
Theranostics 2020, Vol. 10, Issue 24 
 

 
http://www.thno.org 

11278 

Theranostics 
2020; 10(24): 11278-11301. doi: 10.7150/thno.47289 

Review 

Targeting gut microbiota for precision medicine: 
Focusing on the efficacy and toxicity of drugs 
Wuwen Feng1,2, Juan Liu2, Hui Ao2, Shijun Yue3, Cheng Peng1,2 

1. School of Pharmacy, Chengdu University of Traditional Chinese Medicine, Chengdu, China. 
2. State Key Laboratory of Southwestern Chinese Medicine Resources, Chengdu University of Traditional Chinese Medicine, Chengdu, China. 
3. Shaanxi Collaborative Innovation Center of Chinese Medicinal Resources Industrialization, Shaanxi University of Chinese Medicine, Xi’an, China. 

 Corresponding author: Prof. Cheng Peng, E-mail: pengchengcxy@126.com. 

© The author(s). This is an open access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/). 
See http://ivyspring.com/terms for full terms and conditions. 

Received: 2020.04.22; Accepted: 2020.08.20; Published: 2020.09.14 

Abstract 

Intra- and interindividual variation in drug responses is one major reason for the failure of drug therapy, 
drug toxicity, and even the death of patients. Precision medicine, or personalized medicine, is a field of 
medicine that customizes an individual's medical diagnosis and treatment based on his/her genes, 
microbiomes, environments, etc. Over the past decade, a large number of studies have demonstrated 
that gut microbiota can modify the efficacy and toxicity of drugs, and the extent of the modification varies 
greatly from person to person because of the variability of the gut microbiota. Personalized manipulation 
of gut microbiota is an important approach to rectify the abnormal drug response. In this review, we aim 
to improve drug efficacy and reduce drug toxicity by combining precision medicine and gut microbiota. 
After describing the interactions between gut microbiota and xenobiotics, we discuss (1) the effects of 
gut microbiota on drug efficacy and toxicity and the corresponding mechanisms, (2) the variability of gut 
microbiota, which leads to variation in drug responses, (3) the biomarkers used for the patient 
stratification and treatment decisions before the use of drugs, and (4) the methods used for the 
personalized manipulation of gut microbiota to improve drug outcomes. Overall, we hope to improve the 
drug response by incorporating the knowledge of gut microbiota into clinical practice. 

Key words: gut microbiota, precision medicine, drug toxicity, drug efficacy, gut bacteria engineering 

Introduction 
Drug responses vary among patients in terms of 

efficacy and toxicity, and this variation presents great 
challenges in optimizing drug therapy in the clinic [1]. 
A surprising fact is that most drugs are effective in 
just 50-75% of patients, especially the drugs used for 
cancer chemotherapy, which are effective in only 25% 
of patients [2]. In addition to the low effective drug 
response ratio, the alarmingly large number of toxic 
reactions confront us as well. For example, each year 
in the USA, 30,000–70,000 patients are hospitalized for 
acetaminophen toxicity [3,4]. Thus, it is crucial to 
understand the mechanisms that drive the variation 
of drug efficacy and toxicity, and to apply suitable 
methods to improve drug outcomes. In light of this 
background, in 2015, the USA government launched 
the Precision Medicine Initiative, an initiative that 

aims to overcome individual variability and to make 
therapies more effective. 

With the rapid progress in omics such as 
genomics and metabolomics, gut microbiota has 
become a focus in understanding the responses of 
human bodies to drugs. Gut microbiota is a complex 
group of microorganisms that dwell in the 
gastrointestinal tract in a mutualistic fashion with 
hosts. The intraindividual composition of gut 
microbiota is extremely dynamic, and the inter-
individual composition of gut microbiota varies 
greatly as well [5,6]. Researchers have estimated that 
gut microbiota contains more than 1 × 1015 microbial 
cells and 5 × 106 unique microbial genes, both of 
which outnumber human cells and genes [6]. With 
these genes, gut microbiota can synthesize and release 
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a series of enzymes with the capability to metabolize 
xenobiotics (chemical compounds that are not 
naturally present in host bodies such as 
environmental pollutants and drugs). The metabolic 
capability of gut microbiota is so strong that it is 
regarded as a virtual organ with metabolic capability 
exceeding that of the liver [7]. When entering the 
gastrointestinal tract, orally administered drugs 
inevitably interact with gut microbiota [8,9]. On the 
one hand, drugs can compositionally and functionally 
change gut microbiota; on the other hand, gut 
microbiota can chemically transform drugs [10]. As a 
result, the pharmacological and toxic effects of drugs 
are highly influenced by gut microbiota. A sound 
understanding of these interactions enables us to 
manipulate gut microbiota to address the problems of 
drug efficacy and toxicity. 

The term precision medicine is often used 
interchangeably with the terms personalized 
medicine, stratified medicine and person-centered 
medicine [11]. Several articles have discussed gut 
microbiota and precision medicine [11–17]. However, 
there has been a lack of systemic summarization of (1) 
the background information regarding why 
personalized manipulation of gut microbiota should 
be adopted to achieve improved drug responses and 
(2) the specific diagnostic biomarkers and therapeutic 
methods necessary to perform precision medicine 
using drugs. In this review, we aim to examine the use 
of precision medicine and gut microbiota for the 
clinical management of drug efficacy and toxicity. 
After describing the interactions between gut 
microbiota and xenobiotics, this review discusses the 
following aspects: (1) the effects of gut microbiota on 
efficacy and toxicity of drugs and the corresponding 
mechanisms, (2) the variability of gut microbiota, 
which leads to variation in drug responses, (3) the 
biomarkers used for patient stratification and 
treatment decision making before the use of drugs, 
and (4) the methods used to manipulate gut 
microbiota to perform precision medicine. In 
addition, we provide our perspectives on future 
studies. 

Xenobiotic metabolism system 
The fluxion of xenobiotics 

When orally administered, the xenobiotics that 
have passed through the small intestine will 
ineluctably contact and thus chemically interact with 
gut microbiota. Gut microbiota synthesizes a battery 
of enzymes that are capable of transforming 
xenobiotics. These reactions include but are not 
limited to, rearrangement, oxidation, isomerization, 
esterification, condensation, reduction, and 

hydrolysis [9,10]. After absorption, the transformed 
and prototype xenobiotics can be further metabolized 
by liver. The typical difference between liver 
metabolism and gut microbiota metabolism is that 
liver metabolism usually increases the molecular 
polarity and molecular weight of xenobiotics while 
the other one usually decreases the molecular polarity 
and molecular weight of xenobiotics [18]. This can be 
explained by the fact that gut microbiota enzymes 
primarily catalyze hydrolytic and reductive reactions 
while liver enzymes typically perform oxidative and 
conjugative reactions [9]. After intestinal absorption 
and/or liver metabolism, the prototype and 
transformed xenobiotics will be transported to other 
organs, discharged via the urine or released into the 
gut lumen via biliary excretion. The xenobiotics 
released by biliary excretion can undergo metabolism 
by gut microbiota again and be reabsorbed by 
enterocytes, and they can be metabolized by liver 
through enterohepatic circulation. Notably, the 
xenobiotics that are not orally administered can still 
undergo gut microbiota metabolism because of the 
biliary system and the efflux of intestinal epithelium. 

Complex interactions between xenobiotics 
and gut microbiota 

Direct contact between xenobiotics and gut 
microbiota can lead to compositional changes in gut 
microbiota (Figure 1A). Xenobiotics can directly 
change the composition of gut microbiota via 
promotion, inhibition, and elimination. Prebiotics are 
nondigestible dietary compounds that are beneficial 
to hosts via selectively promoting the number or 
activity of certain groups of gut bacteria. Xenobiotics 
such as herbal polysaccharides and glycosides usually 
exhibit prebiotic-like effects as they can directly or 
indirectly provide carbohydrates as nutrients [19]. 
While some xenobiotics can increase the number of 
certain gut bacteria, other xenobiotics such as 
antibiotics exhibit inhibitive or killing effects on gut 
bacteria. In addition to direct modulation, xenobiotics 
can modulate the gastrointestinal tract environment 
and the immune function of hosts to indirectly change 
the composition of gut microbiota. In gastrointestinal 
tract, the environmental pH and short-chain fatty 
acids (SCFAs) concentrations have a fundamental 
influence on the composition and metabolism of gut 
microbiota. For example, SCFAs can inhibit the 
growth of Salmonella typhimurium and Salmonella 
enteritidis at suitable concentrations and under the 
appropriate pH conditions [20]. Xenobiotics such as 
polyphenols can affect the gastrointestinal pH and the 
levels of SCFAs to indirectly modulate the 
composition and metabolism of gut microbiota 
[21,22]. The gastrointestinal transit time is a direct 
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reflection of the time length of the interactions 
between xenobiotics and gut microbiota. It has been 
demonstrated that transit time can influence the 
overall composition, diversity, and metabolism of gut 
microbiota [23]. Xenobiotics such as insoluble fibers 
can influence the intestinal transit time and thus 
indirectly change the composition of gut microbiota 
[24]. Xenobiotics can also regulate the immune 
materials synthesized by hosts such as antimicrobial 
peptides and secretory immunoglobulin A. For 
example, aqueous extracts of the medicinal plant 
Codonopsis pilosula can increase the antimicrobial 
peptide levels in the Drosophila gut after sodium 
dodecyl sulfate-induced damage [25]. Unlike the 
direct roles that only result in the promotion, 
inhibition, and elimination of bacteria, the indirect 
roles of xenobiotics can lead to the colonization of 
new bacteria [26]. 

Direct contact between xenobiotics and gut 
microbiota can also result in the transformation of 

xenobiotics and changes in gut microbiota metabolites 
(Figure 1B). Equipped with metabolic enzymes, gut 
microbiota can directly metabolize xenobiotics 
ranging from insoluble polysaccharides with high 
molecular weights to small molecule compounds such 
as flavones. Because of their combined transformation 
by gut microbiota and liver, some xenobiotics such as 
nonsteroidal anti-inflammatory drugs (NSAIDs) can 
undergo enterohepatic circulation [27]. Gut 
microbiota can synthesize and release a large group of 
metabolites such as SCFAs, secondary bile acids, 
choline metabolites, and lipids [28,29]. Xenobiotics 
can influence the production of gut microbiota 
metabolites. Some gut microbiota metabolites such as 
SCFAs can modulate the immune system of hosts to 
achieve the therapeutic effects of xenobiotics [30]. 
Some of these gut microbiota metabolites can contend 
with xenobiotics for the host drug transporters and 
liver enzymes and thus influence the efficacy and 
toxicity of drugs. For example, the secondary bile 

 

 
Figure 1. Interactions between gut microbiota and xenobiotics. (A) The effects of xenobiotics on gut microbiota composition. Xenobiotics can directly and indirectly 
change the composition of gut microbiota, including inhibition, promotion, elimination, and colonization. (B) Metabolism-related activity of the gut microbiota. Gut microbiota 
can synthesize and release enzymes with the ability to transform xenobiotics (i), and transformed xenobiotics may undergo further enterohepatic cycling (ii). Gut microbiota can 
directly bind to xenobiotics, which reduces the final absorption of xenobiotics by hosts (iii). When the intestinal epithelium is breached by xenobiotics or for other reasons, gut 
microbiota can trigger the immune response of hosts (iv). Gut microbiota can synthesize and release metabolites with the capability to modulate immune response of hosts (iv), 
alter hepatic gene expression (v), compete for enzymes and drug transporters (vi), and act as intermediates (vii). 
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acids derived from gut microbiota can contend with 
simvastatin for SLCO1B1 transporters, and 
correspondingly the plasma concentration and clinical 
efficacy of simvastatin are affected [31]. The 
metabolism of xenobiotics by gut microbiota and the 
liver might function in tandem, as the gut microbiota 
can transform xenobiotics to intermediates that can 
undergo further liver metabolism. A typical example 
of this type of interaction was observed in a study of 
trimethylamine N-oxide (TMAO). Lipases in the small 
intestine and microbial glycyl radical enzymes in the 
colon sequentially metabolize dietary phos-
phatidylcholine and produce trimethylamine (TMA). 
Absorbed TMA can be further oxidized by flavin 
monooxygenases (FMO1 and FMO3) in the liver to 
produce TMAO, a compound that is responsible for 
an increased risk of cardiovascular diseases [32]. 

Xenobiotics can directly and indirectly interact 
with gut microbiota by direct binding and modulation 
of the host immune system (Figure 1B). In vitro 
incubation of L-dopa with Helicobacter pylori showed a 
conspicuous decrease of L-dopa, and H. pylori 
pre-incubated with L-dopa exhibited remarkably 
decreased adhesion to gastric epithelial cells [33]. This 
study indicated that L-dopa can bind to the outer 
membrane proteins of H. pylori, and as a result the 
concentration of L-dopa in bacterial suspension was 
significantly decreased. The gastrointestinal 
epithelium has evolved to confine the gut microbiota 
and maintain the symbiotic relationship between the 
host and gut microbiota. Disruption of this 
architecture allows the infiltration of gut bacteria and 
the excess influx of materials such as 
lipopolysaccharides. The infiltration of gut bacteria 
and materials activates the immune systems of hosts, 
and finally leads to several diseases such as 
depressive disorder, cirrhosis and inflammatory 
bowel disease [34–36]. Certain xenobiotics can disrupt 
the structure of gastrointestinal epithelium, leading to 
translocation of gut bacteria and activation of immune 
system. Heavy metal cadmium is an important 
environmental pollutant that has resulted in serious 
global issues. Exposure to cadmium induces an 
intestinal inflammatory response and gut architecture 
damage, which leads to an increase in gut 
permeability [37]. The increase in gut permeability 
leads to bacterial translocation and an increase in 
blood endotoxin, which ultimately cause systemic 
inflammation. 

Nonnegligible role of gut microbiota in 
precision medicine: modulation of drug 
efficacy and toxicity 

The impact of the direct and indirect interactions 
between gut microbiota and xenobiotics on the 

pharmacological and toxic effects of drugs is so 
profound that these interactions can cause the failure 
of drugs and even the death of patients. Therefore, to 
achieve precision medicine, it is necessary to 
understand the effects of gut microbiota on the 
efficacy and toxicity of drugs. Here, we discuss the 
effects of gut microbiota on drug efficacy and toxicity 
and the corresponding mechanisms. Because direct 
binding is the simplest type of interaction (Figure 2A, 
Figure 3A), we focus only on other types of reactions. 

Gut microbiota and the efficacy of drugs 
Gut microbiota can inactivate, activate and 

change the potency and bioavailability of drugs via 
direct enzymatic metabolism (Figure 2B). Digoxin, a 
cardiac glycoside that was originally isolated from 
foxglove plants, is a typical example of a drug that can 
be inactivated by gut microbiota. Because of the 
strikingly narrow therapeutic range, the use of 
digoxin in clinic is a tough job. In approximately 10% 
of patients, a substantial amount of digoxin is 
converted into dihydrodigoxin, a cardio-inactive 
product [38]. The conversion of digoxin by gut 
microbiota in patients can account for the inactivation 
of more than 50% of the administered digoxin [39], 
which significantly influences the bioavailability and 
clinical toxicity of this drug. Azo bonds, which can be 
reduced by azoreductases, are strategically used in 
drug development. Sulfasalazine, a prodrug with an 
azo bond, is widely used for ulcerative colitis and 
rheumatoid arthritis in clinic. Sulfasalazine can be 
detected in the feces of rats receiving antibiotics, while 
in the feces of animals raised under conventional 
conditions, it cannot be detected [40]. Following oral 
administration, sulfasalazine is cleaved by 
azoreductases, which liberates two anti-inflammatory 
molecules 5-aminosalicylic acid and sulfapyridine. 
Gut microbiota can not only directly inactivate or 
activate drugs, but also change the potency and 
bioavailability of drugs, especially ethnomedicines. 
Flavonoids are a type of polyphenolic compounds 
that broadly exists in herbal medicines. Many 
flavonoid glycosides, such as rutin, hesperidin, and 
naringin, exhibit antiplatelet activity [41]. These 
flavonoid glycosides can be transformed to aglycones 
by gut microbiota enzymes such as β-glucosidase and 
endo-β-glucosidase [42]. The in vitro antiplatelet 
activities of these flavonoid aglycones such as 
quercetin, hesperetin and narigenin are stronger than 
those of their parental compounds [43]. In addition to 
directly affecting the potency of flavonoids, the 
cleavage of sugar moieties from flavonoids can 
influence their bioavailability since the loss of sugar 
moieties undoubtedly affects lipophilicity and 
intestinal permeability [44]. By direct enzymatic 
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activation, inactivation, or alteration of the potency 
and bioavailability, the clinical efficacy of drugs is 
thus significantly affected (Figure 2B). 

The normal composition, metabolism and spatial 
distribution of gut microbiota play indispensable 
roles in the homeostasis of hosts. Drugs, especially 
ethnomedicines, can change the composition, 
metabolism and spatial distribution of gut microbiota 
to (partly) achieve therapeutic effects especially those 
drugs that cannot be absorbed or exhibit poor 
bioavailability (Figure 2C). A type of compound that 
exists in all herbal medicines is polysaccharides. 
However, the human body cannot absorb or digest 
herbal polysaccharides due to the limited number of 
digestion enzymes encoded by human genome [19]. 
On the contrary, gut microbiota encodes a series of 
enzymes that can degrade polysaccharides and yield 
metabolites that contribute to therapeutic effects such 
as SCFAs [30]. Another way that polysaccharides 
achieve therapeutic effects is by modulating the 
composition of gut microbiota. For example, 
polysaccharides from Hirsutella sinensis mycelium 
exhibited anti-obesity effects on mice via selective 

promotion of the growth of Parabacteroides goldsteinii, 
and no alteration of SCFAs was observed [45]. 
Berberine, an herbal compound with a bioavailability 
of less than 1%, exhibits powerful effects on insulin 
resistance. A recent animal study showed that 
berberine can alleviate insulin resistance by 
decreasing the synthesis of branched-chain amino 
acids (BCAAs) by gut microbiota [46]. Gut microbiota 
is also responsible for the therapeutic effects of drugs 
that can be easily absorbed as prototypes. Metformin, 
a drug that belongs to the biguanide class, shows an 
absolute oral bioavailability of 50 to 60% [47]. 
Compared with oral or intraduodenal delivery, 
intravenous delivery of metformin to human subjects 
is less effective in reducing blood glucose [47]. In 
addition, the delayed release formulation of 
metformin showed blood glucose-lowering effects 
comparable to those of the standard formulation, even 
though the systemic level of metformin was 
significantly reduced [48]. This evidence suggests that 
gut microbiota act non-negligible roles on therapeutic 
effects of metformin. Due to the progress of research, 
a series of recent studies have suggested that 

 

 
Figure 2. Direct and indirect modification of drug efficacy by gut microbiota. (A) Gut microbiota directly binds to drugs such as L-dopa. (B) Gut microbiota can 
inactivate, activate or change the potency and bioavailability of drugs via direct enzymatic metabolism. (C) Drugs modulate the composition and metabolism of gut microbiota 
to achieve efficacy. (D) Drugs modulate the spatial distribution of gut microbiota to achieve efficacy. (E) Gut microbiota synthesizes compounds with the ability to modulate and 
compete for drug transporters. Please see article text for the details on interactions and effects. 
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metformin can compositionally and functionally 
regulate gut microbiota to enhance the glucose- 
regulating effects of metformin. These effects include 
regulation of Escherichia, Intestinibacter, Lactobacillus, 
Bacteroides fragilis, Akkermansia muciniphila, etc., and 
the ensuing effects of increased production of 
beneficial SCFAs, the alteration of the bile acid pool, 
the enhancement of the release of gut hormones 
glucagon-like peptide 1 and peptide YY, and secretion 
of peptide Amuc_1100, which can enhance barrier 
function and decrease endotoxemia [49]. 
Translocation of gut microbiota can shape the 
immune response of hosts and thus further impact the 
efficacy of drugs. In the small intestine, the anticancer 
drug cyclophosphamide causes dysbiosis of mouse 
gut microbiota and induces the translocation of 
certain gram-positive bacteria into secondary 
lymphoid organs [50]. These translocated bacteria 
then provoke the generation of “pathogenic” T helper 
17 cells and memory T helper 1 immune response; 
thus, the therapeutic effect of cyclophosphamide is 
partly achieved (Figure 2D). 

Competition and modulation of host genes and 
enzymes that are involved in transportation and 
metabolism of xenobiotics can also impact the efficacy 
of drugs (Figure 2E). Statins are β-hydroxy-β-methyl-
glutaryl coenzyme A (HMG-CoA) reductase 
inhibitors that are used for the treatment of coronary 
artery disease. It has been reported that some patients 
are statin-resistant while others are statin-intolerant 
[51]. Drug transporters such as SLCO2B1, SLC15A1, 
ABCC2, ABCB1, ABCG2 and ABCB11 are involved in 
liver uptake and hepatobiliary elimination of all 
statins [52]. Notably, some of these transporters such 
as ABCC2 and ABCB1, also participate in the 
transportation of bile acids [53]. Thus, it is 
hypothesized that the variation in the statin response 
can be attributed to the competition between bile 
acids and statins for the same transporters that 
participate in the uptake of statins. A few studies have 
supported this hypothesis. Animal studies have 
shown that statin treatment can cause gut dysbiosis 
and the expression of genes associated with bile acid 
transporters in the liver [54,55]. In human patients, the 

 

 
Figure 3. Direct and indirect modification of drug toxicity by gut microbiota. (A) Gut microbiota directly binds to drugs, especially heavy metal drugs. (B) Gut 
microbiota modulates the toxicity of drugs via direct enzymatic metabolism. (C) Drugs modulate the composition, metabolism and spatial distribution of gut microbiota to 
modulate toxicity. (D) Gut microbiota synthesizes compounds with the ability to compete for drug metabolism enzymes. Please see article text for the details on interactions 
and effects. 
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response to simvastatin treatment is positively 
correlated with the levels of gut microbiota-produced 
secondary bile acids and the transporter SLCO1B1 
[31].  

Gut microbiota and the toxicity of drugs 
Gut microbiota can modulate the toxicity of 

drugs via direct enzymatic metabolism (Figure 3B). In 
this process, the role of enterohepatic circulation has 
drawn much attention. Irinotecan (or CPT-11) is an 
intravenous drug that is extensively applied for colon 
cancer. However, more than 40% of patients receiving 
irinotecan can present with severe diarrhea, leading to 
dose reduction or termination of the drug [56]. In the 
liver, CPT-11 undergoes a series of 
biotransformations: carboxylesterases first convert 
CPT-11 into the bioactive nuclear topoisomerase 1 
enzyme inhibitor SN-38, and UDP-glucuronosyl-
transferase then converts SN-38 into inactive SN-38G 
[57]. SN-38G is released into the gastrointestinal tract 
by the biliary tract, and then SN-38G is converted 
back into SN-38 by liberation of a sugar moiety by 
microbial β-glucuronidases. SN-38 in the intestine is 
toxic toward epithelial cells and is the cause of 
diarrhea in patients with colon cancer. 
β-glucuronidases also play a similar role in the toxic 
effects of NSAIDs [58]. In the liver, NSAIDs first 
undergo glucuronidation and are then excreted into 
the intestine, where gut bacterial β-glucuronidases 
release the aglycones. The gut epithelial cells then 
absorb and metabolize the aglycones into reactive 
metabolites that are toxic to the intestinal wall. 

Direct enzymatic metabolism can also influence 
toxicity by changing the toxicity and bioavailability of 
drugs. Doxorubicin is a widely used drug for 
carcinomas. However, its clinical use is limited due to 
its cumulative toxicity in normal tissues that can 
manifest as diarrhea, vomiting, hair loss and 
life-threatening cardiotoxicity [59]. A recent study 
showed that doxorubicin can undergo 
deglycosylation by Raoultella planticola, and the 
products of deglycosylation exhibited reduced 
toxicity on model species Caenorhabditis elegans [60]. 
Similarly, two human gut bacterial species, 
Bifidobacterium longum HY8001 and B. fragilis, can 
transform the herbal compound geniposide into 
genipin, a compound that shows increased toxicity 
toward HepG2 cells [61]. By acetylation and 
esterification, human gut microbiota can transform 
toxic herbal compound aconitine into benzolyaconine 
and lipoaconitine, two compounds with reduced 
cardiotoxicity [62]. Toxic heavy metals such as arsenic 
and mercury are commonly used in ethnomedicines 
to treat malignant diseases. Arsenic is widely used in 
ancient Chinese, Greek and Roman medicine to treat 

leukemia, syphilis and myeloma, and it can also cause 
cardiac disorders, respiratory failure, hypokalemia, 
and cerebral infarction [63,64]. The toxicity of arsenic 
depends largely on its various states in mammals, 
including oxidoreductive states and methylation 
levels. In vitro and in vivo studies have demonstrated 
that gut microbiota can modulate the toxicity of 
arsenic via direct metabolism of arsenic (including 
oxidative methylation and glutathione conjugation), 
and this process also increases the bioavailability of 
arsenic [65,66]. In addition to arsenic, it has been 
proven that gut microbiota can metabolize other 
heavy metals such as mercury and chromium, and 
thus change their bioavailability [67]. 

Drugs can change the composition, metabolism 
and spatial distribution of gut microbiota, which in 
turn affect the toxicity of drugs (Figure 3C). 
Methotrexate is a drug widely used for anticancer and 
immunosuppressive treatment; however, it can also 
cause gastrointestinal toxicity in the clinic. 
Methotrexate time-dependently changed the 
composition of gut microbiota in mice by inducing a 
significant decrease in B. fragilis and an increase in 
macrophage density [68]. Gavage of mice with B. 
fragilis significantly decreased inflammatory reactions 
induced by methotrexate and restored the 
polarization of macrophages, suggesting the 
involvement of gut microbiota and host immune 
system in methotrexate-induced intestinal mucositis. 
In addition to direct metabolism induced by gut 
microbiota, heavy metals can cause dysbiosis and 
disruption of the gut barrier, which may further 
activate the host immune system [69]. The study 
carried out by Lu et al. showed that ingestion of 10 
ppm arsenic for four weeks significantly perturbed 
the composition of mouse gut microbiota and its 
metabolism various substances, such as bile acids and 
amino acids [70], suggesting that modulation of gut 
microbiota composition and metabolism are also 
associated with the toxicity of arsenic. Meanwhile, 
arsenic can disrupt the structure and function of 
intestinal epithelium, which enables the translocation 
of gut microbiota and increases endotoxemia, finally 
leading to local and systemic inflammatory response 
[71,72]. 

Competition with gut microbiota metabolites for 
host proteins and enzymes that participate in 
transportation and metabolism of xenobiotics can also 
impact the toxicity of drugs (Figure 3D). A typical 
example of this involves acetaminophen, a drug used 
worldwide to treat mild to moderate pain and to 
reduce fever. Severe and sometimes fatal 
hepatotoxicity is the major toxicity of acetaminophen, 
and the toxicity varies among individuals [73,74]. The 
liver reduces the toxicity of acetaminophen by 
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metabolizing it predominantly into the inactive 
compounds acetaminophen sulfate and 
acetaminophen glucuronide, and a small amount the 
of toxic compound N-acetyl-p-benzoquinone imine by 
CYP450 enzymes CYP2E1 and CYP3A4 [75]. p-Cresol 
is a microbial product produced during the 
metabolism of tyrosine and phenylalanine by gut 
microbiota. In the liver, p-cresol is metabolized to 
p-cresol sulfate, a substrate of the human cytosolic 
sulfotransferase 1A1 (SULT1A1), which is shared by 
acetaminophen [76]. Individuals receiving high 
amounts of p-cresol sulfate exhibit reduced 
acetaminophen sulfate to acetaminophen glucuronide 
ratios in urine [77]. Thus, the competition between 
p-cresol and acetaminophen hampers the capability of 
hosts to reduce the toxicity of acetaminophen by 
increasing the possibility of producing N-acetyl-p- 
benzoquinone imine. 

Gut microbiota in drug-drug interactions 
Gut microbiota can also responsible for drug- 

drug interactions. The increasing antimicrobial drug 
resistance has become a serious global health issue, 
leading to an increase in infection-associated death. 
The use of drug combinations is encouraged to treat 
multidrug-resistant bacterial infections in the clinic; 
however, their effects on microbiota remain 
unexplored. Profiling of approximately 3,000 
combinations of antibiotics, human-targeted drugs 
and food additives showed that 70% of drug-drug 
interactions are species-specific and 20% showed 
strain specificity, and antagonism is more common 
than synergism [78]. In addition to antibiotics, the 
most striking example of drug-drug interactions 
involving gut microbiota is the co-administration of 
antiviral drug sorivudine with the antitumor drug 
5-fluorouracil (5-FU) or 5-FU prodrugs, which has 
caused deaths and many serious side effects in Japan. 
Gut microbiota can transform sorivudine and into 
(E)-5-(2-bromovinyl) uracil (BVU). BVU is an inhibitor 
of liver dihydropyrimidine dehydrogenase, a 
catabolic enzyme that is responsible for detoxification 
of 5-FU. Thus, combined administration of sorivudine 
and 5-FU, increases the circulating 5-FU levels, 
leading to 5-FU-associated death [79,80]. The 
combined use of different medicines is the essence of 
treatment with ethnomedicines such as traditional 
Chinese medicine. This strategy has been extensively 
adopted for thousands of years to achieve the goals of 
improved efficacy and reduction of side effects [81]. 
By focusing on small molecules, a relatively large 
number of studies tried to explain the mechanism of 
the combinational use of ethnomedicines with the 
help of modern techniques such as network 
pharmacology and metabolomics [82,83]. 

Polysaccharides ubiquitously exist in herbal 
medicines, yet their roles remain unknown because 
they cannot be directly absorbed. Using the ginseng 
decoction, a formula that mainly contains ginseng 
polysaccharides and ginsenosides, one study 
demonstrated that combinational use of ethno-
medicinal compounds can facilitate the metabolism 
and absorption of bioactive compounds in the 
presence of gut microbiota [84]. In that study, ginseng 
polysaccharides restored the perturbed gut 
microbiota composition in rats. In addition, ginseng 
polysaccharides significantly enhanced the bacterial 
metabolism and intestinal absorption of ginsenosides 
and promoted the growth of two ginsenoside 
metabolic bacteria including Lactobacillus spp. and 
Bacteroides spp. In addition to the combinational use 
of ethnomedicines, combinational use of chemical 
drugs and ethnomedicines is very common in China. 
Some studies have preliminarily demonstrated that 
gut microbiota is responsible for the efficacy- 
enhancing and toxicity-reducing effects of the 
combinational use of chemical drugs and ethno-
medicines [85]. Although the outcomes of the 
combination of chemical drugs and ethnomedicines 
are promising, their specific mechanisms remain to be 
resolved. 

Gut microbiota meets precision medicine: 
The variability of gut microbiota 

Although the progress in understanding the 
roles of gut microbiota in the modulation of drug 
efficacy and toxicity has been striking, the extent of 
modulation still varies greatly person-to-person, 
leading to the unpredictable reactions to drugs, as 
evidenced by typical examples of the response of 
patients to PD-1/PD-L1 blockers [86]. A metagenomic 
study of stool samples from patients with epithelial 
tumors revealed that the differences in the number of 
A. muciniphila are responsible for the variation in the 
therapeutic effects of PD-1 blockade [86]. Dynamic 
analysis of patients with hepatocellular carcinoma 
receiving anti-PD-1 immunotherapy showed that 
Proteobacteria became predominant by the 12th week in 
non-responders [87]. Examination of the oral and gut 
bacteria of melanoma patients receiving PD-1 
blockade showed relatively increased abundance of 
Ruminococcaceae in responding patients [88]. Studies 
on berberine, NSAIDs, statins, and histamine-2 
blockers have also demonstrated that gut microbiota 
shows great interindividual variability, and this 
variability contributes to the variability of drug 
response [89–92]. Thus, to fulfill the aim of precision 
medicine, it is necessary to understand the variability 
of gut microbiota. Studies have demonstrated that the 
environment and host genes can shape the 
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composition of gut microbiota [93], although there is 
controversy regarding which factor plays a more 
significant role [94,95]. For infants, the mode of 
delivery (cesarean section or vaginal birth), type of 
feeding (formula-fed or breast-fed), gestational age, 
hospitalization, and drug use determine the 
composition of the gut microbiota [96]. For adults, a 
large number of factors can shape the composition of 
gut microbiota, such as host genetics, age, the status of 
the host immune system, emotional stress, diet, and 
exercise [97]. Due to the dynamic interactions between 
those factors and gut microbiota, the gut microbiota 
shows immense compositional variation between and 
within individuals [92,98]. 

The functions of gut microbiota include but are 
not limited to the metabolism of xenobiotics, bio-
synthesis of vitamins, steroid hormones, and neuro-
transmitters, modulation of host immune maturation, 
cell proliferation, vascularization and neurologic 
signaling [99]. It is noteworthy that knowledge of the 
composition of gut microbiota does not necessarily 
translate into knowledge of its function as a large 
number of genes are expressed only under certain 
conditions. For example, expression of a CYP- 
dependent fatty acid hydroxylase-epoxidase from 
Bacillus megaterium ATCC 14581 is strongly inducible 
in the presence of phenobarbital [100]. Although some 
studies have demonstrated that the function of gut 
microbiota tends to be much more stable in 
individuals in comparison with the composition of 
gut microbiota [98,101], evidence from other studies 
supports the opposite result, in that the function of 
gut microbiota at the metatranscriptomic (RNA) level 
is much more variable than that at the metagenomic 
(DNA) level [102]. Another study using nontargeted, 
shotgun mass spectrometry-based whole community 
proteomics (metaproteomics) also showed that gut 
microbiota compositions and function at the protein 
level were different in different individuals [103]. 
Since the composition of gut microbiota does not 
provide precise functional information, direct 
measurement of the function of gut microbiota is 
needed. Variations in the bioactivities of enzymes and 
the contents of metabolites are direct scalable 
manifestations of the functional variability of gut 
microbiota. The enzymes synthesized and released by 
gut microbiota play conspicuous roles in the 
metabolism of xenobiotics, and these enzymes show 
significant interspecies and interindividual 
variability. A recent study reported by the Human 
Microbiome Project gastrointestinal database 
clustered 3,013 microbial β-glucuronidase proteins 
into six groups, with each group exhibiting different 
functional capacities [104]. This study also showed 
that β-glucuronidases exhibit distinct interindividual 

variabilities. Gut microbiota synthesize and release a 
series of metabolites that are helpful for the 
maintenance of health and harmful for the 
development of diseases [28,29]. The contents of these 
metabolites such as SCFAs and choline have been 
demonstrated to vary greatly in different people 
[105,106]. 

The factors that shape the composition of gut 
microbiota can also impact the function of gut 
microbiota (Figure 4). For example, the age and 
geography of humans can influence the abundances 
of bacterial genes that code enzymes responsible for 
the metabolism of xenobiotics [107]. Sex differences 
can influence the function of gut microbiota in mice 
exposed to arsenic [108]. The circadian rhythm is an 
important factor that can impact not only the 
physiological function of mammals including 
immune responses, apoptosis, cell proliferation and 
differentiation, but also the efficacy and toxicity of 
drugs [109]. Many studies have indicated that the 
circadian status of the host can affect the rhythmic 
fluctuations of gut microbiota in mice [110,111]. 
Disruption of the normal gut microbiota rhythm 
induces genetic fluctuations in the intestine and liver, 
and hence gut microbiota can impact hepatic drug 
detoxification and hepatotoxicity [111]. One typical 
example of this is liver toxicity induced by 
acetaminophen, which exhibited conspicuous diurnal 
variation [112,113]. Administration of acetaminophen 
at night resulted in more severe liver damage 
compared with dosing in the morning. The 
mechanism of this phenomenon is linked to 1-phenyl- 
1,2-propanedione (PP), a gut microbial metabolite 
whose level in mice is significantly changed when 
light is present at the start of the resting period in 
comparison with the level when the light is absent at 
the start of the active period [114]. PP can increase 
liver injury caused by acetaminophen when combined 
with acetaminophen, however, acetaminophen alone 
cannot lead to liver injury. 

Gut microbiota-associated markers for 
patient stratification and treatment 
decisions for the use of drugs 

Currently, determination of the causation or 
association between bacterial species and diseases 
such as obesity and ulcerative colitis has allowed the 
development of gut microbiota-based biomarkers for 
precision disease diagnosis and risk stratification 
[16,115,116]. Similarly, determination of the 
relationship between gut microbiota and drug 
outcomes will be helpful for screening biomarkers for 
personalized administration of drugs. Here, we 
discuss the possible gut microbiota-associated 
biomarkers for precision medicine in using drugs. 
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Figure 4. The factors influencing the composition and function of gut microbiota. Gut microbiota can modulate the efficacy and toxicity of drugs. However, the 
extent of modulation varies greatly from person to person and is highly dependent on the composition and function of gut microbiota of an individual. The composition and 
function of gut microbiota are influenced by multiple factors such as smoking, drug use, exercise, and emotional stress. The bioactivities of enzymes and metabolite contents are 
the direct scalable manifestations of the functional variability of gut microbiota. 

 

Gut microbiota-based biomarkers 
Gut microbiota and gut microbiota-associated 

components including genes, enzymes, bacterial 
strains or species, and metabolites can be developed 
as biomarkers for the personalized use of drugs 
(Figure 5A). Perhaps the most feasible biomarker for 
precision medicine is the enzymatic activity of gut 
microbiota, as enzymatic reactions constitute a large 
proportion of the reactions leading to modification of 
drug efficacy and toxicity. Alternatively, analysis of 
the genes encoding these metabolomic enzymes can 
be used when detecting the enzymatic activiy is not 
easy. Berberine is an alkaloid separated from herbal 
plants such as Berberis vulgaris and Coptis chinensis. In 
China, berberine is extensively applied to treat 
bacteria-associated diarrhea and cardiovascular 
diseases such as hypercholesterolemia [117,118]. 
Because the bioavailability of berberine is very low, it 
is usually used at a large dose. However, the use of a 
large dose of berberine in the clinic can also induce 
diarrhea, constipation, abdominal distension and 
abdominal pain [119,120]. A recent study showed that 
nitroreductases, a group of enzymes from gut 
microbiota with the capability to catalyze the 

reductive reaction of drugs bearing nitroheterocyclic 
and nitroaromatic structures, convert berberine into 
the absorbable compound dihydroberberine and thus 
significantly improve the bioavailability of berberine 
in rats [121]. Clinical studies have shown that 
absorption of berberine is positively associated with 
the gut bacterial activity of nitroreductases, 
highlighting the potential role of nitroreductase 
activity as a biomarker for the personalized use of 
berberine for the treatment of hyperlipidemia (Figure 
5B) [122]. Another example is digoxin. One study 
carried out decades ago showed that Eggerthella lenta 
in the gut is responsible for the conversion of active 
digoxin to cardio-inactive dihydrodigoxin [123]. 
However, E. lenta cannot accurately predict the 
metabolism of digoxin in the gut, as E. lenta-colonized 
patients still show remarkable variation in 
dihydrodigoxin production [124]. Recent studies 
showed that digoxin can induce the transcriptional 
activity of a cytochrome-encoding operon, and this 
“cardiac glycoside reductase” (cgr) operon is specific 
to drug-metabolizing strains of E. lenta [125,126]. 
These studies suggest that the detection of genes 
associated with drug-metabolizing ability can be used 
for predicting the drug response (Figure 5C). 
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Figure 5. The gut microbiota-based markers for the personalized use of drugs. (A) Possible gut microbiota-based biomarkers for the personalized use of drugs, 
including genes, enzymes, bacterial strains or species, and gut microbiota metabolites. (B) The fecal activity of nitroreductases is positively correlated with the bioavailability of 
berberine in treating hyperlipidemia. Thus, the fecal activity of nitroreductases can serve as a biomarker for choosing the dosage of berberine. (C) E. lenta carrying the cgr operon 
can inactivate digoxin. Thus, the copy number of cgr operon can serve as a biomarker for choosing the dosage of digoxin or guiding physicians to distinguish patients who are likely 
to respond favorably to digoxin. (D) F. prausnitzii can transform tacrolimus into compounds with reduced potency. The abundance of F. prausnitzii is positively correlated with the 
need for an increased dosage in patients. (E) Gut microbiota metabolite p-cresol can compete with acetaminophen for liver enzymes, leading to increased toxicity. Thus, fecal 
p-cresol is a biomarker of a reduced dosage of acetaminophen. 

 
Although the abundance of a certain gut bacteria 

might not predict the variation of drug metabolism, as 
is the case for digoxin, it does not necessarily mean 
that the approach involving the detection of their 
abundance is of no use. Calcineurin inhibitors, such as 
the immunosuppressant tacrolimus, are widely used 
in kidney transplant recipients to reduce acute 
rejection rates and increase graft survival. Tacrolimus 
shows high variability of efficacy and toxicity in the 
clinic, which often leads to changes in dosage. 
However, sub-therapeutic dosages can result in 
immune rejection, and mega-therapeutic dosages can 
lead to nephrotoxicity and neurotoxicity [127]. An 
analysis of kidney transplant recipients showed that 
the abundance of gut bacterium Faecalibacterium 
prausnitzii was positively correlated with the increase 
in tacrolimus dosing in recipients [128]. A recent 
study revealed the role of F. prausnitzii in 
metabolizing tacrolimus into two different 
metabolites, and the major metabolite showed much 
less bioactivity in vitro [129]. Thus, the abundance of F. 
prausnitzii may act as a biomarker for an increase in 
the dosage of tacrolimus (Figure 5D). The gut 

microbiota itself can synthesize a series of metabolites 
such as SCFAS, BCAAs, organic acids, and 
polyamines [28,29]. These metabolites can serve as 
biomarkers for precision medicine as well. As 
discussed above, gut microbiota metabolite p-cresol 
can compete with acetaminophen for hepatic 
SULT1A1, and thus result in increased toxicity [130]. 
Therefore, the level of p-cresol can act as a potential 
biomarker for the rational use of acetaminophen and 
other drugs utilizing the same metabolic enzymes in 
the liver (Figure 5E). 

In recent years, the most active field involved in 
developing gut microbiota-based biomarkers for the 
prediction of drug responses has been immuno-
therapy. Typical examples are anti-PD-1 immuno-
therapy and anti-CTLA-4 immunotherapy. As 
mentioned in Section 4, the relative abundances of A. 
muciniphila and other bacterial species are associated 
with anti-PD-1 therapy outcomes [86,88]. In addition, 
fecal microbiota transplantation (FMT) from 
individuals who responded to anti-PD-1 therapy to 
germ-free mice resulted in increased antitumor 
activity in comparison with that observed in mice 
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receiving FMT from non-responder donors. These 
studies demonstrated that A. muciniphila and other 
bacteria can serve as biomarkers for predicting the 
outcomes of PD-1 blockade in patients with epithelial 
tumors and metastatic melanoma [86,88,131]. Another 
typical example related to immunotherapy is CTLA-4 
inhibitors. Ipilimumab, an important monoclonal 
antibody used for the treatment of metastatic 
melanoma that blocks the CTLA-4, induces typical 
toxicities, including intestinal inflammation and even 
the death of recipients, because of dysregulated 
mucosal immunity [132]. Using next-generation 
metagenomic sequencing, Dubin et al. found out that a 
higher abundance of Bacteroidetes is correlated with 
ipilimumab-induced colitis in humans [133]. Vétizou 
et al. found that T cell responses in mice and patients 
specific for Bacteroidetes thetaiotaomicron or B. fragilis 
were responsible for the efficacy of CTLA-4 blockade 
[134]. A similar study showed that the baseline 
abundances of Faecalibacterium and other gut bacteria 
were correlated with the efficacy of ipilimumab and 
the risk of colitis caused by ipilimumab [135]. These 
three studies demonstrated that Bacteroidetes, B. fragilis 
and other bacterial species can serve as biomarkers for 
the efficacy and toxicity of CTLA-4 inhibition. 

Emerging integrative approach 
Currently, researchers studying precision 

medicine have placed a major emphasis on the 
variability of human body, and thus, the variability of 
gut microbiota is often neglected. For example, the 
precision oncology and anti-TNF agents used for 
treatment of Crohn's disease have not been proven to 
work well [136,137], and the omission of gut 
microbiota might be the reason for the failure. In 
contrast, focusing mainly on gut microbiota can lead 
to the failure of the personalized use of drugs as well 
considering the significant impact of hosts on drug 
toxicity and efficacy. Therefore, integration of the 
variabilities of gut microbiota and hosts is needed, 
especially for drugs that can undergo combined 
metabolism by gut microbiota and hosts. For example, 
the widely prescribed anticancer drug CPT-11 shows 
significant interindividual pharmacokinetic 
variability [138], and both human body and gut 
microbiota are believed to be responsible for this 
variation. In the liver, the variants responsible for 
liver metabolism of CPT-11 such as UGT1A1*28 and 
UGT1A7-57T/G, can lead to significant variability in 
the toxicity of CPT-11 [139]. In the gastrointestinal 
tract, the capability of gut microbiota to reactivate the 
excreted, inactive metabolite of CPT-11, also shows 
great interindividual variability [140]. Similarly, the 
widely used anticoagulant drug warfarin can undergo 
significant variation in both human and microbiota 

aspects. VKORC1 (vitamin K epoxide reductase) and 
cytochrome CYP2C9 polymorphisms can cause great 
interindividual variation in terms of drug clearance 
and drug sensitivity [141]. In addition, gut microbiota 
and diet also impact interindividual warfarin 
metabolism differences by interfering with the 
production of vitamin K, a compound responsible for 
the synthesis of blood coagulants [142–144]. 
Therefore, only focusing on gut microbiota or hosts 
will omit the contribution of other factors to the 
interindividual variation of drug toxicity and efficacy. 
Correspondingly, for drugs that can be metabolized 
by both gut microbiota and the human body, 
integration of gut microbiota and host metabolism is 
needed to predict the variation of drug responses and 
final drug outcomes. 

To achieve the aim of precision medicine, it is 
needed to separate and quantify the contribution of 
gut microbiota to the in vivo toxicity and efficacy. 
However, the gut microbiota and hosts are so highly 
intertwined that the separation of the contribution of 
hosts and gut microbiota to final drug outcomes is 
incredibly challenging, especially in the case where 
the host and gut microbiota can transform drugs into 
the same metabolites. Fortunately, with the 
development of germ-free and gnotobiotic animal 
models and new algorithms, it is now possible to 
achieve this aim. Brivudine is an oral antiviral drug 
that belongs to nucleoside analog and can be 
metabolized into bromovinyluracil by the host and 
gut microbiota. By using brivudine as the model drug, 
Zimmermann et al. established an approach to 
disentangle the contribution of the host and gut 
microbiota to drug metabolism in mice [145]. To 
measure the extent of the metabolism of brivudine 
across tissues, they detected the contents of brivudine 
and bromovinyluracil in various locations including 
feces, serum, cecum, thymine, and liver in 
conventional, germ-free and gnotobiotic mice. They 
also built a pharmacokinetic tool to quantitatively 
estimate the contribution of gut microbiota to 
systemic brivudine and bromovinyluracil exposure 
based on the bioavailability, the absorption of drug 
and drug metabolite, the drug-metabolizing activity 
of host and gut microbiota, and the intestinal transit 
kinetics. The authors also used benzodiazepine 
clonazepam to examine the general applicability of 
the method. In another study, they expanded their 
model to examine host glucuronyltransferase activity 
and cecum bacterial deglucuronidation and tested the 
effects of the enterohepatic circulation on systemic 
drug metabolite exposure [146]. These studies offer us 
excellent experimental and computational strategies 
to determine the contribution of gut microbiota to 
drug metabolism. 
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Figure 6. Integration of multiple factors to develop integrative biomarkers for patient stratification and treatment decisions. The parameters used for 
establishing integrative biomarkers can be derived from hosts, gut microbiota and other external factors. When an integrative biomarker has been preliminarily screened, a 
further validation step is needed to confirm the suitability. The major characteristic of integrative biomarkers in comparison with conventional biomarkers is that an integrative 
biomarker comprises multiple variables that act holistically to influence drug outcomes. 

 
Compared with separating the contribution of 

hosts and gut microbiota to the drug metabolism, 
integrating information about hosts, gut microbiota 
and other external factors to develop integrative 
diagnostic biomarkers is far more important and 
challenging to achieve the aim of precision medicine 
(Figure 6). Host information may include genetic and 
physiological factors such as the polymorphism and 
activity of hepatic microsomal enzymes, blood 
pressure, and the functional capability of the immune 
system. The gut microbiota information may include 
compositional, genetic, enzymatic information and 
metabolites. Sometimes, more comprehensive 
information might be needed, such as information 
about demographics, family history, and lifestyle. To 
gather the information, we need many methods and 
models such as whole-genome shotgun sequencing, 
nuclear magnetic resonance (NMR) and/or mass 
spectrometry (MS)-based metabolomics, activity- 
based and probe-enabled proteomics, culturomics, 
germ-free and gnotobiotic animal models, and gut-on- 
a-chip systems [147–149]. To achieve the aim of 

biomarker discovery, several sophisticated methods 
are needed to parse out the associations with diseases, 
for instance, the complex biostatistics, or artificial 
intelligence algorithms [12]. In contrast to traditional 
biomarkers that only contain one factor for each 
biomarker, an integrative biomarker can constitute 
several factors such as the diet, polymorphism of host 
genes and gut microbiota composition. For example, 
vedoNet, a neural network algorithm that 
incorporates the gut microbiota and clinical data, can 
predict patients’ response to inflammatory bowel 
disease treatment [150]. When a possible integrative 
biomarker has been preliminarily screened, a further 
validation step is needed to confirm the biomarker. In 
addition, despite the promising future of integrative 
biomarkers, the process needed to discover 
integrative biomarkers is rather challenging because 
of the lack of integrative tools to reveal the complex 
interactions of host, gut microbiota, and external 
factors. Even so, we anticipate that more and more 
tools will be developed to overcome the obstacles of 
this inchoate approach. For example, Noronha et al. 
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recently integrated human metabolism, gut 
microbiome, disease, and nutritional information to 
build the Virtual Metabolic Human database, 
enabling a series of works such as predicting the 
metabolism of human and gut bacteria not only in 
healthy but also in diseased states [151]. 

Gut microbiota-oriented precision 
medicine 

Currently, the manipulation of gut microbiota, 
especially the precise editing of gut microbiota, is a 
favorable approach for the treatment of diseases. For 
example, supplementation with probiotics and 
prebiotics has been used to treat gut microbiota- 
associated diseases such as ulcerative colitis and 
diarrhea [152–154]. More recently, precise editing of 
gut microbiota by tungstate has shown satisfactory 
efficacy in animal colitis models by prevention of 
dysbiotic increase of Enterobacteriaceae family during 
intestinal inflammation [155]. Although there are a 
great number of studies reporting disease treatment 
by manipulating gut microbiota alone, research on 
manipulating gut microbiota to improve drug 

outcomes are still in an early state [156]. Here, 
focusing on gut microbiota, we discuss possible 
methods for precision medicine in using drugs 
(Figure 7 and Figure 8). 

Drug usage 
The most important road toward precision 

medicine can be achieved by rational use of drugs 
(Figure 7A). There is no doubt that precisely 
modifying the dosage according to the metabolomic 
capability of gut microbiota is the first choice. The 
time for the administration of drugs should be taken 
into consideration as well, since the circadian rhythm 
plays an important role in the compositional and 
functional fluctuations of gut microbiota and can 
significantly impact the toxicity of drugs by 
modulation of gut microbiota metabolites as 
exemplified by the liver toxicity of acetaminophen in 
mice [114]. Targeting gut microbiota by combinational 
use of drugs is a good alternative as well, especially 
the combinational use of drugs targeting bacterial 
enzymes responsible for the transformation of drugs. 

 

 
Figure 7. Conventional gut microbiota-oriented approaches for precision medicine. (A) Rational use of drugs, including the selection of a suitable dosage and drug 
administration time and the combinational use of (non-antibiotic) drugs. A dosage based on the levels of drug-metabolizing bacteria can ensure the consistency of the levels of 
active drugs between and within individuals. At different time points, gut microbiota release different levels of metabolites that can act synergically to enhance the toxicity of drugs 
such as acetaminophen. The combined use of drugs especially bacterial enzyme inhibitors can inhibit the metabolizing effects of gut microbiota on drugs. (B) Conventional 
methods for modulating gut microbiota. Gut microbiota can be modified by antibiotics, probiotics, diet, prebiotics and FMT. Notably, the extent of modification is not precise. 
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Figure 8. Typical strategies used in engineering gut bacteria for precision medicine. (A) An overview of engineered bacteria used for sensing and responding to 
surrounding signals. After sensing surrounding signals such as pH and temperature, engineered bacteria can synthesize and release a series of molecules that can modulate the 
immune system, control pathogens, alter xenobiotic metabolism, etc. (B) Engineering gut bacteria to report transient molecules that can be easily degraded, absorbed or modified 
in the gut as surrogate biomarkers. (C) Precise depletion of gut bacteria by engineered phages. The specific targets for depletion can be undesirable genes or polymorphisms 
encoding drug metabolism enzymes. (D) Bacteria can be conferred with the ability to release therapeutic molecules or other abilities such as the ability to modulate the 
metabolism of drugs. (E) Biocontainment of engineered bacteria exemplified by auxotrophy, in which the number of engineered bacteria can be regulated by the nutrients 
supplied. Using these strategies alone or in combination, the level of drug metabolized by gut microbiota can be precisely regulated and thus the final drug response can be 
controlled. 

 
Among a plethora of gut microbiota enzymes, 

β-glucuronidases are definitely the most striking 
enzymes because of their conspicuous functions in 
changing the bioavailability, efficacy and toxicity of 
drugs. The development of bacterial β-glucuronidase 
inhibitors is thus an intriguing approach to achieve 
improved efficacy and reduced toxicity [157,158]. 
β-glucuronidases are a group of enzymes that are 
extensively distributed in gut bacteria and are 
expressed in the human liver [159,160]. 
Correspondingly, the ideal inhibitor should be 
selective for bacterial β-glucuronidases. Cheng et al. 
found a potent E. coli β-glucuronidase-specific 
inhibitor TCH-3562 that shows no activity toward 
human β-glucuronidase [161]. Coadministration of 
CPT-11 and TCH-3562 did not impact the active 
SN-38 content in mice, suggesting that TCH-3562 may 
be a promising agent to prevent CPT-11-induced 
diarrhea. The intake of diclofenac, an NSAID, is 

associated with increased anastomotic leakage after 
intestinal and colorectal surgery [162]. Microbial 
conversion of diclofenac metabolites released into the 
gastrointestinal tract by β-glucuronidases brings 
harmful effects on intestinal mucosa. A recent study 
showed that combinational use of the microbial 
glucuronidase inhibitor Inh1 can significantly 
decrease the severity of anastomotic leakage caused 
by diclofenac [163]. Regorafenib is a multikinase 
inhibitor with excellent antitumor effects. Microbial 
reactivation of regorafenib-glucuronide in the 
gastrointestinal tract by β-glucuronidases is the major 
cause of gastrointestinal toxicity [164]. Similar to that 
of CPT-11 and diclofenac, inhibition of microbial 
β-glucuronidases is believed to reduce regorafenib- 
induced toxicity [164]. These studies suggested the 
possibility of the combinational use of bacterial 
β-glucuronidases for reducing the toxicity of drugs; 
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however, additional clinical studies should be carried 
out to prove the feasibility of this approach.  

In addition to bacterial enzyme inhibitors, 
antibiotics and ethnomedicines are good alternatives 
for use in combinations as well. In the food safety 
field, animal studies have demonstrated that the 
combination of melamine and broad-spectrum 
antibiotics can significantly reduce kidney injury 
caused by melamine [165], and the mechanism is 
associated with the reduced transformation of 
melamine into cyanuric acid by gut microbiota 
[166,167]. The combined use of chemical drugs and 
ethnomedicines is an emerging approach in recent 
years. Combination of Flos lonicera with metformin 
and combination of Houttuynia cordata with 
metformin have shown great potential to improve the 
efficacy in rats [168,169]. However, the specific 
mechanisms of the combinational use of 
ethnomedicines and chemical drugs remain unknown 
and need to be explored further. 

Conventional modification of gut microbiota 
Although antibiotics are widely used to modify 

the composition and function of gut microbiota, we 
will mainly discuss non-drug approaches that are 
applied to modify gut microbiota (Figure 7B). FMT is 
an approach that transfers the fecal microbiota from 
the healthy donors to the gut of patients with 
perturbed microbiota. Clinical studies have shown 
that this method is a promising therapeutic option to 
treat diseases such as Clostridioides difficile infection 
and ulcerative colitis [170,171], although the 
feasibility, efficacy and safety of this approach need to 
be studied further [172,173]. Currently, this approach 
is subject to many obstacles that can lead to variability 
of the samples received by recipients. One typical 
challenge of this approach is the quality of donor 
samples, since the stool samples are obtained from 
different donors, and the samples collected from the 
same donor can vary greatly at different time points. 
Fortunately, improvements in donor screening, 
preparation of fecal samples, sample banking, fecal 
delivery, clinical management, and the requirements 
for implementation of an FMT center have been made 
to overcome these obstacles [174–176]. These 
advances in the standardization of FMT enable not 
only the direct treatment of diseases such as 
Clostridioides difficile infection and ulcerative colitis but 
also modification of drug efficacy and toxicity. 
Immune checkpoint inhibitors usually cause severe 
toxic events such as diarrhea and colitis [177]. A 
recent clinical study showed that FMT can rapidly 
and significantly ameliorate colitis caused by immune 
checkpoint inhibitors [178], exemplifying the use of 
FMT to reduce the toxicity of drugs. FOLFOX, a 

regimen consisting of 5-FU, leucovorin, and 
oxaliplatin, is extensively applied for the treatment of 
colorectal cancer. However, this chemotherapy 
usually leads to intestinal mucositis. In another study, 
FMT significantly decreased diarrhea and intestinal 
mucositis caused by FOLFOX in a mouse model of 
colorectal cancer [179]. Although the relevant cases 
are small in number and lack adequate evidence, 
these scattered cases point to the use of FMT as a 
promising method to manipulate the toxicity and 
efficacy of drugs. 

Dietary intervention represents a good 
alternative to manipulate the composition and 
function of gut microbiota because of the convenience 
of this approach. It has been shown that the diet can 
rapidly and profoundly change gut microbiota and 
can also influence the interindividual variation of host 
microbial communities [180]. In addition, nutritional 
compounds can be metabolized or transformed by gut 
microbiota into functional molecules with the ability 
to promote/inhibit the progression of diseases and 
interfere with the hepatic transformation of drugs, as 
in the case of p-cresol production [130]. Thus, dietary 
intervention can be adopted to achieve the aim of 
precision medicine in the modification of drug 
efficacy and toxicity [181]. A typical example of this 
approach is the use of the cardiac drug digoxin, 
whose toxicity is linked to the abundance of E. lenta 
carrying the cgr operon [126]. In the study, the in vitro 
expression and activity of the cgr operon in E. lenta 
could be prevented by the amino acid arginine. 
Moreover, in gnotobiotic mice, the animals receiving a 
high-protein diet (high-arginine diet) and colonized 
with cgr-expressing E. lenta showed significantly 
higher concentrations of serum and urinary digoxin 
than the control mice. In contrast, the serum and 
urinary digoxin-elevating effects were not observed in 
mice colonized with E. lenta that lacked cgr operon. In 
another study, 3,4-dihydroxy- phenylacetic acid, a 
compound produced by gut microbiota metabolism of 
quercetin, attenuated acetaminophen-induced liver 
injury in mice [182]. Similarly, urolithin A, a 
metabolite transformed from ellagic acid by gut 
microbiota, enhanced the therapeutic effects of 5-FU 
on cancer cells [183]. These studies highlight the 
potential of using personalized dietary interventions 
to reduce the toxicity of drugs. 

Prebiotics and probiotics have been extensively 
studied in the clinic for their beneficial effects on gut 
microbiota. Dietary supplementation with prebiotics 
promotes the growth of beneficial bacteria and the 
production of beneficial metabolites. For example, 
dietary supplementation with oligosaccharides 
promotes the growth of Lactobacillus and 
Bifidobacterium while inhibiting Odoribacter growth 
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and increasing the fecal level of SCFAs in mice with 
constipation [184]. Likewise, supplementation with 
probiotics such as Bacillus, Escherichia, and 
Propionibacterium can produce helpful effects on hosts 
by inhibiting the growth of harmful bacteria, 
producing beneficial metabolites, competing for 
nutrients, and facilitating the host immune response 
[185,186]. For example, Lactobacillus rhamnosus 
synthesizes various molecules such as adhesive pili 
and lipoteichoic acid, and thus exerts immuno-
modulatory, probiotic, and antimicrobial effects [187]. 
Because of the beneficial effects of prebiotics and 
probiotics, they are applied to correct the dysbiosis 
caused by diseases and drugs and to reduce the 
toxicity of drugs. One typical example is that the 
preventive administration of the Lactobacillus casei 
variety rhamnosus mitigated FOLFOX-induced 
diarrhea and intestinal mucositis in a mouse model of 
colorectal cancer [188]. Similarly, combined 
administration of TGF-β blockade and Escherichia coli 
Nissle 1917, a probiotic strain, significantly improved 
the antitumor and immune suppression effects of 
TGF-β blockade in mice [189]. However, the reliability 
of supplementing prebiotics and probiotics remains to 
be questioned because of the lack of strong clinical 
evidence and the negative experimental results. For 
example, one study showed that prebiotics, including 
fructo-, galacto-, and mannan-oligosaccharide, cannot 
protect rats from 5-FU-induced intestinal mucositis 
[190]. 

Emerging engineering of gut microbiota 
Although conventional approaches for the 

modification of gut microbiota have shown great 
potential for precision medicine, these approaches 
usually lack specificity as they may lead to extensive 
modification of untargeted gut bacteria. For example, 
the antibiotics prescribed for the elimination of 
specific bacteria can produce extensive and long- 
lasting effects on other gut bacteria and even influence 
the metabolism of hosts [191]. The use of probiotics is 
more highly specific than other conventional 
approaches, such as the use of antibiotics and FMT; 
however, the functions of probiotics are limited 
because of the limited numbers of probiotics that have 
been discovered. With the rapid growth of synthetic 
biology, cellular behavior and function can be 
programmed with the use of natural and synthetic 
biological components. Advances in synthetic biology 
have tremendously improved the utilization of 
organisms for purposes ranging from the biosynthesis 
of chemical products to the development of complex 
therapeutics [192]. In recent years, researchers have 
used synthetic biology to examine gut microbiota and 
hence have contributed to the development of 

microbiome engineering [193]. Gut bacteria can be 
engineered for precision medicine by conferring 
bacteria with the ability to report surrounding signals, 
by precise deletion of bacterial strains, by endowing 
bacteria with the capability to release therapeutic 
molecules, and by restricting the proliferation of 
engineered bacteria (Figure 8). 

Living organisms in different kingdoms have 
evolved to the use of biosensors to detect signals from 
the surrounding environment, such as temperature, 
pH, nutrients and the existence of other competitors 
through a series of complicated communications 
between and within species. With these biosensors, a 
cascade of cellular responses can be elicited by 
environmental stress and chemical stimuli. The genes 
encoding these sensors can be ported into other gut 
bacteria to report the surrounding signals. One typical 
example was shown in the study conducted by 
Daeffler et al. In their study, they engineered gut 
bacteria to have the capability to sense and report the 
levels of two compounds in mice with dextran 
sodium sulfate-induced colitis [194]. Through a 
bioinformatics-based approach, two sensors including 
an improved sensor for tetrathionate and a novel 
sensor for thiosulfate were identified in the marine 
bacteria Salmonella typhimurium and Shewanella baltica. 
The two sensors were reprogrammed to drive the 
expression of green fluorescent protein and were 
ported to the gut‐adapted probiotic E. coli Nissle 1917. 
After the gavage of engineered strains into mice, flow 
cytometry was used to detect the engineered bacteria 
in the colon and feces and to analyze the sensor 
outputs. The results showed that the engineered 
thiosulfate sensor was activated by colon 
inflammation, suggesting the success of the biosensor 
in detecting colon inflammation and the thiosulfate 
content. In addition to tetrathionate and thiosulfate, 
gut bacteria have been engineered to sense and report 
signals that include but are not limited to cytokines 
such as TNF, IFN-γ and IL-1β, hormones such as 
adrenaline, metabolites such as γ-aminobutyric acid, 
physiological stimuli such as temperature, and 
quorum sensing signals (signals that carry the density 
information for the local population of a bacterial 
species or other bacterial species and guide the 
density-dependent bacterial responses) (Figure 8A). 

Because the signals sensed and reported by 
engineered bacteria are so comprehensive that they 
almost encompass all the signals from surrounding 
bacteria, an emerging aim of bacteria engineering is 
the development of gut bacteria as diagnostic tools 
[193,195]. As mentioned above, gut bacteria, enzymes, 
genes and metabolites can serve as biomarkers for 
precision medicine, yet not all of these biomarkers can 
be screened by conventional approaches because 
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some of the biomarkers are easy to be degraded and 
hence are not easy to be detected. For example, the 
detection of metabolites usually requires a complex 
process of sample separation and extraction from 
hosts, and many metabolites can be degraded or 
transformed during this process. In contrast, the 
engineered diagnostic bacteria can function either 
directly within the body or indirectly in ex vivo clinical 
samples [196,197]. Thus, compared with traditional 
methods, the use of engineered bacteria possesses the 
advantage of capturing transient molecules that can 
be easily degraded, absorbed or modified by gut 
microbiota or hosts [198]. Correspondingly, 
engineered bacteria can be used as surrogate 
biomarkers for signals that cannot be detected by 
conventional methods and thus enable patient 
stratification and treatment decision when using 
drugs (Figure 8B). Another advantage of engineered 
diagnostic bacteria is that they can be equipped with 
other functions, such as the synthesis and release of 
therapeutic molecules with a variety of capabilities for 
modulating the host immune system and altering 
drug metabolizing ability. 

For some drugs, interindividual differences in 
efficacy and toxicity can be ascribed only to certain 
gut bacterial species; hence, what we desire is the 
precise depletion of the species without significant 
modification of the levels of other bacteria. One 
attractive approach for achieving this goal is to utilize 
phages to selectively delete those culprits in the gut. 
Phages are naturally present in gut microbiota and are 
important for maintaining the balance of gut 
microbiota [199]. One opinion is that phages have 
developed a balanced relationship with gut bacteria, 
as manifested by their co-existence in nature, making 
the depletion of specific gut bacteria impossible. 
However, evidence has supported the utilization of 
phages to modulate the gut microbiota composition 
[200,201]. There are two approaches to using phages: 
one is to use phages in their pristine form by fecal 
filtrate transfer, a method that has been successfully 
used to treat patients with C. difficile infection 
(although in this case the metabolites may also 
contribute to the efficacy of treatment) [202], and the 
other is to confer stronger and more specific 
bacteria-killing effects by engineering the phages. For 
example, with the help of the clustered regularly 
interspaced short palindromic repeat (CRISPR)-Cas9 
system, RNA-guided nucleases targeting specific 
DNA sequences can be efficiently delivered to 
microbial populations by phages [203]. Using this 
strategy, Bikard et al. showed that reprogramming of 
Cas9 to target virulent genes can efficiently kill the 
virulent Staphylococcus aureus, but not the avirulent 
strain in mice [204]. The targets of this strategy can be 

undesirable genes or polymorphisms that are 
associated with antibiotic resistance and virulence 
and are expected to be expanded to genes encoding 
drug metabolism enzymes. Taken together, the 
evidence shows that phages, especially engineered 
phages, are promising tools for precise depletion of 
gut bacteria (Figure 8C). 

In contrast to the precise removal of gut bacteria, 
introducing engineered bacteria into gut, a method 
similar to the use of probiotics, can also confer 
beneficial effects to hosts (Figure 8D). Unlike the 
natural probiotics that only have the functions 
obtained during the process of natural evolution, 
engineered strains can be bestowed with genes of 
special interest to allow them to perform functions 
that are absent from hosts. Phenylketonuria is a 
genetic disease that is caused defects in the gene 
encoding phenylalanine hydroxylase, an enzyme that 
can metabolize the amino acid phenylalanine. Isabella 
et al. conferred E. coli Nissle with the ability to express 
genes encoding phenylalanine-metabolizing enzymes 
[205]. Administration of SYNB1618, the engineered 
strain of E. coli, into phenylketonuria model mice 
reduced the blood concentration of phenylalanine by 
38% in comparison with that in the control mice, and 
the reduction was independent of dietary protein 
intake. Another advantage of this study was that, 
hippurate, the final product of phenylalanine excreted 
in the urine, can act as a predictive biomarker for 
strain activity. In addition to phenylketonuria, 
bacteria have been engineered for treatment of 
cholera, colitis, type 1 diabetes, Pseudomonas 
aeruginosa infections, obesity, etc., by conferring 
bacteria with the capability to produce proteins, 
polypeptides and metabolites exhibiting immuno-
regulation and blood glucose regulation abilities such 
as IL-10, CAI-1, bacteriocin and linoleic acid 
isomerase [193]. The success of these studies in 
animals has greatly encouraged and inspired 
researchers to prove the feasibility of this approach in 
the clinic. 

To survive and thrive, the introduced strains 
have to compete with native gut bacteria that share 
similar niches. Once the goal of introducing 
engineered strains into the gut is achieved, the 
scenario we don’t want to see is that the introduced 
strains profoundly perturbed the original gut 
microbiota composition, or overexpression of targeted 
genes. Hence, the ideal introduced strains are those 
that carry a “switch” that can be used to precisely 
control the proliferation of strains. Or in an alternative 
way, their expression of targeted genes can be 
regulated. To control the proliferation of specific 
strains, the most commonly used strategy is to 
engineer the strains to have auxotrophy (Figure 8E). 
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An example of this strategy is the engineered strain 
SYNB1020, whose proliferation within and outside 
the host in the absence of thymidine is impaired by 
removal of the thymidylate synthase gene thyA [206]. 
In a similar study, deletion of the dapA gene, encoding 
4-hydroxytetrahydropicolinate synthase, enables 
biocontainment by rendering the cell wall bio-
synthesis and growth of the engineered strain 
SYNB1618 dependent on exogenous diaminopimelate 
[205]. These two examples illustrate the strategy of 
using auxotrophy to control the proliferation of 
engineered strains. In addition to proliferation 
control, another approach to guarantee the normal 
function of other gut bacteria is to control the 
expression of genes using methods such as CRISPR 
interference (CRISPRi). CRISPRi utilizes dCas9, a 
mutant form of Cas9 that can bind but not cleave 
DNA, to regulate gene expression. This method has 
been used to induce sequence-specific, targeted 
knockdown of genes in gut bacteria [207]. 

Currently, microbiome engineering is an exciting 
and promising approach that can be used for 
diagnostic and therapeutic applications [198]. Here 
we discussed major strategies that can be used for 
engineering the microbiome. With the development of 
new genetic tools and complex genetic circuits, 
synthetic biology will support more precise 
compositional and functional manipulation of gut 
microbiota. These genetic tools will enable further 
progress in the precision control of drug outcomes. 

Considerations and perspectives 
In clinical practice, attention should be paid to 

the monitoring of biomarkers and the methods of 
manipulating gut microbiota. The function of gut 
microbiota and other factors that can shape drug 
outcomes should be monitored not only before the 
usage of drugs but also during the drug treatment. 
This is because the composition and function of gut 
microbiota are rather dynamic and are highly 
influenced by many factors such as emotional stress, 
diet, and exercise (Figure 4). In addition, the methods 
that aim to improve drug outcomes themselves can 
also impact the gut microbiota and the status of hosts. 
As a result, the levels of biomarkers are rather 
dynamic during the process of treatment, and the 
methods or dosage used for treatment should be 
adjusted according to the levels of the biomarkers 
[208]. The combination of gut microbiota-oriented 
methods can be applied to improve drug outcomes. In 
Section 6, we discussed the methods used to improve 
drug outcomes, and these methods are usually 
applied individually. In clinical practice, an emerging 
frontier in gastrointestinal medicine is combinatory 
utilization of such methods to modulate the gut 

microbiota. FMT is highly efficacious for treatment of 
Clostridium difficile infection; however, single FMT is 
still not effective in about 10–20% of patients. 
Treatment with antibiotics can increase the 
colonization of implanted bacteria, and thus enhance 
the efficacy of FMT in rats [209]. Prebiotic treatment 
combined with probiotic treatment allows more 
effective growth of probiotics in a gastrointestinal 
tract simulator [210]. Therefore, we believe that the 
combined use of methods targeting gut microbiota 
can improve drug outcomes, and additional studies 
are needed to validate this hypothesis. 

Although great progress in the standardization 
of donor screening, sample preparation, banking and 
delivery have been made concerning conventional 
methods such as FMT [174–176], new policies and 
regulatory frameworks are needed to evaluate the 
efficacy and safety of emerging approaches and the 
scientific validity of implementation protocols. 
Because most of the emerging approaches are 
performed mainly in animals, the safety and efficacy 
of these approaches in humans need to be strictly 
studied. Notably, since horizontal gene transfer is 
very common in the human gut microbiota, 
genetically modified DNA can spread from 
engineered bacteria to other endogenous members of 
gut microbiota [211]. To make the matters worse, 
engineered bacteria can be released into the 
environment and further colonize other humans and 
animals, especially animals that are intolerant of such 
strains, raising the serious possibility of gene 
contamination. Although genetically modified strains 
seem to be less fit than wild strains, and kill switches 
have been developed to guarantee biocontainment 
[212,213], there is still the possibility of their spread to 
other humans and animals, and thus, the utilization of 
engineered bacteria should be carefully examined. 

Direct mining of drugs from the gut is a 
promising approach that can minimize the variability 
of drug responses induced by gut microbiota. The gut 
microbiota can synthesize numerous natural products 
that enable microbe-microbe communication and 
microbial modulation of the host immune, nervous 
and metabolomic systems. However, the identities 
and functions of these molecules, for the most part, 
remain unknown. Currently, a burgeoning field 
pertaining to gut microbiota is to mine molecules with 
powerful bioactivities, and this field has generated 
plenty exciting achievements [214,215]. These 
molecules are expected to be exploited as novel 
antibiotics, immunoregulators, anti-inflammatory and 
anti-obesity drugs, etc. In contrast to drugs mined 
outside of the gut that can undergo metabolism by gut 
microbiota, drugs mined from the gut may bypass the 
metabolic effects of gut microbiota and thus eliminate 
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the variability of the drug response induced by gut 
microbiota. 

There are two types of drugs that can be mined 
in the gut: molecules that are synthesized de novo by 
gut microbiota and molecules that are transformed 
from orally administered drugs. In addition to 
avoiding metabolism by gut microbiota, the drugs 
mined by this approach possess several other 
advantages. For example, traditional antibiotics often 
cause long-term and widespread destruction of the 
gut microbiota composition and even lead to 
antibiotic resistance, which may further promote the 
development and aggravation of diseases [216]. In 
contrast, the antimicrobial molecules obtained from 
gut microbiota such as bacteriocins are outstanding 
candidates that can be developed as novel antibiotics 
since they can selectively eliminate particular strains 
[214,217]. The high toxicity and poor bioavailability 
and efficacy of compounds in ethnomedicines often 
prevent the use of many ethnomedicines in the clinic. 
Compounds in ethnomedicines transformed by gut 
microbiota can be developed as new drugs as long as 
they show reduced toxicity and increased 
bioavailability and efficacy in comparison with the 
parent compounds. 
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