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Summary

Research on the gut microbiome and related diseases is rapidly growing with the development of sequencing tech-
nologies. An increasing number of studies offer new perspectives on disease development or treatment. Among
these, the mechanisms of gut microbial metabolite-mediated effects merit better understanding. In this review, we
first summarize the shifts in gut microbial metabolites within complex diseases, in which metabolites have correla-
tional and occasionally causal effects on diseases and discuss the reported mechanisms. We further investigate the
interactions between gut microbes and drugs, providing insights for precision medication as well as limitations of
current research. Finally, we provide new research directions and research strategies for the development of drugs

from gut microbial metabolites.
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Introduction

There is accumulating evidence that the gut micro-
biome closely engages with host health and disease.
Many studies have uncovered differences in the gut
microbiome between patients and healthy individuals,
with (to some extent) reproducible signatures for partic-
ular diseases.” Gut microbiota-derived metabolite differ-
ences have also been observed in diseased and healthy
individuals.”

The relationship between these differential metabo-
lites and disease can be two-fold: 1) Diseases lead to
alterations in gut microbiome metabolites. These
altered metabolites can therefore be used as biomarkers
for the disease. 2) Gut microbes incite disease through
their metabolites, thus being risk factors for certain dis-
eases. In this review, we first summarize a list of metab-
olites associated with disease and then focus on those
gut microbial metabolites that can protect the host from
diseases, with a particular interest in metabolites that
have pharmaceutical potentials. We further discuss the
cases in drug interaction with and metabolism by gut
microbes.
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Small molecules implicated in representative

human diseases

Gut microbiota-derived metabolites, especially short-
chain fatty acids (SCFAs), have been shown to be
involved and play an important role in host-microbiome
cross-talk. To date, a mounting number of gut microbial
metabolites have been shown to be associated with vari-
ous diseases. We focused on metabolic disorders, car-
diovascular disease, and central neural diseases for the
burden they place on global health.> Here, we summa-
rize the altered gut microbial metabolites in the patients
with these diseases, particularly the ones serving as risk
factors. Table 1 presents metabolites elevated or reduced
in the disease, and Table 2 lists the known effects of
metabolites in disease.

Metabolic disorders

Because of the anatomical link with the intestine, the
liver is the first major metabolic organ to receive gut
microbial metabolites, and the hepatic portal vein is the
channel through which the liver receives and transports
microbial metabolites from the gut. Gut microbial
metabolites play an important role in liver diseases,
such as alcoholic/non-alcoholic fatty liver disease, as
well as hepatocellular carcinoma. Gut microbiota-
derived SCFAs, bile acids, and aromatic amino acid
metabolites are all associated with liver pathology.
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Disease Metabolites Levels in patients
Inflammatory Bowel Disease Primary bile acids Increased®

Fatty Liver N, N, N-trimethyl-5-aminovaleric acid Increased”
Hepatocellular carcinoma Linoleic acid and phenol Decreased™*
Blood pressure Acetate, butyrate, and propionate Increased®*
Chronic kidney disease Indole, indole-3-carboxaldehyde and indole-3-propionic acid Decreased®

Obesity SCFA Decreased'®
Succinic acid Increased'”
Type 2 diabetes/prodromal diabetes Imidazole Propionate Increased'®

Table 1: Changes in gut microbial metabolites in representative diseases.

Disease

Metabolites

Features

Hepatitis

Tryptophan metabolites

Neutralizing®

Impaired Liver Function

DL-3-phenyllactic acid, L-tryptophan, glycocholic acid

and 1-methylnicotinamide

Significant correlation’

Atherosclerosis

TMAO

Promoting'®%°

Chronic Kidney Disease

Advanced glycation end products (AGEs), phenylacetic

Inducing inflammation®

Indoxyl sulfate

acid, indole-3-acetic acid, p-Cresol sulfate

Indoxyl sulfate and p-Cresol sulfate

Risk-related’

Pathological process related”

Obesity BCAAs

Succinic acid

8VB)

§-valerobetaine (N, N, N-trimethyl-5-aminovaleric acid,

Positive correlation'®
Positive correlation'?

Exacerbating obesity manifestations'*

Insulin Resistance SCFA
Succinic acid

p-Cresol

Improvement'*
Improvement'*

Inducing effects'”

Type 2 Diabetes Dimethylglycine

Indole-3-propionic acid

nate) and indolelactate

1-linoleoylglycerophosphocholine (18:2)

Tryptophan, four kynurenine-pathway metabolites

(kynurenine, kynurenate, xanthurenate and quinoli-

Increased risk associated with'®
Reduced risk'®
Negative correlation'”

Positive correlation'”

Type 2 Diabetes/prodromal diabetes Imidazole propionate

Significant correlation'®

Table 2: Examples of roles of gut microbial metabolites in disease.

Specifically, SCFAs are considered to be able to alleviate
the development of nonalcoholic fatty liver diseases
(NAFLD), which may derive from their potential contri-
bution to regulating fatty acid oxidation, inflammation,
and insulin resistance.*

Additionally, patients with severe alcoholic cirrhosis
have a significantly altered bile acid profile and gut
microbiome dysbiosis, accelerating the liver disease pro-
cess.” Recent studies have also reported various gut

microbial metabolites other than SCFAs and bile acids
associated with liver diseases, such as microbial aro-
matic acid metabolites, N, N, N-trimethyl-5-aminopenta-
noic acid (TMAVA, also known as 8-valerobetaline),6
linoleic acid, and phenol.” Specifically, levels of aro-
matic amino acid metabolites, such as phenylacetic acid
(PLA), are altered in patients with liver disease, while
tryptophan metabolites can directly reduce inflamma-
tion in the liver or indirectly affect liver function by
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modulating the intestinal barrier.” Zhao et al. found ele-
vated levels of TMAVA in patients with fatty liver and
that TMAVA treatment exacerbated fatty liver induced
by a high-fat diet by affecting carnitine synthesis and
subsequent fatty acid oxidation in a mouse model.® Liu
et al. reported metabolites enriched in hepatocellular
carcinoma patients, such as DL-3-phenyl lactate, L-tryp-
tophan, and 1-methylnicotinamide, which led to
impaired liver function and poorer survival rates. Con-
versely, hepatocellular carcinoma patients had signifi-
cantly decreased linoleic acid and phenol levels in
serum and feces, two metabolites that significantly
inhibit the growth of hepatocellular carcinoma cells.”
Overall, patients with liver diseases have altered gut
microbial metabolites and these changes are associated
with the disease process.

A large proportion of gut metabolites enter the circula-
tion to perform their functions and are eventually cleared
by the kidneys. Studies have shown that in states of
impaired renal function, uremic toxins produced by gut
microbes such as advanced glycation end products (AGEs),
the aromatic amino acid derivatives phenylacetic acid
(PAA), indole-3-acetic acid (IAA), and p-cresol sulfate accu-
mulate, thereby inducing inflammation and leading to
chronic kidney disease (CKD).® Moreover, elevated levels
of indoxyl sulfate (microbial metabolite of tryptophan)
were observed in patients with CKD and in a partially
nephrectomized mice model, indoxyl sulfate was shown to
activate the intrarenal renin—angiotensin—aldosterone sys-
tem and further interstitial fibrosis and glomerulosclero-
sis.? Therefore, microbial uremic toxins can act as risk
factors for kidney diseases, while altering these metabolites
can be useful for exploratory treatment of kidney diseases.

Similarly, the gut microbial metabolites in the sys-
temic circulation are capable of affecting host obesity
and diabetes. In a study in which fecal microbiota col-
lected from four twin pairs with obesity were trans-
planted into germ-free mice, the mice then showed
obesity phenotypes. SCFAs levels in their feces declined
and circulating levels of branched-chain and aromatic
amino acids (BCAAs) were elevated,”” which hints at
the significant roles of gut microbiota-derived metabo-
lites in obesity. Moreover, SCFAs have been reported to
have potential to enhance intestinal gluconeogenesis,
with hepatic glucose production declining and energy-
spending increasing.” Furthermore, SCFAs are capable
of facilitating peptide YY (PYY) and glucagon-like pep-
tide-1 (GLP-1) secretion, which can promote satiety and
increase peripheral glucose catabolism." Therefore, gut
microbiota-derived SCFAs play an important role in reg-
ulating energy balance and weight. Other associations
were also found between important metabolites and
obesity, although there were few established causal rela-
tionships. For example, study have reported the
increased levels of succinate (an important metabolite
of glucose metabolism) in plasma and feces of obese
patients and a positive correlation between succinate
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levels and body weight.”* Recently, an additional micro-
biome-derived metabolite §-valerobetaine (TMAVA), a
trimethylamine N-oxide (TMAO) structural analogue,
was indicated to be a diet-dependent obesogen that
could exacerbate obesity in mice induced by the western
diet.”® Moreover, studies have shown that gut microbial
metabolites can influence insulin resistance. Specifi-
cally, SCFAs-induced improvements in adipose tissue
metabolism can prevent insulin resistance, while succi-
nate improves the host insulin sensitivity while prevent-
ing obesity.”* In addition, p-cresol was shown to have
the potential to induce diabetes, with mice given p-cre-
sol sulfate for four consecutive weeks showing an insu-
lin-resistant phenotype.” Large-scale cohorts have also
revealed a range of gut microbial metabolites associated
with type 2 diabetes (T2D), such as dimethylglycine,
imidazole propionate,’® tryptophan, kynurenine and
indolelactate,” which are associated with increased risk
of T2D, as well as 1-linoleoylglycerophosphocholine
(18:2)"° and indole-3-propionic acid (indolepropionic),”
with potential for significantly reducing T2D risk.

Cardiovascular diseases

Gut microbiota-derived bioactive metabolites in the circula-
tory system influence host cardiovascular health, particu-
larly TMAO, the hepatic oxidation product of the microbial
trimethylamine (TMA), has been established in several
large-scale cohort studies to be a potential promoter of ath-
erosclerosis.'**° Initially, TMAO was identified as a cardio-
vascular disease risk factor in a study involving >1,800
patients with stable cardiac profiles undergoing elective
coronary angiography, and dietary supplementation with
TMAO was shown to promote atherogenesis and develop-
ment of atherosclerosis in mice.”® Later, in a study involv-
ing 4,007 patients with stable cardiac profiles undergoing
elective coronary angiography, elevated circulating TMAO
levels were again shown to be associated with an increased
risk of adverse cardiovascular events.”” Recently, carotid
atherosclerosis was demonstrated to be associated with gut
microbial metabolites (especially TMAO and p-cresol sul-
fate) in >3,000 patients, which could serve as an indepen-
dent predictor of the disease.*® Additionally, TMAO levels
are also associated with heart failure®' and coronary artery
disease.* Animal models suggest a possible mechanism
for TMAO promoting cardiovascular disease, that TMAO
enhances the responsiveness of platelets to multiple ago-
nists, promoting platelet hyperactivity and thus thrombosis
and subsequent cardiovascular disease.*

In addition to TMAO, gut microbial metabolites
such as SCFAs and tryptophan derivatives also influ-
ence cardiovascular health. SCFAs are physiologically
potent and functionally diverse, acting as signaling mol-
ecules that activates the G-protein-coupled receptor
pathway to regulate host blood pressure.*” There is accu-
mulating evidence to support the correlation between
SCFAs and blood pressure. For example, Huart et al.
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investigated the metabolome of individuals with differ-
ent blood pressure levels and found significantly differ-
ent SCFAs levels, with significantly higher levels of
acetate, propionate, and butyrate in hypertensive
patients than in subjects with normal blood pressure.*#
However, tryptophan metabolites may play an opposite
role, for example, Cason et al. compared plasma metabo-
lomes of patients with advanced atherosclerosis and
healthy controls and showed that levels of microbial
metabolites of tryptophan, indole, indole-3-carboxalde-
hyde, and indole-3-propionic acid were significantly
lower in patients.> Altogether, gut microbes can pro-
duce bioactive metabolites that affect host cardiovascu-
lar health through various pathways.

Central neural diseases

It is established as well that microbial metabolites also
have important effects on the host nervous system,
known as “gut-brain axis” that has been extensively
studied. It has been shown that metabolites, such as
SCFAs, serotonin, kynurenine, indole and its deriva-
tives, and tryptamine, can bridge the gut and nervous
system.?® In detail, kynurenine and indole derivatives
might be associated with neurogenic depression, while
SCFAs had the potential to alleviate chronic stress-
induced insomnia and enhanced stress response, as
well as stress-induced increases in intestinal permeabil-
ity in mouse models.>® Additionally, SCFAs can pro-
mote microglia maturation and restore microglia
defects.”” Furthermore, reduced levels of SCFAs were
observed in patients with Alzheimer’s disease, and they
also promoted depression-like behaviors and impair-
ments of short-term memory in mice.*® However, in
children with autism, SCFA levels were differentially
altered, with an increase in propionate and acetate and a
decrease in butyrate levels.” Based on the current evi-
dence, we found that SCFA supplementation had incon-
sistent effects on central neural diseases; for example,
rats fed propionate exhibited phenotypic features simi-
lar to those of autism.* In contrast, SCFAs can restore
the function of the blood-brain barrier in patients with
multiple sclerosis.’” Moreover, indole-3-propionic acid
has been shown to have neuroprotective and antioxidant
effects, protecting primary neurons and neuroblastoma
cells from oxidative damage and death caused by amy-
loid B protein (Ag).® Elevated levels of glutamine and
y-aminobutyric acid (GABA) and reduced glutamate
were observed in the hippocampus of germ-free mice
that received fecal transplants from schizophrenic mice
and showed schizophrenia-like behaviors.>*

Gut microbial metabolites with treatment

potential
Through the study of gut microbiome and host health,
gut microbial metabolites are increasingly being

explored for their potential pharmaceutical value
(Figure 1a). For example, SCFAs and tryptophan have
been shown to improve the health status of patients in a
variety of different diseases, and various small molecule
metabolites of food origin and metabolized by gut
microbes have also been shown to have effects on host
health.

Short-chain fatty acids

Gut microbiota-derived metabolites with the earliest and
most recognized pharmaceutical potential are SCFAs,
mainly produced by microbes metabolizing dietary fiber
(Figure 1b). SCFAs have been confirmed to display anti-
bacterial activity by disturbing the intracellular acid-
alkaline balance or acylating certain virulence factors of
Salmonella typhimurium.?*> Furthermore, SCFAs could
also promote the production of antimicrobial peptides
in the intestinal epithelium, thus helping the host to
resist broad-spectrum pathogenic infections.** For gas-
trointestinal diseases such as inflammatory bowel dis-
ease (IBD), SCFAs have been shown to alleviate
inflammatory phenotypes by regulating IL-10 produc-
tion by T cells in both humans and the mouse model.*
In patients with respiratory inflammation, SCFAs
downregulate IL-8 expression by targeting the activation
of free fatty acid receptors 2 and 3 (FFAR2 and FFAR3)
on macrophages and neutrophils, thereby reducing
inflammation.’® In addition, effects of SCFAs can
extend to the nervous system; specifically, SCFAs could
promote recovery after stroke by acting on microglia to
inhibit their activation.’”

Butyrate or butyric acid, a member of SCFAs, in par-
ticular can serve as a palliative or therapeutic strategy
for certain diseases alone (Figure 1c). Studies have
shown that gut microbial butyrate has a direct impact
on the intestine, promoting intestinal barrier function,
accelerating repair of intestinal epithelial cell damage,
and maintaining intestinal homeostasis.*® Moreover, in
a mouse model with hyperglycemia, butyrate has also
been shown to increase diverse circulating glucose-regu-
lating hormones by promoting intestinal expression of
GLP-1, ultimately lowering blood glucose levels.’® In
addition to direct action on the intestine, butyrate can
also be transported to other tissues where it plays an
important role; for example, use of butyrate has been
shown to be a potential therapeutic strategy for athero-
sclerosis, specifically by its promoting cholesterol efflux
through upregulation of ABCAT expression in macro-
phages, thereby ameliorating atherosclerosis.* Further-
more, butyrate can modulate anti-regulate levels of pro-
inflammatory factors in patients with respiratory
inflammation, exert anti-inflammatory effects,’® and
reduce autoreactive T cell-mediated apoptosis in alloge-
neic transplant recipients*’; altogether, butyrate plays
an important role in regulating host immune response.
Additionally, it has been shown that butyrate bridges
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Figure 1. Examples of gut microbial metabolites with pharmaceutical potential. a. The types and structures of major functional
gut microbial metabolites. b. The physiological activities of short-chain fatty acids (SCFAs), against Salmonella typhimurium (S. typhi-
murium) infection, were by promoting the production of antimicrobial peptides of intestinal epitheliums, regulating IL-10 and IL-8
production, and inhibiting activation of microglial cell. c. The major physiological functions of butyric acid, including promoting
intestinal barrier repairmen, regulating blood glucose levels, promoting cholesterol efflux, and inhibiting liver metastases from colo-
rectal cancer. d. The potential protective effects of indole and their derivatives on host health. Indole has anti-infection potential
and anti-inflammatory properties, and their derivatives have anti-infection activities against Mycobacterium tuberculosis (M. tubercu-
losis) and anticancer activities, as well as the intestinal epithelial cell damage repair capacity. e. The beneficial effects of urolithin A
on host health, in promoting thermogenesis of brown adipose tissue (BAT), and browning of white adipose tissue (WAT).
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the gut microbiome and nervous system, and studies
have shown that butyrate supplementation can suppress
appetite and reduce food intake in a high-fat diet (HFD)
mouse model, thereby preventing obesity and dyslipide-
mia induced by HFD.#*

Indole and derivatives

Gut microbial metabolites of tryptophan, mainly
indole and its derivatives, are crucial for host health
as well (Figure 1d). First, indole has antipathogenic
potential toward Salmonella by reducing the expres-
sion of virulence genes.* Indole also exerts anti-
inflammatory properties, that is, counteracting the
lipopolysaccharide  (LPS)-induced  inflammatory
response and inhibiting pro-inflammatory activation
of macrophages,** thus protecting the liver. Indole-3-
propionic acid, an indole derivative, exhibits biologi-
cal activities similar to those of indoles, such as
affecting host susceptibility to Mycobacterium tubercu-
losis,*> anticancer activity.*® Indole-3-carboxyaldehyde,
an indole derivative with resistance to intestinal epi-
thelial damage and anti-inflammatory activity, has
been shown to alleviate adverse symptoms of graft-
versus-host disease (GvHD) and reduce mortality in
GvHD.*”  Clostridium perfringens also metabolizes
tryptophan to tryptamine, a metabolite that decreases
macrophage inflammatory indicators and reduces
pro-inflammatory cytokines stimulated by fatty acids
and LPS.** Together, tryptophan metabolites form a
large class of metabolites and play an important role
in modulating inflammatory responses and develop-
ment of diseases.

Food derivatives metabolized by gut microbes

Many of the gut microbial metabolites originate from
food and are then metabolized by gut microbiome
into various functional metabolites; in return, those
metabolites have specific effects on the host that
have been linked to food itself. For instance, uroli-
thin A (UA), a gut microbial metabolite of ellagic
acid from certain fruits, walnuts, and wine, has been
demonstrated to benefit host health, with the capabil-
ity of reducing intestinal inflammation, repairing the
intestinal  barrier, and  preventing  colitis*?
(Figure 1e). Moreover, UA has also been shown to
prevent hereditary or HFD-induced obesity by
increasing energy expenditure mainly through pro-
moting thermogenesis of brown adipose tissue
(BAT) and browning of white adipose tissue
(WAT).5° More importantly, studies indicate that UA
is closely related to mitochondrial function, that is, it
is currently the only compound that can rebuild cel-
lular recirculation of defective mitochondria, improv-
ing mitochondrial conditions in myocytes and
muscle health.>

Xenobiotics from drug-microbiome
interactions

It has been widely accepted in pharmaceutical studies
that some drugs are effective only for a proportion of
patients, leading to suboptimal final clinical outcomes.
Recent studies on gut microbes have provided one of
the possible reasons for this phenomenon, where gut
microbes interact with drugs, leading to perturbation of
gut microbes and gut microbes’ metabolizing drugs,
causing changes in drug activity and thus altering the
ultimate therapeutic effect. Disturbance of the gut
microbial community structure has shown confounding
effects in the treatment of different diseases. The direct
alteration of drug activity, for better or worse, is a major
concern, as this affects the therapeutic potential and
side effects of the drugs.

Drugs with influences on microbiome

The antibiotics used in the treatment of disease often
have a non-negligible disturbance of the gut microbiota.
The disrupted gut microbial structure often has differ-
ent, unintended, and negative effects. For example, anti-
biotics cause a rapid loss of gut microbial oxalate
metabolism, and while disturbed bacteria can partially
recover over time, the ability to metabolize oxalate does
not.>* This results in the accumulation of oxalates in the
body and increases the risk of kidney stones. In a popu-
lation study by Ronald et al., there was a significant posi-
tive correlation between antibiotic consumption and the
risk of colon cancer in people under 50 years old.”
Thus, the potential negative effects of antibiotics need
to be fully considered when establishing treatment regi-
mens.

Apart from antibiotics, targeting gut microbes to
modulate the effects of drugs or alleviate their side
effects is also an area that deserves further research.
The main drug for Parkinson’s disease is levodopa
(L-dopa),>* and it has been shown that only about 1%
to 5% of L-dopa crosses the blood-brain barrier to
reach the brain. Tyrosine decarboxylase (TyrDC),
present in gut microbes, converts L-dopa into dopa-
mine, which does not cross the blood-brain barrier
and accumulates in the gut, causing many side
effects such as cardiac arrhythmias and nausea.” In
addition, levodopa can be metabolized by Clostridium
sporogenes to 3-(3,4-dihydroxyphenyl) propionic acid
(DHPPA), a metabolite that inhibits muscle contrac-
tion in the ileum, reduces intestinal movement, and
impairs absorption in the small intestine.’® Also, in
a mice model, oral intake of the tyrosine analogue
a-fluoromethyltyrosine (AFMT) can inhibit TyrDC
activity, thus decreasing the side effects of levodopa
in the treatment of Parkinson’s disease.””

In addition, manipulating microbes with differential
drug metabolism properties may also achieve a thera-
peutic effect along with removing certain gut microbial
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metabolites that are not beneficial to treatment. For
example, TMAO as mentioned above is a risk metabolite
for cardiovascular disease,"® thus providing implications
for treatment. Study has shown that Bilophila, a genus
of gut microbes, can metabolize TMA, resulting in
lower TMAO,*® suggesting that differences in TMA-
metabolizing gut bacteria in individuals lead to different
ultimate effects, and replacement of relevant bacteria
may reduce the risk from TMAO. Another possible
option besides targeting gut microbes is to target metab-
olites that affect the efficacy of the drug, e.g., metformin
is the main drug currently used in the treatment of
T2D; however, in some patients the reduction in blood
glucose is not significant and studies have shown that
these patients have high levels of the gut microbiota
metabolite imidazole propionate. It has been demon-
strated in mouse models that imidazole propionate
derived from gut microbes can impair the glucose-low-
ering effect of metformin’®?; therefore, developing inhib-
itors that effectively inhibit imidazole propionate could
be effective in restoring the glucose-lowering effect of
metformin.

Microbiome-metabolized products of drugs

Gut microbes can metabolize oral drugs and alter their
activity. Irinotecan, a drug for advanced colorectal can-
cer, is metabolized by the host carboxylesterases to its
active form, SN38, which is then converted by UDP-glu-
curonosyltransferases to the inactive form of SN38G
and excreted into the intestine via the bile. After enter-
ing the intestine, B-glucuronidases of gut microbes can
reduce it again to SN38, thus restoring the drug activ-
ity®® (Figure 2a). Moreover, capecitabine, an adjuvant
chemotherapeutic agent for colon cancer, was shown to
be metabolized by mycoplasma-encoded thymidine
phosphorylase (TP) in gut microbes to 5-fluoro-5'-deoxy-
uridine (5’DFUR), and this metabolite possessed
enhanced cancer cytotoxicity driven by activation of this
prodrug by TP®" (Figure 2b).

There is also the potential for antibiotic treatment to
reduce the efficacy of certain drugs. The potential
Parkinson’s disease drug FLZ, formulated as N-2-[(4-
hydroxyphenyl)-ethyl]-2-(2,5-dimethoxy-phenyl)-3-(3-
methoxy-4-hydroxyphenyl)-acrylamide, was shown to be
metabolized by gut microbes, and its metabolites can be
rapidly absorbed into the blood where they are methyl-
ated to FLZ, and it has been shown that significant
reduction in the improvement of Parkinson’s disease
was found with the use of antibiotics and interference
of gut microbiota.®* Oxaliplatin, an anti-tumor drug,
has been shown to be influenced by gut microbes; treat-
ment with oxaliplatin in SPF mice on antibiotics or in
germ-free mice often does not have a significant thera-
peutic effect. This is because butyrate, a metabolite of
gut microbes, promotes the efficacy of the anti-tumor
drug oxaliplatin by modulating CD8" T cells, a
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mechanism that is attenuated or even eliminated in
mice lacking some/all gut microbes.®® Cyclophospha-
mide is a drug commonly used to treat P815 mast cell
tumors. Studies have shown that cyclophosphamide
mediates the accumulation of TH1y and THr cells in
conjunction with gram-positive bacteria (Lactobacillus,
segmented filamentous bacteria) in the gut, and that
long-term antibiotic treatment disrupts the composition
of the gut microbiota, thus reducing the effectiveness of
cyclophosphamide in tumor treatment.®

Some metabolites have no therapeutic effect in the
intestine and do not exert their true therapeutic effect
until they enter the blood. Immune checkpoint blockade
(ICB)-treated colon cancer mice have an impaired intes-
tinal barrier, which allows inosine, a metabolite of B.
pseudolongum, to cross the intestinal barrier into the
blood. When inosine enters the blood, it acts on T cells
and promotes the derivation and activation of Thr cells,
thus enhancing the therapeutic effect of ICB
(Figure 2g). Similarly, the use of inosine together with
ICB in mouse models of intestinal cancer, bladder can-
cer, and melanoma has been shown to enhance the
therapeutic effect.s T cell-specific responses to B. the-
taiotaomicron/B. fragilis correlate with the efficacy of
CTLA-4 blockade in mouse models and patients.
Tumor-model mice treated with antibiotics or germ-free
mice did not respond to CTLA blockade.®®

Different bacterial strains may have completely dif-
ferent responses to the same drug. A study by Lee et al.
demonstrated that two different Bifidobacterium bifidum
strains (synergistic B. bifidum KCTC3357 and non-syner-
gistic B. bifidum BDb-06) in conjunction with oxaliplatin
had different effects in patients with non-small cell lung
cancer.®” The strain B. bifidum KCTC3357 with oxalipla-
tin significantly increased the number of anti-tumor
lymphocytes (including CD8" T and effector CD8" T
cells) and enhanced the ratio of CD&8" T/Treg cells to
effector CD8" T/Treg cells in spleen and tumors. Strain
B. bifidum Bb-o6 with oxaliplatin treatment had weaker
effects, and increased L-tryptophan, uric acid, and N-
acetyl zonisamide in the metabolites of mice. It was also
demonstrated in an in vitro assay that L-tryptophan-
treated CD8"T increased IFN-y production.

In addition, drugs with side effects, such as thiopur-
ine (an effective treatment for IBD), can cause DNA
damage in host cells when delivered systemically. Stud-
ies have shown that the gut microbes have the ability to
convert thioguanine into its active form, and therefore,
local administration of thioguanine in the rectum can
be an effective treatment for colitis while reducing the
risk of serious side effects of being delivered systemi-
cally®® (Figure 2c). These results suggest that the com-
position of the gut microbes plays a crucial role in drug
efficacy.

In addition to activation, gut microbes can also inac-
tivate drugs through metabolism, such as the pancreatic
adenocarcinoma treatment gemcitabine (2’,2'-difluoro-
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Figure 2. Examples of facilitation or interruption of gut microbial metabolism for drug therapy or other therapeutic
approaches. a. The metabolism of irinotecan in the body and the transformation of its anticancer activity. Specially, it can be
metabolized by the host carboxylesterases to its active form, SN38, which is then de-activated into SN38G by host UDP-glucurono-
syltransferases. The SN38G can enter the intestine and be converted into SN38 by g-glucuronidases of gut microbe. b. The activa-
tion of the capecitabine by gut microbes. The capecitabine can be metabolized into its active form, the 5-fluoro-5'-deoxyuridine
(5'DFUR), by thymidine phosphorylase (TP) of gut microbes. c. The activation of the thioguanine by gut microbes. The thiopurine
was administrated local to the gut and activated into functionally thioguanine nucleotides. d,e. De-active metabolism of drugs by
gut microbes. Four anticancer drugs, gemcitabine, doxorubicin, 5-fluoro-2"-deoxyuridine (FdUrd), and 5-trifluorothymidine (TFT),
can be degraded by gut microbes to their inactive forms. f. The bacterial toxicity-enhancing effects of some toxic substances. Gut
microbes can convert the FUdR to the toxic 5-fluorouridine-5’-monophosphate (FUMP). g. Adjunctive effect of gut microbial inosine
on immune checkpoint blockade (ICB). Inosine produced by Bifidobacterium pseudolongum (B. pseudolongum) can promote the deri-
vation and activation of Th1 cells and enhance the therapeutic effect of ICB.

2'-deoxycytidine), as M. hyorhinis (ATCC 17981) in the  s5-fluoro-2’-deoxyuridine (FdUrd), s-trifluorothymidine
gut can phosphorylate gemcitabine into inactive deriva-  (TFT), and 5-halogenated 2’-deoxyuridines, can be
tives®® (Figure 2d). Riquelme et al. found that Gammap-  degraded to inactive bases by TP in the intestine®
roteobacteria could also metabolize gemcitabine to an  (Figure 2e). In addition to activating and nullifying the
inactive form, leading to a reduction in efficacy, which  drug, gut microbes can also potentiate the action of toxic
was reversed by co-administration with antibiotics. Sub-  substances. For example, thymidine supplementation
sequently, the presence of Gammaproteobacteria in the  in the diet promotes the conversion of the prodrug flox-
mouse intestine and its metabolism of gemcitabine  uridine (FUdR) to the toxic s5-fluorouridine-5'-mono-
were shown to induce resistance to gemcitabine in pan-  phosphate (FUMP) by gut microbes, leading to host
creatic tumors.”® The intestinal bacterium Raoultella  death as a result of mitochondrial RNA and DNA deple-
planticola can metabolize the anti-tumor drug doxorubi-  tion and lethal activation of autophagy’* (Figure 2f).

cin under anaerobic conditions, rendering it inactive”’ Gut microbiome structure can also influence drug
(Figure 2d). In addition, studies have shown that some  metabolism and its efficacy. Recently, Javdan et al. estab-
nucleoside analogues, which are widely used as chemo-  lished a subject-specific gut microbial community in
therapeutic agents for the treatment of cancer, such as  vitro and co-cultured 575 drugs with this system,
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showing that a total of 438 (76%) drugs could be metab-
olized and degraded by gut microbes.”” The study also
found that inter-individual differences in gut microbial
composition and the extensive metabolism of drugs by
gut microbes (76% of drugs are metabolized and
degraded) resulted in different efficacy of the same drug
in different patients. Similarly, Zimmermann et al.”*
co-cultured 271 drugs with 76 gut bacteria and found
that about two-thirds of the drugs were metabolized and
degraded by at least one gut bacterial strain, while 11-95
drugs were metabolized by each bacterium, and drugs
with a common core structure were more likely to be
metabolized by the same bacterial enzyme. These stud-
ies suggest an important role of gut microbial composi-
tion on drug metabolism and drug efficacy.

Conclusion

In this review, we first summarized the altered gut
microbial metabolites in patients within three categories
of representative and important diseases. However,
these significant alterations do not directly indicate a
causal link between these metabolites and health. The
metabolites observed in these studies require further
experimental to confirm their functions. For example,
central neural diseases patients with reduced SCFAs,
whereas SCFAs have been shown to have neuroprotec-
tive effects, such as promoting microglia maturation
and restoring its defects.”” These prior insights indicate
that SCFAs appear to be beneficial metabolites for allevi-
ating some central neural diseases, and supplementa-
tion of SCFASs in patients with multiple sclerosis indeed
helped alleviate the disease.”’ Furthermore, the varia-
tions in the gut microbiome among individuals men-
tioned above indicate that sample size is critical for the
screening of metabolites with therapeutic potential, and
a sufficiently large sample size or a meta-analysis of
multiple independent studies are required to achieve
reliable conclusions. We need to avoid over-interpreting
metabolite changes in patients, but they do offer a list of
candidates to be investigated.

We then summarized the evidence for gut microbial
metabolites interacting with the host. Studies indicate
there are a few metabolites with pleiotropic effects, they
may exhibit beneficial effects in various diseases, and
have multiple biological activities. Butyrate, for exam-
ple, has been proven biologically effective in maintain-
ing the functional integrity of the intestinal barrier,*®
lowering blood glucose levels,*® alleviating atheroscle-
rotic symptoms,*® and having synergistic antitumor
effects.®* Such of metabolites is ever increasing, and we
have summarized them in the second part. However, it
remains to be answered regarding their biological activi-
ties in healthy populations and the relative importance
of multiple targets in disease alleviation. We believe par-
tial answer can be obtained through further investiga-
tions, for example dietary manipulations of metabolite

www.thelancet.com Vol 81 Month July, 2022

levels in healthy germ-free mice and observation of the
changes in gene expression, can provide a more com-
prehensive understanding of metabolite functions.

We finally described cases where gut microbes and
drugs interacted and drug efficacy was altered. In drug-
microbe interactions, drugs are metabolized by gut
microbes, altered therapeutic effects. Moreover, it is
necessary to identify the enzymes and genes via func-
tional genomics and narrow down the exact species or
strains, as in Lee et al., different strains of Bifidobacte-
rium bifidum had different therapeutic effects when
synergized with oxaliplatin.®” Furthermore, the mea-
surement of metabolic abilities of drugs in the patient’s
gut may provide a better prediction of drug efficacy than
the traditional evaluation of alterations in the gut micro-
bial composition. For instance, there are studies evalu-
ated the metabolic abilities in individuals by in vitro
culturing gut species and co-culturing with candidate
drugs.7>7*

To summarize, we have compiled examples wherein
the gut microbial metabolites play an important role in
the host health and disease. Studying the systematic
effects of metabolites in patients also requires monitor-
ing of the metabolites across different tissues, which
will be important perspectives for metabolomic studies.
Meanwhile, the impact of gut microbes on cancer treat-
ment response through drug metabolism and immuno-
modulation varies widely. The interaction between gut
microbes and hosts in cancer therapy has been well
characterized recently by Jun Yu’s group,”” suggesting
that gut microbes play an important role in cancer treat-
ment. Combining metagenomics, metabolome, and
other omics will thus lead to improved resolution in
studying the etiology, treatment, and prevention of
many diseases.

Outstanding questions

To further improve the understanding of the interac-
tions between gut microbiota metabolites and hosts and
to apply these insights to disease prevention and treat-
ment, there are still multiple questions needed to be
addressed, including:

More refined and precise mechanisms of how gut
microbial metabolites affect host health. Our under-
standing of gut microbes is still at its most basic level,
and researches into their metabolites is progressively
shedding light on some of the underlying mechanisms.
However, most of these researches are still at the stage
of correlational analysis, but lack further mechanistic
studies. Such information is greatly helpful to be
applied in development of novel treatment options.

Better metabolite identification systems need to be
developed. At present, absolute quantification of metab-
olites on a large scale is difficult to achieve due to the
high cost of quantitative metabolomes. Therefore, more
convenient quantification techniques are needed to
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reduce the cost of quantitative metabolomes if we want
to obtain more accurate and reliable quantitative indica-
tors for disease diagnosis and prevention, drug develop-
ment, efficacy  screening, and independent
pharmacology of drugs. Moreover, many gut microbial
metabolites cannot be accurately identified currently as
the limitations of the current metabolome identification
database, which hinders the discovery and mechanistic
study of novel functional metabolites. Therefore, it is
also important to improve the database to identify as
many metabolites as possible.

Search strategy and selection criteria

Data for this review were collected using PubMed
searches between 2008-2022, using the terms “Gut
microbial metabolites”, “Short-chain fatty acids”,
“Indole”, “Metabolic disorders”, “Cardiovascular dis-
eases”, “Central neural diseases”, “Cancer”, “TMAO”,
“type 2 diabetes”.
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