits
broad pharmacological effects ** *°. The majority of PPD is pro-
duced through bacterial hydrolysis of the glucose molecule at the
C-20 position of ginsenoside compounds, facilitated by glycoside
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hydrolases from Bacteroides, Clostridium, and Bifidobacterium
spp., emphasizing the significance of bacterial metabolism in gin-
senoside pharmacology “*. Studies have shown that ginsenoside
Rb1, a representative of PPD, increases the abundance of intest-
inal Lactobacillus, while ginsenoside Rgl enriches Akkermansia
muciniphila and inhibits farnesoid X receptor (FXR)-fibroblast
growth factor 15, thereby facilitating metabolic elimination of
cholesterol *. Furthermore, research has demonstrated that bac-
terial biotransformation of NM components into small-molecule
metabolites contributes to their efficacy. For instance, paeoniflor-
in and albiflorin, the main components of white peony root, are
characterized by low oral bioavailability, which appears paradox-
ical to their antidepressant effects. Recent investigations have re-
vealed that carboxylesterase catalyzes the hydrolysis of paeoni-
florin and albiflorin, releasing benzoic acid, which contributes to
fatty acid amide hydrolase inhibition in the brain and the antide-
pressant effect of traditional Chinese medicine (TCM) formulas
such as Xiaoyao San *°

Gut microbiota reduction describes the process by which in-
testinal microorganisms transform specific substances, such as
nitrates and sulfates, into lower-valence compounds like nitrites
and hydrogen sulfide through specialized enzyme systems. Re-
search has demonstrated that nitroreductase from Escherichia
coli can convert poorly absorbable berberine into dihydroberber-
ine, a more readily absorbable form with a 5-10 times higher ab-
sorption rate in the gut *’. This insight has significant implica-
tions for understanding the microbiota-regulated mechanisms of
NM absorption and individual variations in berberine blood con-
centrations. Additionally, a notable discovery is that the reduc-
tion of digoxin by Eggerthella lenta, which possesses cardiac glyc-
oside reductase 1 and cardiac glycoside reductase 2, can inactiv-
ate digoxin. This finding provides a crucial explanation for why
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Fig. 1 Metabolic interactions of gut microbiota and natural medicines underlying local and systemic effects. Oral administration of natural medicines initiates a bidirection-
al metabolic interaction between gut microbiota and phytochemicals within the intestinal environment. Gut microbiota can transform phytochemicals via chemical pro-
cesses such as hydrolysis, reduction, and demethylation, influencing the quality and quantity of active substances from NMs and their subsequent exposure and biological ef-
fects on system organs. Conversely, phytochemicals can reshape the gut microbial composition, thereby altering the production of various small-molecule metabolites,
which function as signaling molecules between the gut and system organs. Consequently, these small-molecule metabolites derived from gut microbiota contribute to the
pharmacological effects of NM components, particularly for those exhibiting poor absorption.
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Fig. 2 Gut microbiota influencing the PK properties and metabolism of NM components. Specific bacterial species such as Bacteroides, Clostridium, and Bifidobacterium
longum produce enzymes, including glycoside hydrolases, carboxylesterases, and nitroreductases that metabolize NM compounds, such as ginsenoside compound K, paeoni-
florin, albiflorin, and berberine. These enzymatic reactions transform poorly absorbed or inactive compounds into more bioavailable and active metabolites, like (20S)-pro-
topanaxadiol, benzoic acid, and dihydroberberine. Conversely, species such as Escherichia coli and Eggerthella lenta can diminish the activity of digoxin through reductase
enzymes. Collectively, the gut microbiota-mediated metabolism of NM components affects their absorption, bioavailability, and pharmacological effects.

Table 1 Chemical transformation of phytochemicals by gut microbiota.

Natural medicines Phytochemicals Metabolic pathway Metabolites Pharmacological activity Ref.
Ginseng a_nd Panax Gl_nsenosyde Rb1, Hydrolysis Protopanaxadl_ol Anti-tumor; reduces _the formation of 24,25,91,92
notoginseng Ginsenoside Rgl Protopanaxatriol atherosclerotic plaque
White peony root Paeoniflorin, albiflorin Hydrolysis Benzoic acid Antidepressant 26
Digitalis lanata Digoxin Reduction Dihydrodigoxin Treatment of chronic heart failure 28
Polymethoxyflavone Demethylation Demethylated metabolites Anti-inflammatory, a'ntl-allerglc, and 29
neuroprotective effect
— Anti-obesity, anti-hyperglycemia, anti-
Nobiletin . . ; X
Phenolic metabolites hypercholesterolemia, and anti- 93,94
Polymethoxyflavone .
inflammatory
Paeonia lactiflora Pall Paeoniflorin Hydrolysis Benzoic acid Immunomodulatgffr}écat:d At 45,95
Paeonia lactiflora Pall Paeoniflorin Hydrolysis PM-I Immunomodulat:;f);jt:d antidepressant 96
Scutellaria baicalensis Baicalin Hydrolysis Baicalein Anxiolytic and anticancer activities 97
Chlorogenic acid Hydrolysis Caffeic acid Anticancer effect 98
Curcumin Demethylation Demethoxycurcumin EriEE eIt N, e 99

inflammatory

certain patients do not respond effectively to cardiac glycoside
analog therapy *.

Gut microbiota facilitates the demethylation of NM compon-
ents such as emodin, apigenin, kaempferol, luteolin, and quercet-
in through demethylase, generating a variety of demethylated
products with diverse biological functions. Polymethoxyflavones
(PMFs), a distinct class of flavonoids, exemplify this process. The
demethylase encoded by Blautia spp. mediates the metabolism of
PMFs, converting PMFs into various demethylated metabolites,
which serve as the material basis for PMFs’ anti-inflammatory,
anti-allergic, and neuroprotective effects *°. Consequently, the
abundance and activity of microbial demethylase in the microbio-
me may significantly influence the individualized benefits of PMF

160

intake. These findings underscore the importance of understand-
ing gut microbiota-mediated drug metabolism for comprehend-
ing the substance basis, mechanisms of action, and clinical effic-
acy of NMs.

2.2. NMs remodel the configuration of gut microbiota

Recent studies have demonstrated that the gut microbial
composition and its interaction with host pathophysiology under-
lie the local and systemic effects of NMs, complementing the
pharmacokinetic approach. For instance, colorectal cancer (CRC),
accounting for approximately 10% of all cancers, has been associ-
ated with gut microbiota in recent research *’. The inhibitory ef-
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fect of echinacoside (ECH), a phenylethanoid glycoside, on CRC
metastasis is linked to abundance changes in indigenous bacteria,
including Faecalibacterium, Bifidobacterium, and Lactobacillus.
Specifically, ECH-reshaped Faecalibacterium prausnitzii downreg-
ulated tumoral epithelial to mesenchymal transition and phos-
phoinositide 3-kinase/AKT signaling by modulating immune cells
and inflammatory responses °'. Pien Tze Huang (PZH), a well-es-
tablished traditional drug beneficial for cancer, demonstrated co-
exclusion correlations between probiotics and pathogenic bac-
teria in treated mice, such as Lactobacillus johnsonii-Aeromonas
veronii and Pseudobutyrivibrio xylanivorans-Peptoniphilus harei.
Culture supernatants of probiotics P. xylanivorans and Eubacteri-
um limosum, enriched after PZH treatment, significantly inhib-
ited CRC cell viability and colony formation. These findings sug-
gest that PZH-enriched probiotics may antagonize pathogenic
bacteria to produce anti-CRC efficacy *. The pathogenesis of irrit-
able bowel syndrome (IBS), afunctional gastrointestinal dis-
order characterized by abnormal stool form and recurrent ab-
dominal pain, is closely related to the loss of gut microbial di-
versity and richness *’. A recent study elucidated the mechanism
of Da-Jian-Zhong Decoction (DJZD), a traditional Chinese medi-
cine decoction, in alleviating diarrhea-predominant irritable
bowel syndrome (IBS-D) phenotypes in rats. DJZD altered the
abundance of Akkermansia, Alistipes, and Bacteroidaceae bac-
teria in IBS-D rats, accompanied by improved intestinal immune
responses, particularly the T helper (Th) 17/Treg balance and cy-
tokines *.

NMs can function as prebiotics to regulate gut dysbiosis, po-
tentially influencing extraintestinal conditions such as metabolic
syndrome and autoimmune diseases. This effect is traditionally
associated with poorly absorbed polyphenols and polysacchar-
ides in herbal medicines *°. Research indicates that certain poly-
phenols from herbal medicines, such as PMFs, can effectively re-
duce body weight and increase the abundance of Bacteroides
after supplementation to diet-induced obese mice *’. Nobiletin, a
representative PMF, has been demonstrated to ameliorate hepat-
ic lipid storage, triglyceride accumulation, inflammation, and
fibrosis by enriching gut symbionts like Allobaculum stercoric-
anis and Lactobacillus casei, contributing to the treatment of non-
alcoholic fatty liver disease (NAFLD) *°. Similarly, treating high-
fat diet (HFD) mice with water extract of Ganoderma lucidum my-
celium (WEGL) reversed HFD-induced gut dysbiosis, maintained
intestinal barrier integrity, and reduced metabolic endotoxemia.
Specifically, WEGL decreased the Firmicutes-to-Bacteroidetes ra-
tio and levels of endotoxin-bearing Proteobacteria, underlying its
effects on obesity-related metabolic disorders *. Studies on hu-
man populations and animal models have implicated gut dysbios-
is in the pathogenesis of autoimmune diseases such as multiple
sclerosis. An isoflavone-rich diet has been found to enrich bac-
teria belonging to Parabacteroides and Adlercreutzia genera,
which metabolize isoflavones into the protective compound S-
equol 7. Collectively, these findings strongly suggest that gut mi-
crobiota remodeling is a common mechanism underlying the ac-
tion of many NMs or their components. However, it remains un-
clear how the remodeled microbiota mechanistically contributes
to the pharmacology of NMs and integrates with their multi-tar-
get regulatory mode, representing a frontier in this field of study.

2.3. NMs reshape the metabolites from gut microbiota

The gut microbiota and host coexist in a symbiotic relation-
ship characterized by intricate molecular interactions. Recent
years have witnessed an increasing understanding of the role of
metabolic enzymes from gut bacteria in the disposition of xenobi-
otics ** and endogenous components *’. Small-molecule metabol-
ites co-produced by gut microbiota and the host have been identi-
fied as chemical mediators facilitating microbiota-host commu-
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nication, connecting environmental fluctuations with the host’s
internal homeostasis. These signaling metabolites, including
short-chain fatty acids (SCFAs), amino acids, and bile acids (Ta-
ble 2), play crucial roles. The following section highlights several
representative studies demonstrating how these metabolic sig-
nals may underpin the holistic pharmacology of NMs *’.

Gut microbiota exemplify their functional diversity by de-
composing dietary fibers like cellulose to generate SCFAs. Butyr-
ate, for instance, provides energy for intestinal epithelial cells
and influences mucosal immune cell fate via its action as a his-
tone deacetylase inhibitor *'. Additionally, acetate regulates the
function of distant organs, such as adipose tissue and the brain,
through blood circulation '*. These multifaceted effects form the
foundation for elucidating NM pharmacology. In a rat model of
IBS, berberine exerts regulatory effects on microglia activation
and visceral hypersensitivity through enrichment of SCFA-produ-
cing bacteria Lachnoclostridium and Anaerostipes, explaining its
ameliorative effects on IBS severity without direct inhibition of
spinal microglia . Similarly, berberine alleviates rheumatoid
arthritis (RA) by reducing the abundance of Prevotella and in-
creasing butyrate-producing bacteria in collagen-induced arthrit-
is (CIA) rats, supporting the potential of promoting butyrate gen-
eration from gut microbiota as a strategy for treating RA **. SCFAs
also underlie the cerebral effects of NMs. For instance, Cistanche
tubulosa extract influences SCFA production through gut microbi-
ota, contributing to the restoration of serotonin and brain-de-
rived neurotrophic factor in the brain of depressed rats and im-
proving depressive-like behavior symptoms *“. Moreover, SCFAs
demonstrate the ability to attenuate osteoporosis progression in
psoriatic arthritis (PsA) mice by inhibiting osteoclast differenti-
ation. Compared to control mice, bone marrow osteoclast pro-
genitor cells (OCPs) in PsA mice express higher levels of SCFA re-
ceptors, and the transcriptome of bone marrow OCPs is signific-
antly altered in SCFA-treated mice, suggesting that SCFAs dir-
ectly affect bone marrow OCPs in osteoporosis *“.

Amino acids and their metabolites from the gut microbiota
have been established as signaling molecules in host-microbe in-
teractions. Recent studies have linked microbial amino acid meta-
bolites to the mechanisms of action of NMs. Total glucosides of
peony (TGP), extracted from the root and rhizome of Paeonia lac-
tiflora Pall, demonstrate clinically confirmed immunomodulatory
efficacy. Paeoniflorin, a major component of TGP, has been shown
to improve colonic injury and gut microbial dysbiosis in colitis
mouse models **. Through fecal microbiota transfer and antibiot-
ic treatment, the gut microbiota was causally implicated in the
therapeutic effects. Indole-3-lactate (ILA), a microbial trypto-
phan metabolite, was identified as an inhibitor of epithelial auto-
phagy, and its decrease contributed to the protective benefits of
TGP. Metabolic signals from amino acid metabolism are also in-
volved in the distal effects of poorly absorbed NM components.
Sinomenine significantly increased the abundance of Lactobacil-
lus species, Lactobacillus paracasei, and Lactobacillus casei, which
regulate tryptophan metabolism in the gut microbiota, influen-
cing microbial tryptophan metabolism and activating the aryl hy-
drocarbon receptor (AhR) through tryptophan metabolites to al-
leviate CIA symptoms in rats “°. Notably, sodium oligomannate
(GV-971), an Alzheimer’s disease (AD) therapy approved by the
National Medical Products Administration in China, is believed to
improve cognition via a gut microbiome-related mechanism. Spe-
cifically, GV-971 suppresses gut dysbiosis-associated phenylalan-
ine/isoleucine accumulation, which contributes to inhibiting pro-
inflammatory Th1 cell-mediated neuroinflammation and cognit-
ive impairment *’. This finding highlights a novel strategy for AD
therapy through the regulation of gut microbial metabolism.

Multiple metabolites from the bile acids pathway have been
identified as mediators in the microbiota’s influence on host
physiology *>**. FXR, a nuclear receptor expressed in the liver
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Table 2 Representative studies of NMs based on gut microbial regulation.
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Metabolic/immune/neural

Diseases Natural medicine Active components Gut microbial changes . Ref.
mechanism
Gastrgmtestmal Inﬂammatory bowel Baitouweng Decoction Firmicutes, Bacteroidetes Activates IL-6/STAT3 signaling 100
disease disease pathway
memfll;i:sﬁge{x and Polysaccharides Bacteroidetes? Firmicutes and IL-64 101
S Y Proteobacterial IL-10, IL-227

Codonopsis pilosula
Qingchang Huashi FirmicutesT e R .
Formula Bacteroidetesl Inhibits NLRP3/IL-1pB pathway 102
Irritable bowel Berberis heteropoda S. aureus, E. coli, P. aeruginosa, Reduces the expression of CHAT, 5- 103

syndrome Schrenk and S. faecalis! HT, C-FOS, and CGRP
Colorectal cancer Panax notoginseng Ginsenoside Akkermansia spp.t Inhibit the proliferation of human 104
saponins compound K CRC cells
Pseudobutyrivibrio
. Ginsenoside-F2 and xylanivorans® Eubacterium Taurine, bile acidsT PI3K-AKkt, IL-
Pien Tze Huang X N . P 32
ginsenoside-Re limosum?T Campylobacter jejuni, 171
Collinsella aerofaciens!
Metabolic disease  Alcoholic liver disease  Cornus officinalis Iridoid glycosides Lactobacillust IR an_t1ox1dant EXALE 105
reduces inflammation
Intestinimonas, Restores the glycerolipid

Gallic acid and ellagic

NAFLD Terminalia bellirica X Lachnoclostridium, metabolism, taurine, and 77
acid . X .
Akkermansia® hypotaurine metabolism
. . . . . Firmicutesl
Ilex hainanensis  Triterpenoid saponins Bacteroidetes Akkermansiat 78
Ganoderma Bacteroides xylanisolvens,
meroterpene Arjunolic acid Bacteroides thetaiotaomicron, Inhibits the a-glucosidase 54
derivative Bacteroides doreil
Ganoderma lucidum Reduces macrophages; decreases
Obesity . Polysaccharides Eubacterium spp.T MCP-1 expression; increases IL-10 106
mycelium .
expression and Treg cells
Reduces metabolic endotoxemia;
. . . . . . alleviates cytokine production;
Auricularia auricula Polysaccharides P. cinnamivoransT inhibits the activation of JAK-STAT 107
signaling
AT, A, The classical pathway by CYP7A1
. - . y and CYP8B1
Diabetes Simiao Wan Berberine Lactobacillus? Halomonas, The al - h b 79
e w—| e alternative pathway by
CYP27A1 and CYP7B1
Platycodon . .
grandiflorusroot  Platycodon saponins  Akkermansia muciniphila® Actlyate§ he_patlclPl3K/PlP3/Akt 80
insulin signaling pathway
extract
Neuropsychlatrlc Depression Ginkgo biloba extract P.excrementihominisl UDCA! 14
disease (GBE)
. I Suppresses
AD GV-971 Bacteroides, Fzrmlf:utes, phenylalanine/isoleucine 47
Verrucomicrobia® X
accumulation
. Helicobacter hepaticus,
Seamin Clostridium, Bacillaceael Increases SCFAs 108
Attenuates decreases in protein
. . . . . . and mRNA levels of GABAA (a2, 2, 5
Neurological damage Panax notoginseng Ginsenoside Rb1 Lactobacillus helveticusT and y2) and GABAB (1b and 2) 109
receptor subunits
The expression of liver GPR81 was
Anxiety behaviors  Schisandra chinensis Lignans Lachnospiraceae® Bacteroides! decreased, and the molecules in the 110
cAMP pathway were increased
Cardiovascular Atherosclerosis Ginkgo biloba leaf Akkermansia, Alloprevotella, 11
disease extract Alistipes, ParabacteroidesT
Regulates the abundance of
Aum.l mm-une Arthritis Flavonol Kaempferol Lac'hnasp traceae, Deoxycholic acid! 63
disease Erysipelotrichaceae,
Staphylococcaceae
Clematis mandshurica ) Total C‘lematls ) Bacteroidetesl SCFAsL 112
Rupr. triterpenoid saponins
Decreases the infiltration of
Multiple sclerosis Phytoestrogen Isoflavone P. distasonis, immune cells; decreases activation 37

A. equolifaciens? and proliferation of MOG-specific

CD4 T cells

and intestine, plays a crucial role in the dynamic interaction
between gut microbiota and bile acids *°. Additionally, the FXR
axis is involved in various biological functions of bile acids, in-
cluding lipid metabolism, liver fibrosis, and inflammatory bowel
disease *’. Consequently, this axis has been implicated in the
therapeutic effects of TCM. Studies have shown that total As-
tragalus saponins, the primary components of Astragali Radix,
potentially alleviate cholestatic liver fibrosis by restoring taurine-
conjugated bile acids *'. Recent research has focused on the role
of bile acids in regulating neuropsychiatric diseases, offering new
perspectives on the antidepressant mechanisms of NMs. Ginkgo
biloba extract (GBE), a widely used TCM for brain disorders,
demonstrates an antidepressant effect in depressive mice by
restoring gut microbial composition. Specifically, GBE reduces
the abundance of Parasutterella excrementihominis, thereby de-
creasing the pro-depressive bile acid metabolite ursodeoxycholic
acid (UDCA), which elucidates GBE’s antidepressant effect **. Bac-
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terial bile salt hydrolases (BSH), crucial enzymes linking
gastrointestinal microbial communities with host physiology,
play a significant role in determining bile acid composition *. For
instance, Astragaloside IV (AS-IV) has been reported to alleviate
hepatic steatosis by reducing bacterial BSH activity. Specifically,
AS-1V ameliorated NAFLD by decreasing BSH activity and increas-
ing tauro-B-muricholic acid levels, which inhibited intestinal FXR
signaling *’.

Recent research has illuminated the role of additional meta-
bolites as signaling molecules connecting gut microbiota and
NMs. A study demonstrated that oral administration of Gano-
derma meroterpene derivative enriches Bacteroides xylanisolvens,
which produces folic acid and mitigates NAFLD by activating the
intestine-liver signaling pathway mediated by folic acid. This ef-
fect is dependent on the folic acid synthesis gene folp in Bac-
teroides xylanisolvens °*. Another investigation revealed that
theabrownin increases the abundance of 5-hydroxytryptamine-
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related species, including Akkermansia, Bacteroides, and Parabac-
teroides, thereby regulating 5-hydroxytryptamine-related signal-
ing pathways in the liver and impeding NAFLD progression **. In
an atherosclerosis rat model, oral berberine was found to reduce
plasma and fecal concentrations of trimethylamine (TMA) and
trimethylamine N-oxide (TMAO) in a gut microbiota-dependent
manner, contributing to improved lipid profiles and alleviated ar-
terial lesions. Notably, dihydroberberine, a gut microbial meta-
bolite of berberine, inhibits the enzyme activities of choline-TMA
lyase and flavin monooxygenase in gut microbiota, thereby redu-
cing the conversion of choline to TMA to TMAO and improving ar-
terial plaque scores . Inulin-type fructo-oligosaccharide (FOS),
approved by the China National Medical Products Administration
in 2012 for treating mild to moderate depression, has demon-
strated antidepressant effects. Chi et al. observed that FOS treat-
ment mitigated depression-like behavior and restored gut micro-
biota balance in rats subjected to chronic unpredictable mild
stress, including an increase in the abundance of Cyanobacteria,
which can secrete H,S and other antidepressant metabolites *.
Furthermore, a study on ginseng extract revealed that the im-
provement of metabolic syndrome in db/db mice was attributed
to the enrichment of Enterococcus faecalis in the gut, which pro-
duced myristoleic acid to activate brown adipose activity *’.

The identification of chemical inhibitors of bacterial en-
zymes from NMs holds significant implications for novel drug dis-
covery. A notable example is the discovery of phytochemical in-
hibitors of bacterial pB-glucuronidase (B-GUS), whichis con-
sidered a crucial source for therapies aimed at mitigating iri-
notecan-induced diarrhea *°. Recent research has revealed that
bacterial -GUS plays a key role in regulating endobiotic homeo-
stasis by reactivating hormones and neurotransmitters *’. Con-
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sequently, itis plausible to suggest that the modulation of bac-
terial B-GUS activity could be an underlying mechanism explain-
ing the pharmacological effects of NMs. Another intriguing case is
the recent identification of Dau-d4, a daurisoline derivative, as an
inhibitor of the gut microbial isozyme of dipeptidyl peptidase 4.
This compound has demonstrated the ability to suppress bacteri-
al degradation of active glucagon-like peptide-1, thereby restor-
ing glucose homeostasis in HFD-fed mice **°'.

3. Open questions on gut microbiota-based metabolic regula-
tion

As demonstrated, gut microbiota can mediate the pharmaco-
logical effects of NMs through direct chemical modification of NM
components or by producing diverse signaling metabolites due to
the remodeling of microbial configuration (Fig. 3). In this way,
the gut microbiota provides a crucial interface where NM com-
ponents may influence host health and disease processes through
a gut-to-systems organ signaling network. Indeed, the field of gut
microbiota-based NM research has experienced significant
growth in the past decade, offering new insights into the identi-
fication of the material basis and pharmacological mechanisms of
NMs. This is particularly relevant for understanding the mechan-
ism of action of bioactive NM ingredients, such as curcumin, gin-
senosides, and berberine, which exhibit a paradox between poor
absorption and well-confirmed systemic effects. However, a cent-
ral question for future studies is how the interaction between
NMs and microbiota integrates into the multi-target holistic
mechanisms and clinical efficacy of NMs. In this section, we high-
light several major open questions and discuss potential solu-
tions and strategies.

2
v

y

Vagus nerve ——

Signal from
the gut
ENS

i .y

|
Small-molecule
metabolites

Fig. 3 Gut microbial metabolites mediate the local and systemic effects of natural medicines. Natural medicine components influence gut microbiota metabolism and host-
microbe metabolic interactions, resulting in altered profiles of bioactive metabolites, including bile acids, SCFAs, and amino acids. These small-molecule microbial metabol-
ites act as crucial mediators for microbial-host communication, either directly or indirectly, via modulation of immune and neuronal signals. For instance, bacterial metabol-
ites such as butyrate and deoxycholic acid affect immune cell responses and the release of inflammatory factors like IL-6, IL-10, and IL-22, thereby influencing the progres-
sion of immune-related diseases. Recent years have witnessed the emergence of the brain-gut axis concept, emphasizing its role as a bidirectional neural pathway connect-
ing the brain, central nervous system, enteric nervous system (ENS), and autonomic nervous system. This involves the interaction of bacterial metabolites with the ENS and

afferent neural pathway, which is closely associated with various neurological disorders.
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3.1. Identifying targets and signaling mechanisms for bacterial
metabolites

Emerging evidence demonstrates that microbial metabolites
regulate host physiological and pathological processes through
interactions with the immune, endocrine, and nervous systems,
collectively constituting critical mechanisms by which microbi-
ota influence host health and disease ***. A growing body of re-
search indicates that microbial metabolites modulate the matura-
tion and functional tuning of the host immune system, exerting
extensive effects on both gut and extraintestinal organs. Gut mi-
crobial metabolites play a crucial role in shaping the balance of
mucosal immunity, affecting the homeostasis of the gut epithelial
system and resistance to external pathogens. Additionally, these
metabolites can influence the function of immune cell trafficking
to other organs, such as the lung and brain, critically determin-
ing systemic immune responses. Consequently, bacterial meta-
bolic signals may serve as mediators underlying the immun-
omodulatory effects of NM components both locally and in sys-
temic organs *°.

A compelling and emerging field is the neurometabolic inter-
actions underlying host-microbiota communication. At the local
gut level, gut microbiota closely regulate the development and re-
structuring of the enteric nervous system via metabolic and im-
mune factors *°. Furthermore, gut microbiota establish bidirec-
tional communication with the brain through the autonomous
nervous system, influencing emotional and cognitive processes.
Notably, dysbiosis of gut microbiota may induce pathological
changes such as neurotransmitter imbalance and altered neuro-
plasticity, potentially triggering neuropsychiatric disorders like
anxiety and depression. Recent research by our group reveals
that gut G-protein-coupled receptor (Gpr35) mediates a microbe-
to-brain metabolic pathway, modulating neuronal plasticity and
depressive behavior in mice. Specifically, Gpr35 knockout mice
and mice colonized with Parabacteroides distasonis exhibited a
reduction in indole-3-carboxaldehyde and an increase in ILA,
which differentially influence neuroplasticity in the nucleus ac-
cumbens, a brain region associated with depression. These find-
ings emphasize the crucial role of gut-brain interactions in psy-
chiatric conditions and highlight the potential of targeting such
pathways in pharmaceutical research to develop novel treat-
ments for human diseases “> . The interactions between gut mi-
crobiota metabolites and the central nervous system offer valu-
able insights for understanding the neuroprotective effects of
NMs, particularly the mechanisms of their poorly absorbed com-
ponents *

The signaling of microbial metabolites has been extensively
reviewed 7, and we have previously summarized the putative
receptors and targets of these signaling metabolites. Notably,
metabolites such as acetate, propionate, butyrate, indole-3-acet-
ate, indole-3-aldehyde, tryptamine, and histamine demonstrate
pharmacological effects when interacting with host targets like
AhR and serotonin receptor 4 ®. The integration of chemoproteo-
mics, clustered regularly interspaced short palindromic repeat
gene screening, and machine learning approaches is anticipated
to rapidly expand our understanding of the targetome landscape
of microbial metabolites. An intriguing yet complex characterist-
ic of bacterial metabolites is their potential to interact with mul-
tiple receptors/targets across different cells in a promiscuous
manner. Furthermore, metabolite analogs may exert varying ef-
fects on the same target, leading to the concurrent presence of ag-
onists and antagonists from a single metabolic pathway. This
phenomenon may elucidate the well-balanced regulation of host
phenotypes by the gut microbiota, reminiscent of NMs. However,
as current research predominantly focuses on individual meta-
bolites, there is a need to investigate how NMs may broadly regu-
late multiple metabolites to collectively produce a well-defined
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pharmacological effect. Addressing these open questions may
provide profound insights into NM pharmacology and inspire
novel therapeutic approaches.

3.2. Understanding the mechanisms of gut microbiota-NM interac-
tion

Advancements in multi-omics and sequencing technologies
have facilitated significant progress in analyzing alterations in gut
microbiota structure and metabolites influenced by NMs 7% 7,
Notably, high-throughput detection methods and enhanced ana-
lytical databases have diminished the “dark matter” component
of gut microbes and metabolites ”°, establishing a robust founda-
tion for elucidating the interaction between NMs and microbiota.
Nevertheless, the majority of studies examining the interaction
between NM components and microbiota remain at the level of
describing taxonomic and metabolite differences. These studies
often do not delve deeper into how NMs affect the bacterial com-
munity and their ecological niche in the gut, how gut bacteria in-
teract with NM components to generate key metabolites, or the
bacterial origins and pathways of these metabolites.

The signaling network underlying the interaction between
NM components and gut microbiota provides insights into a multi-
target approach for chronic diseases. It is crucial to recognize that
this interaction is not confined to a single bacterial species or
metabolite but is determined by the intricate complexity of gut
microbiota and the diverse array of NM components . A key
objective for future research is to elucidate the regulation of gut
microbiota from the perspective of microbial interactions. For in-
stance, previous studies have demonstrated the role of gut dysbi-
osis in Parkinson’s disease (PD), and variations in gut bacteria
have been associated with the individualized metabolism of le-
vodopa (L-DOPA), which influences brain dopamine availability
during drug treatment ¥, Interestingly, a recent study suggests
that oral berberine may potentially supply H* through the provi-
sion of dihydroberberine (a reduced form of berberine produced
by bacterial nitroreductase) and promote the production of tet-
rahydrobiopterin (BH4), leading to increased BH4 levels. This el-
evation in BH4 enhances tyrosine hydroxylase activity, accelerat-
ing the production of L-DOPA by intestinal bacteria such as En-
terococcus faecalis and Enterococcus faecium, thereby potentially
ameliorating PD *. Thus, despite the poor absorption of berber-
ine, the promotion of L-DOPA by gut microbiota could contribute
to increased brain dopamine, addressing dopamine deficiency in
PD. Indeed, the study demonstrated that berberine combined
with fecal microbiota transplantation conferred enhanced thera-
peutic effects in the PD mouse model. This research reinforces
the concept that NMs can modulate bacterial interactions and
communities to influence metabolic signals for host interaction.

Itis commonly accepted that NMs reshape the gut microbi-
ota via direct interaction with the microbial community.
However, our understanding of how NMs influence the intestinal
microenvironment to affect the microbial community remains
limited. This aspect warrants consideration, given that the micro-
bial community is highly responsive to the host’s physiochemical
and pathophysiological factors *. Consequently, future research
is expected to expand our knowledge of how NMs remodel the
gut microbiota via modulation of host factors in the gut. Further-
more, the role of NM interactions with the fungal community in
the gut microbiome, recently implicated in various common dis-
eases, in mediating pharmacological effects remains largely unex-
plored *.

3.3. Decoding the synergistic effects of NM components based on
metabolic regulation

The unique feature of NMs in managing chronic diseases is
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believed to be their multiple-component, multiple-target ap-
proach. The role of gut microbiota in NM actions suggests the
need to incorporate this mechanism into a comprehensive under-
standing of NM working mechanisms. It is plausible to propose
that gut microbial remodeling is co-regulated by several NM com-
ponents; alternatively, gut microbe regulation may serve as one
of the complementary pathways through which NMs exert thera-
peutic effects. Panax ginseng is commonly used in treating cardi-
ometabolic diseases, but the synergistic action of its components
remains largely unclear. Our recent study indicates that ginsenos-
ide Rb1, a PPD-type saponin, has the potential to increase intest-
inal Lactobacillus abundance, contributing to intestinal conjug-
ated bile acid hydrolysis and excretion, as well as metabolic elim-
ination of cholesterol. Additionally, ginsenoside Rgl, represent-
ing protopanaxatriol-type saponins, protects against atherogen-
esis-triggered gut leakage and metabolic endotoxemia, produ-
cing a synergistic anti-atherosclerosis effect. This study provides
compelling evidence that ginsenoside Rb1/Rgl combinations
could serve as a novel therapeutic strategy against atherosclero-
sis via gut microbiome regulation .

The current understanding of gut microbiota’s role in host
health and disease remains incomplete. The complex interactions
within these biological networks involve direct or indirect signal
transduction through chemical mediators, neuronal pathways,
and the immune system *. The advancement and integration of
multi-omics technologies, along with the refinement of research
theories such as the gut-brain axis, gut-liver axis, and gut-lung ax-
is, offer new avenues for exploring the downstream mechanisms
of NM-microbiota interactions. Furthermore, itis crucial to elu-
cidate how various mechanisms and pathways of microbial regu-
lation may synergistically contribute to the holistic efficacy of
NMs.

3.4. Prospects for clinical translation

The interaction between gut microbiota and NMs has signific-
ant implications for clinical translation. Individual variations in
gut microbiota composition may result in considerable differ-
ences in NM metabolism, influencing the absorption, toxicity, and
efficacy of active ingredients *” **. Moreover, the collective meta-
bolic response to the NM may underlie the individual response to
the clinical therapy. Therefore, in theory, the active metabolites
from NM and gut microbiota could serve as combinatorial bio-
markers to guide individualized therapy with NMs. In this regard,
itwould be necessary to perform longitudinal sampling in pa-
tients receiving NM therapy, focusing on serum and fecal meta-
bolites that showed a close temporal relationship with disease in-
dex and NM regimen. Ideal clinical biomarkers should be object-
ive and reproducible, and whether gut microbial characteristics
could be employed as useful prognostic markers remains to be
determined *’.

The impact of diet and genetics, crucial determinants of mi-
crobiome and microbiota profiles, on gut microbiota responses to
NM requires comprehensive investigation. Future microbiome re-
search may elucidate the relationship between gut microbiota
and NM treatment, potentially identifying key microbial species
and metabolites as robust clinical biomarkers for pharmacologic-
al effects. To mitigate observed microbiome feature heterogen-
eity and individual variations, verification in large, human-
centered cohorts is essential. This process should exclude micro-
biota-specific and disease-specific factors to confirm their utility
as biomarkers for NM treatment effects and risk assessment. Fur-
thermore, given that data reliability, reproducibility, and statist-
ical rigor significantly influence the validity of conclusions, re-
searchers should exercise caution in data interpretation and ex-
planation of controversial findings.
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The intricate composition and biological attributes of the gut
microbiota present significant challenges in simulating authentic
human interactions within simplified experimental models. The
substantial disparities between rodent and human gut microbio-
mes continue to impede the translation of mechanistic observa-
tions to the human gut microbiota. To enhance the reproducibil-
ity and comparability of microbiome research findings, itis cru-
cial to prioritize clinical samples and conduct extensive, multi-
center regional studies to obtain compelling results. However, at
present, there remains a paucity of high-quality clinical studies
investigating gut microbiota-based therapeutic mechanisms for
NMs in human subjects.

Recent advancements in microbiome research have revealed
the potential of probiotics, engineered bacteria, and prebiotics as
novel avenues for drug discovery. As our understanding of the in-
teractions between microbiota and NMs grows, particularly in re-
lation to their effects on drug absorption, efficacy, and toxicity, it
becomes imperative to explore the translation of this frontier in-
to future therapeutics. Studies have demonstrated that NMs can
exert prebiotic-like effects on gut dysbiosis, necessitating the
identification of active components (e.g., polysaccharides) and in-
vestigation of their combination with other well-absorbed com-
ponents to better replicate the holistic effects of NMs. Another
crucial consideration is the identification of key signaling meta-
bolites for new drug development. As proposed by our research
group *, bacterial metabolites serve as valuable templates for the
design of novel drugs, potentially offering a bionic approach to
restore inner homeostasis and balance. Utilizing NMs and active
components as probes, itis essential to identify causal metabol-
ites and underlying mechanisms, which could subsequently guide
the optimization process in the development of new therapeutic
agents.

4. Conclusion

NMs have demonstrated significant advantages in managing
chronic diseases clinically. Their characteristics of multiple com-
ponents, targets, and pathways offer therapeutic benefits while
presenting challenges for mechanistic research. The past decade
has witnessed rapid expansion in the study of gut microbiota and
its role in health and disease. This accumulating knowledge has
greatly facilitated NM research, given the extensive interaction
between NMs and gut microbiota. As discussed in this review,
metabolic interaction provides a crucial perspective for unravel-
ing the key questions surrounding NM, gut microbiota, and host
interactions. Gut microbiota can specifically metabolize NMs to
produce active ingredients, while NM components may directly
or indirectly influence the output of multiple microbial metabol-
ites. Given that gut microbiota can affect both local and remote
organs, poorly bioavailable components in NMs may interact with
the gut microbiota to exert pharmacological effects *’. This neces-
sitates an integrative approach to understanding the active com-
ponents with both good and poor systemic distributions, as pre-
viously proposed *. Future research is expected to elucidate the
dose-response relationship between NMs and microbiota, ex-
plore mechanisms for manipulating host microbiota and, con-
sequently, disease through NMs, and fully leverage the interac-
tion effects between gut microbiota and NMs for precision medi-
cine and new drug development. As clinical validation studies in-
crease, more information will become available for understand-
ing the gut microbiome-based therapeutic mechanism of NMs and
developing microbial feature-guided therapy with NMs.
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