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Abstract: The gut microbiome-encoded β-glucuronidases (GUS) play a significant role in human health by metabolizing both
endogenous and exogenous substances in the gastrointestinal  (GI)  tract.  These enzymes catalyze the hydrolysis  of  β-D-
glucuronides,  reversing  glucuronidation  reactions  carried  out  by  the  liver.  While  this  process  is  essential  for  certain
metabolic  functions,  it  can  also  lead  to  harmful  consequences,  including  drug  toxicity  and  intestinal  damage.  In  recent
years,  the  inhibition  of  bacterial  β-glucuronidases  (BGUSs)  has  emerged  as  a  promising  strategy  for  mitigating  drug-
induced  toxicity  and  improving  therapeutic  outcomes.  However,  the  genetic  diversity,  functional  complexity,  and  variable
inhibitor  responses  of  GUS  enzymes  present  significant  challenges  in  developing  effective  inhibitors  tailored  to  specific
pharmacological  and  pathological  contexts.  This  review  provides  an  in-depth  examination  of  GUS  enzyme  function,
structural  characteristics,  and  sources,  followed  by  a  discussion  of  GUS-mediated  intestinal  toxicity  arising  from  both
endogenous and exogenous compounds.  We also highlight  recent  advances in  the development  and application of  GUS
inhibitors, with particular emphasis on natural compounds derived from food and medicinal sources. Finally, we explore the
prospects  and  challenges  associated  with  GUS-targeting  strategies,  underscoring  their  potential  for  therapeutic
applications.
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 1    Introduction

The  human  gut  microbiota  is  a  complex  and  ever-evolving
community  of  microorganisms  that  plays  a  vital  role  in
maintaining overall  health and well-being.  It  serves as the central
hub  of  the  host-microbe  symbiotic  relationship,  marked  by
exceptional  diversity  and a relatively  stable  equilibrium. The core
constituents  of  the  gut  flora  predominantly  encompass  members
of  the  phylum Bacteroidetes and  the  phylum Firmicutes,  which
play a pivotal role in upholding intestinal homeostasis. These key
microbial  communities  have  a  wide-ranging  impact  on  both  gut
health  and  overall  bodily  function  by  regulating  metabolism,
maintaining  intestinal  barrier  integrity,  controlling  inflammatory
responses,  and  supporting  processes  like  hematopoiesis,  among
other  critical  physiological  roles[1, 2].  A  substantial  cohort  of
enzymes expressed by the intestinal flora are involved in metabolic

processes  by  catalyzing  reactions  such  as  the  hydrolysis  and
reduction  of  exogenous  as  well  as  endogenous  compounds.  In
concert with the binding and oxidative reactions mediated by the
host's  metabolic  system,  these  proteins  regulate  the  balance  of
internal  compounds  and  facilitate  the  elimination  of  external
substances[3].  Among  these  enzymes,  β-glucuronidase  (GUS)  has
emerged  as  a  prominent  focus  of  research.  β-Glucuronidase  is
expressed in  humans  (human GUS,  HGUS) and a  variety  of  gut
bacteria  (gut  bacterial  GUS,  BGUS),  and  it  exerts  a  significant
regulatory  effect  on metabolite  levels  by  catalyzing  the  hydrolysis
of  glucuronic  acid  conjugates,  thereby  liberating  free  drugs  or
endogenous  metabolites[4].  While  GUS  enzymes  are  essential  for
processes  like  drug  reactivation,  hormone  metabolism,  and  the
cycling  of  endogenous  metabolites,  their  activity  can  also  lead  to
intestinal  toxicity  and  is  a  major  contributing  factor  to  drug-
induced adverse effects[5].  The catalytic reactivation of metabolites
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by GUS enzymes can provoke localized inflammation within the
intestinal  tract.  The  release  of  drugs  and  endogenous  toxic
metabolites,  particularly  in  individuals  with  a  pre-existing
compromised  immune  system,  can  culminate  in  damage  to  the
intestinal  epithelium,  the  disruption  of  the  intestinal  barrier,  and
can  contribute  to  the  development  of  conditions  like
inflammatory  bowel  disease  (IBD).  Given  that  a  vast  array  of
commercially  available  drugs  undergo  metabolism  via
glucuronidation,  GUS-mediated  deglucuronidation  has  been
implicated in colon carcinogenesis and genotoxicity, as well as the
dose-limiting toxicity  of  anticancer  drugs  and non-steroidal  anti-
inflammatory  drugs  (NSAIDs),  side  effects  that  restrict  their
therapeutic  effectiveness  and clinical  use.  In  addition,  the  activity
of  GUS  enzymes  influences  intestinal  health  through  the
regulation of  intestinal  microbiota composition.  For instance,  the
hydrolysis  of  drugs or metabolites  by specific  GUS enzymes may
promote  the  proliferation  of  certain  pathogenic  bacteria,
perturbing  the  equilibrium  of  the  intestinal  microbiota  and
culminating in dysbiosis and intestinal pathological alterations[6].

In  recent  years,  substantial  progress  has  been  made  in
investigating  GUS  enzyme-mediated  intestinal  toxicity[7],
highlighting  its  critical  role  in  the  development  of  toxicity  linked
to  exogenous  compounds  such  as  the  anticancer  drug  irinotecan
and  nonsteroidal  anti-inflammatory  drugs  (NSAIDs),  as  well  as
endogenous  metabolites  like  bilirubin,  hormones,  and
neurotransmitters[8-12].  GUS  enzyme-mediated  drug  metabolism
within the intestinal microbiota is responsible for causing delayed
diarrhea  in  patients  with  advanced  colorectal  cancer  who  are
undergoing  irinotecan  treatment[13],  and  for  the  onset  of
enteropathy resulting from prolonged utilization of NSAIDs (e.g.,
diclofenac,  ketoprofen,  indomethacin, et  al.)[14].  Additionally,  the
detoxification  of  certain  foodborne  carcinogens,  such  as
heterocyclic  aromatic  amines  (HAAs),  by  host  UDP-
glucuronosyltransferases  (UGTs)  can  be  reversed  by  intestinal
bacterial  GUS  enzymes,  increasing  cancer  risk,  particularly  for
colon  cancer[15].  Furthermore,  individual  variations  in  GUS
enzyme  activity  are  thought  to  significantly  influence  differences
in drug efficacy and toxicity. While existing studies have begun to
uncover  the  mechanistic  underpinnings  of  GUS  enzymes  in
intestinal toxicity, aspects such as their substrate specificity, activity
modulation, and the intricate relationship with the composition of
the  intestinal  flora  remain  incompletely  elucidated[16].
Concurrently, the specificity and efficacy of intervention strategies
directed  at  GUS  enzymes  urgently  necessitate  further
corroboration.  Current  approaches  to  inhibiting  GUS  enzymes
include  the  use  of  antibiotics,  synthetic  inhibitors,  and  natural
inhibitors. However, each of these intervention strategies harbours
drawbacks:  for  instance,  antibiotic  administration  can  precipitate
dysbiosis,  while the safety profile  of  synthetic inhibitors demands
verification.  In  contrast,  natural  inhibitors  have  emerged  as  a
promising  area  of  research  due  to  their  potential  efficacy  and
lower  risk  of  side  effects.  Nevertheless,  given the  vast  diversity  of
natural compounds derived from various sources, current research
remains limited, and more extensive exploration and development
are  needed  to  fully  realize  their  potential  across  different
applications (Fig. 1).

This  comprehensive  review  is  designed  to  systematically
compile  and summarize  the  origin,  structural  characteristics,  and
functional  modalities  of  GUS  enzymes.  It  will  delve  into  the
principal  mechanistic  pathways  through  which  these  enzymes
orchestrate intestinal toxicity, examine the critical factors that exert
an  influence  on  the  activity  of  GUS  enzymes,  and  highlight

targeted  intervention  strategies,  with  a  focus  on  their  potential
applications  in  drug  therapy.  The  ultimate  goal  is  to  provide  a
solid  theoretical  foundation  and  practical  insights  that  can  drive
further research and support the clinical translation of findings in
this emerging field.

 2    Provenance, architecture and function of GUS
enzymes

 2.1    Origins of GUS enzymes
GUS  enzymes  originate  from  a  variety  of  sources,  including

animals,  plants,  and bacteria.  In  plants,  GUS enzyme activity  has
been  extensively  studied  across  multiple  species,  with  notable
examples including Arabidopsis thaliana, rice, tobacco, and maize.
In  these  plants,  GUS  appears  to  be  closely  linked  to  growth  and
development, as its activity tends to be higher in younger, actively
growing  tissues  compared  to  mature  or  fully  developed  plant
structures[17]. Additionally, the β-glucuronidase (GUS) gene serves
as a valuable tool for studying gene expression patterns and spatial
localization. The GUS reporter gene system is widely used in plant
biotechnology  due  to  its  ease  of  use,  rapid  detection,  high
sensitivity,  and cost-effectiveness,  while  also  eliminating  the  need
for  radioisotopes.  These  advantages  have  made  it  a  standard
technique  for  assessing  gene  activity  in  various  plant  research
applications[18].  GUS  is  also  discernible  in  organisms  categorized
under  invertebrate  taxa,  such  as  oysters[19],  snails[20],  and

 

Figure 1    Sources of GUS enzymes in the human body.
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nematodes[21].  GUS  activity  has  likewise  been  detected  in
Drosophila[22] and  assorted  species  of  locusts[20].  In  recent  years,
research on GUS enzymes has increasingly focused on their role in
the  human  body,  which  has  two  primary  sources:  human  GUS
(HGUS),  produced  endogenously,  and  bacterial  GUS  (BGUS),
synthesized  by  gut  microbiota  (Fig. 1).  Human  β-glucuronidase
represents  an  acid  hydrolase  that  manifests  expression  across  a
panoply  of  tissues  and  body  fluids.  Substantial  inter-individual
heterogeneity exists in both its activity and expression magnitudes
within the liver, kidney, and serum. Roughly one-third of hepatic
β-glucuronidase  is  situated  within  the  lumen  of  the  endoplasmic
reticulum  (ER)[23] and  is  hypothesized  to  partake  in  hepatic
circulation.  β-glucuronidase  is  also  present  within  the  lysosomal
compartment  of  the  cell[23] and  plays  a  role  in  the  hydrolysis  of
steroid  hormone  glucuronides[24].  Human  β-glucuronidase
occupies  a  pivotal  position  in  tumorigenesis,  metastasis,  and
disease  progression,  thereby  endowing  it  with  the  potential  to
serve as a promising cancer biomarker[25].

GUS  enzymes  are  also  extensively  dispersed  throughout  the
human  intestinal  microbiota,  with  particular  prevalence  in
bacterial phyla like Firmicutes[26], Bacteroidetes[27], Actinobacteria[28],
Acidobacteria[29],  and Proteobacteria[30].  These  bacteria  modulate
the  metabolism  of  drugs  and  endogenous  metabolites  by
catalyzing the hydrolysis of glucuronide conjugates. GUS enzymes
from  different  bacterial  species  exhibit  variations  in  substrate
specificity and catalytic efficiency.  As a result,  the composition of
the  gut  microbiota  plays  a  direct  role  in  influencing  drug
metabolism  and  the  host's  response  to  toxicity.  To  date,
approximately  300  bacterial  GUS  (BGUS)  proteins  have  been
identified[31].

 2.2    Architectural characteristics of GUS enzymes
GUS enzymes belong to  Glycoside  Hydrolase  family  2  (GH2),

and  their  catalytic  modality  hinges  upon  two  catalytic  glutamate
residues,  namely  E413  and  E504,  situated  within  the  active  site.
The  three-dimensional  conformation of  GUS enzymes  exhibits  a
high  degree  of  conservation;  nevertheless,  structural  differences
among  bacterial  strains  lead  to  significant  variations  in  substrate
specificity  and  catalytic  efficiency[31].  These  enzymes  exhibit
complex  and  diverse  structural  characteristics,  varying  in  amino
acid sequence length and deglucuronidation activity. Notably, the
BGUS  activities  of  diverse  strains  belonging  to  the  same  species
can  deviate  substantially.  For  instance, Faecalibacterium
prausnitzii A2-165  exhibited  a  PNPG  hydrolysis  activity  of
0.505  U/mg protein,  which  was  more  than  20  times  higher  than
that  of Faecalibacterium  prausnitzii L2-6,  with  an  activity  of
0.02 U/mg protein[32]. Even the BGUSs expressed by a single strain
may diverge in structure and function. For instance, in the human
gut  commensal  bacterium Bacteroides  hominis,  researchers  have
identified three distinct GUS proteins. They share analogous TIM
barrel core fold characteristics,  yet these proteins exhibit different
lamellar  structures,  distinct  tertiary  and  quaternary  architectures,
and  unique  structural  variations  within  their  active  sites[33].  The
distinct  structural  features  of  these  enzymes  contribute  to  their
diverse  substrate  processing  abilities  and  varied  susceptibilities  to
inhibition, highlighting the extensive range of GUS enzymes.

Multiple  sequence  alignments  of  GUS  reveal  a  high  level  of
congruence  among  active  site  residues,  including  catalytic
glutamate, N-K motifs, tyrosine, and so forth, as well as the core-
predicted  α/β  hydrolase  folds.  However,  the  regions  proximal  to
the  active  site  exhibit  pronounced  variability  in  both  length  and

amino  acid  composition.  The  active  site  of  GUS  enzymes  is
typically encircled by multiple loop structures, such as Loop 1 and
Loop 2.  These loops not only facilitate substrate binding but also
play  a  crucial  role  in  regulating  the  catalytic  efficiency  of  the
enzymes.  For  instance,  the  length,  conformation,  and
hydrophobicity of Loop 1 and Loop 2 directly govern the substrate
selectivity of the enzyme. Different isoforms of GUS enzymes (e.g.,
L1-type, L2-type, and acyclic) vary in these loop structures, which
consequently  impacts  their  hydrolysis  of  drug  metabolites  and
endogenous  metabolites.  Based  on  the  disparities  in  the  loop
structures, GUS enzymes can be categorized into multiple diverse
isoforms.  Researchers  have  classified  BGUSs into  seven subtypes,
namely Loop 1 (L1), mini-Loop 1 (mL1), Loop 2 (L2), mini-Loop
2 (mL2), mini-Loop 1,2 (mL1,2), No Loop (NL), and No coverage
(NC, proteins lacking sequence information for one or both loop
regions). L1 and L2 are loops adjacent to the active site that display
significant  variability  in  length  and  amino  acid  composition.  L1
consists  of  more  than  15  residues  and  is  known as  the  "bacterial
loop"  in  E.  coli  GUS.  Specifically,  the  356-380  region  of  E.  coli
GUS encompasses  a  >15-residue loop.  β-glucuronidase  of  the  L1
type  accounts  for  approximately  5.5%  of  the  identified  GUS
protein  sequences.  mL1 enzymes  possess  a  10-15-residue  loop  at
the  same  position  as  L1.  Bacillus  fragilis  GUS  of  the  phylum
Anabaena, featuring a 12-residue loop, represents the mL1 GUS of
known  structure.  mL1  enzymes  are  relatively  abundant,  making
up approximately 15%−21% of the identified GUS enzymes. They
may  also  contain  additional  C-terminal  carbohydrate-binding
domains,  which  include  smaller  loops  ranging  from  10  to  15
residues.  L2  is  regionally  adjacent  to  L1,  located  at  a  distance  of
three  residues  from  the  catalytic  glutamate  in  the  amino  acid
sequence and is  variable  in length.  Like L1,  L2 is  ≥12 residues in
length,  as  seen  in  BuGUS2  from Bacillus,  and  accounts  for
10%−14% of identified GUS proteins. In contrast, mL2 is a shorter
loop,  ranging  from  9  to  11  residues,  as  found  in  PmGUS  from
Parabacteroides, and makes up 4%−7% of the total GUS enzymes.
mL1,2  accounts  for  only  1%−2%  of  the  total:  its  structure
combines  both  mL1  and  mL2.  The  mL1,2  enzyme  exhibits  a
structure with 10−15 residues in the L1 region and 9−12 residues
in  the  L2  region.  A  representative  GUS  model  from  Bacteroides
ovatus  demonstrated  that  the  two  closely  spaced  loops  collide  at
either  position,  which  might  elucidate  the  absence  of  enzymes
containing  intact  L1  and  L2.  The  NL  enzyme,  which  lacks  both
loop regions, was the most prevalent GUS (57%) and was present
in all samples from the 139 individuals studied[31]. Recently, 15 NL
BGUSs  (Fp2GUS  from Faecalibacterium  prausnitzii L2-6,
Rh2GUS  from R.  hominis,  and  Rg3GUS  from Ruminococcus
gnavus,  among  others)  have  exhibited  FMN-binding  ability  and
are  produced  by  bacteria  from  the Clostridia  phylum[34].  The  L1-
type and the L2-type GUS enzymes possess a more compact active
site  structure,  rendering  them  suitable  for  processing  smaller
substrates.  In  contrast,  acyclic  (NL-type)  GUS  enzymes  feature  a
more open active site and are capable of handling larger molecules
or specialized substrates. Most GUS enzymes assume tetrameric or
dimeric  configurations,  wherein  each  subunit  comprises
approximately  500  to  1100  amino  acids.  Different  isoforms  of
GUS  enzymes  may  possess  distinct  molecular  weights  and
conformations,  further  modulating  their  catalytic  properties  and
substrate  affinity[35].  In  summary,  human  gastrointestinal
microbial GUS enzymes possess diverse active sites near their loop
structures,  which  modify  a  conserved  fold.  This  structural
adaptability  allows  them  to  process  a  wide  range  of  chemically
diverse substrates present in the gut.
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 2.3    Operational mechanisms of GUS enzymes
The  primary  function  of  GUS  enzymes  is  to  catalyze  the

hydrolysis  of  glucuronide  conjugates.  Glucuronidation,  a  process
in which glucuronide molecules are covalently attached to various
endogenous  and  exogenous  compounds,  plays  a  crucial  role  in
facilitating  the  excretion  and  clearance  of  these  substances  from
the  body  through  bile  and  urine  (Fig. 2).  Intestinal  beta-
glucuronidases  (BGUSs)  possess  the  capacity  to  reverse  this
inactivation  cascade,  permitting  the  reconstitution  of  the  original
compounds or their  active metabolites  within the gastrointestinal
(GI)  tract.  This,  in  turn,  augments  their  systemic  absorption
potential  or  may  precipitate  direct  intestinal  damage  as  a
consequence  of  toxic  metabolite  generation.  For  instance,  in  the
case of irinotecan, its metabolite, the SN-38 glucuronide conjugate,
undergoes reactivation within the intestinal lumen by the catalytic
action of GUS enzymes,  giving rise to the more cytotoxic SN-38.
This process leads to dose-limiting diarrhea and intestinal mucosal
damage,  restricting  the  therapeutic  use  of  the  drug[36].  Moreover,
metabolites  of  NSAIDs,  such  as  diclofenac,  ketoprofen,  and
indomethacin, also experience reactivation in the intestinal milieu
by  GUS  enzyme  activity,  thereby  intensifying  the  toxic  effects  of
these  drugs  and  exacerbating  their  adverse  profiles[37].  Beyond
drug  metabolism,  GUS  enzymes  partake  in  the  circulation  and
homeostatic  regulation  of  endogenous  metabolites  (including
hormones,  bilirubin,  neurotransmitters,  etc.).  The  host’s  uridine
diphosphate  glucuronosyltransferases  (UGTs)  and  β-
glucuronidase  system  play  a  crucial  role  in  modulating  the
metabolism  and  maintaining  the  homeostasis  of  numerous  key
endogenous substances. The ‘estrogenome’ pertains to a cluster of
genes  implicated  in  estrogen  metabolism  and  encoded  by  the
intestinal  flora,  among  which  GUS  enzymes  are  a  constituent.
These  enzymes  cleave  conjugated  estrogens  in  the  gut  lumen,
releasing  free  estrogens  that  re-enter  enterohepatic  circulation,
ultimately leading to an increase in hormone levels[38]. Reactivation
of  neurotransmitters  by  GUS  enzymes  can  also  perturb
homeostasis.  Serotonin  (5-hydroxytryptamine  [5-HT])  and
dopamine  (3,4-dihydroxyphenylethylamine  [DA]),  for  example,
are  neurotransmitters  predominantly  sequestered  in  the
gastrointestinal  tract[39].  These  neurotransmitters  establish  a

bidirectional  communication  pathway,  known  as  the  gut-brain
axis,  between  the  intestinal  tract  and  the  central  nervous  system.
Neurotransmitters  and  their  metabolites  produced  by  the  gut
microbiota are absorbed from the gastrointestinal  tract  and enter
the systemic circulation[40]. Aberrations in this network have been
associated with a spectrum of disorders, ranging from Alzheimer's
disease  (AD)  and  Parkinson's  disease  (PD)  to  depression  and
anxiety[41].  In  patients  with  gallstones,  an  increased  abundance  of
bacterial  species  capable  of  producing  GUS  enzymes,  such  as
Escherichia  coli, Klebsiella, Enterococcus  faecalis,  and
Mycobacterium anisopliae,  has  been observed with an increase in
GUS  activity  in  the  bile.  This  enzymatic  activity  facilitates  the
release  of  free  bilirubin  from  its  glucuronide  conjugates,  which
then combines with calcium to precipitate as calcium bilirubin,  a
major  constituent  of  gallstones[42].  Additionally,  the detoxification
of  certain  foodborne  carcinogens,  exemplified  by  HAAs,  by  host
UGTs  can  be  disrupted  by  intestinal  BGUSs,  leading  to  the
reactivation  of  carcinogens  and  an  increased  risk  of  colorectal
cancer. In the gut, heterocyclic amine glucuronide couplers (HCA-
G) can be hydrolysed by bacterial β-glucuronidases, leading to the
release  of  potentially  biologically  active  glycosidic  ligands[43]:  the
release  of  N-hydroxylated  products  may  induce  mutagenicity
through interactions with colonic epithelial  cells.  Furthermore,  in
the  context  of  HCA-G,  HCA  may  be  reabsorbed  into  the  liver,
where it may be activated and potentially damage DNA, or it may
be  converted  back  into  HCA-G  and  re-enter  the  intestine,
contributing  to  the  enterohepatic  cycle  and  thus  prolonging  the
duration of HCA exposure[44].

 3    GUS enzymes and intestinal toxicity
The intestinal bacterial GUS enzymes play a key role in hepatic-

intestinal  recycling  and  are  the  primary  contributors  to  GUS
enzyme-mediated  enterotoxicity.  These  enzymes  are  responsible
for  the  reactivation  of  a  wide  range  of  substances,  leading  to
intestinal toxicity and adverse drug effects[45].

 3.1    Drug toxicity mediated by GUS enzymes
Glucuronic  acid  assumes  a  pivotal  role  within  the

 

Figure 2    Proposed Mechanism of GUS Enzyme Activity and Its Biological Implications.
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biotransformation pathway of drug metabolism. It forms covalent
bonds  with  drugs  and  endogenous  substances  that  are  slated  for
elimination  from  the  organism,  principally  occurring  within  the
liver, and is thereafter secreted into the intestine[46]. The formation
of glucuronic acid conjugates typically leads to a reduction in the
bioactivity of most compounds.  However,  β-glucuronidase in the
intestinal  microbiota  can  cleave  the  glucuronic  acid  moiety,
utilizing  it  as  a  carbon  source  and  reactivating  glycosides  that
would otherwise be excreted. This enzymatic process leads to the
accumulation of reactivated glycosides, which can exert significant
toxicity  on  intestinal  tissues.  Evidence  suggests  that  these
reactivated  compounds  can  trigger  severe  adverse  reactions  in
humans[47] (Table  1).  The  intestinal  toxicity  of  specific  drugs  is
intensified  by  the  production  of  more  noxious  metabolites  from
their  glucuronic  acid  conjugates  subsequent  to  hydrolysis
catalyzed by GUS enzymes. Exemplary cases include Irinotecan, a
front-line  chemotherapeutic  agent  deployed  in  the  treatment  of
colon cancer[48],  and Regorafenib,  utilized for the management of
metastatic  colorectal,  hepatocellular  carcinoma,  and
gastrointestinal mesenchymal stromal tumors[8], in addition to the
ubiquitously  employed  NSAIDs[49] and  other  relevant
pharmacotherapeutics.

 3.1.1    Anti-cancer drugs

Irinotecan  (CPT-11)  is  a  key  chemotherapeutic  agent  used  in
the  treatment  of  colorectal  and  pancreatic  cancers,  often
administered in combination with 5-fluorouracil  or oxaliplatin to
enhance  therapeutic  efficacy.  Current  research  is  actively
investigating  its  potential  use  in  a  wider  range  of  cancer  types,
aiming  to  expand  its  therapeutic  applications.  Nevertheless,
irinotecan is associated with adverse effects such as bone marrow
suppression  and  gastrointestinal  (GI)  complications,  including
mucositis  and  severe  diarrheal  episodes,  which  impose  dose
limitations  and curtail  its  utilization in  a  wider  range  of  diseases.
Diarrhea  occurs  in  approximately  88%  of  patients  undergoing
irinotecan  treatment,  with  30%  experiencing  severe  grade  3-4
diarrhea[64, 65].  These  side  effects  often  exhibit  a  poor  response  to
antidiarrheal  pharmacotherapy.  Hence,  ameliorating  the  diarrhea
induced  by  irinotecan  holds  significant  clinical  importance.  The
precursor  drug  of  irinotecan  undergoes  in  vivo  conversion  to
SN38, a potent topoisomerase I inhibitor that decelerates the rapid

proliferation  of  both  tumor  cells  and  intestinal  epithelial  cells,
which possess a renewal cycle of every 5 days[66]. SN38 is detoxified
through  conjugation  with  glucuronic  acid  to  yield  SN38-G,  a
metabolite that can be excreted via the digestive tract. However, β-
glucuronidase synthesized by intestinal bacteria has the capacity to
cleave  glucuronic  acid  from  SN38-G,  thereby  reactivating  SN38.
This  reactivation  subsequently  leads  to  epithelial  cell  damage,
resulting  in  hemorrhagic  diarrhea  and  significant  weight  loss  in
animal models[36].

Regorafenib  is  an  orally  administered  small  molecule  kinase
inhibitor, whose anti-tumor efficacy relies on the inhibition of the
tyrosine kinases VEGF and TIE2.  This drug has been extensively
employed  in  the  treatment  of  patients  with  metastatic  colorectal
cancer,  hepatocellular  carcinoma,  and  gastrointestinal
mesenchymal tumors[67]. Nonetheless, regorafenib is accompanied
by  certain  adverse  reactions,  with  diarrhea  being  the  most
prevalent  complication[68].  In  the  liver,  regorafenib is  metabolized
by  UGT  enzymes,  converted  into  a  glucuronidated  form,  and
subsequently  enters  the  gastrointestinal  tract.  Here,  β-
glucuronidase  produced  by  gut  microbes  can  reactivate
regorafenib  in  the  gastrointestinal  tract,  leading  to  toxic  side
effects[69].  Recent  research  advancements  have  revealed  that  the
clinical  efficacy  of  regorafenib  can  be  effectively  enhanced  by
inhibiting β-glucuronidase in intestinal microorganisms[8].

 3.1.2    Non-steroidal anti-inflammatory drugs (NSAIDs)

NSAIDs,  being  among  the  most  prevalently  utilized
pharmaceuticals globally, are widely employed in the management
of  osteoarthritis,  rheumatoid  arthritis,  febrile  conditions,  and  a
diverse array of pain-related disorders, owing to their potent anti-
inflammatory, analgesic, and antipyretic attributes[70]. Beyond their
well-established  analgesic,  anti-inflammatory,  and  antipyretic
efficacies,  NSAIDs  have  further  been  demonstrated  to  confer
prophylactic  benefits  against  a  variety of  life-threatening illnesses,
inclusive of cancer and myocardial infarctions. NSAIDs exert their
therapeutic  actions  by  inhibiting  cyclooxygenase  activity  and
curtailing  prostaglandin  synthesis[71].  Nevertheless,  data  gleaned
from  multiple  placebo-controlled  trials  and  meta-analytic  studies
indicate  that  NSAIDs  are  associated  with  a  spectrum  of  adverse
effects  impacting  the  gastrointestinal,  cardiovascular,  hepatic,
renal,  cerebral,  and  pulmonary  systems[72].  It  is  widely

 

Table 1    Metabolism of Endogenous and Exogenous Substances Mediated by GUS Enzyme

Compound Symptom Related bacteria References

Irinotecan Mucositis and late-onset diarrhea E. coli, C. perfringens, F. prausnitzii, B. fragilis, B. uniformis, B. ovatus, B.
dorei, B. dentium [47-51]

Regorafenib Diarrhea R. gnavus, R. hominis, F. prausnitzii [8]

Diclofenac Inflammation, mucosal erosion, increased
mucosal permeability, ulceration

R. gnavus, C. perfringens, B. fragilis, E. coli, B. dentium, E. eligens, S.
agalactiae, L. rhamnosus, B. ovatus, B. dorei, B. uniformis, P. merdae [52]

Indomethacin Gastroduodenal injury, mucosal erosions,
ulceration E. faecalis, Bacteroides, Enterobacteriaceae, C. difficile [53, 54]

Morphine Reactivation E. coli, C. perfringens, B. dentium [55]
Mycophenolate

mofetil Diarrhea Firmicutes, Bacteroidetes, Proteobacteria [56]

Bilirubin Reactivation C. perfringens, C. ramosum,C. difficile, B. fragilis [57, 58]

Estrogen Reactivation R. gnavus, F. prausnitzii, S. agalactiae, C. perfringens [59]

Norepinephrine Reactivation Clostridium species [11]

Dopamine Reactivation Clostridium species [11]

Serotonin Reactivation C. ramosum, E. coli [60]

IQ Carcinogenesis E. coli [61]

PhIP Carcinogenesis F. prausnitzii, E. coli, S. typhimurium [62]
Triclosan Increased the severity of colitis F. prausnitzii [63]
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acknowledged  that  NSAIDs  precipitate  a  variety  of  adverse
reactions  within  the  gastrointestinal  tract[14].  These  untoward
reactions are reported to manifest in approximately 10% to 60% of
patients: dyspepsia and heartburn being observed in 60% of cases,
gastric  or  duodenal  ulcers  in  20%  to  30%,  and  severe
gastrointestinal  complications  such  as  perforation  and
hemorrhage in 1% to 1.5% of patients[73]. Historically, research has
primarily focused on the adverse effects of NSAIDs on the upper
gastrointestinal  tract,  particularly  their  role  in  gastric  ulceration
and mucosal  injury.  However,  with the advent and advancement
of video capsule endoscopy and double-balloon endoscopy, more
recent  attention  has  been  redirected  towards  the  clinical
significance  of  small  bowel  lesions,  including  blood  loss,
ulceration,  and  perforation[74].  Small  bowel  injury  is  increasingly
recognized as  a  critical  complication of  NSAID therapy.  NSAIDs
induce  a  range  of  small  bowel  pathologies,  spanning  from
augmented  intestinal  permeability,  intestinal  inflammation,
protein  loss,  blood  loss,  and  ulceration,  to  perforation  and
diaphragmatic-like  stenosis.  Research  investigations  have
ascertained that 30% of severe gastrointestinal events occur in the
distal duodenum, and there have even been reported fatalities due
to  small  bowel  perforation[75].  A  post-trial  analysis  of  a  large
clinical  outcome  trial  disclosed  that  lower  gastrointestinal  events
accounted for 40% of all serious gastrointestinal events in patients
treated  with  NSAIDs[76].  The  high  prevalence  of  NSAID-
enteropathy  was  corroborated  by  endoscopic  evaluations  in
patients  undergoing  NSAID  treatment,  suggesting  that
approximately  70%  of  regular  NSAID  users  suffer  from  small
bowel erosions and ulcers[77].

In  contrast  to  upper  gastrointestinal  injuries,  NSAID-induced
small  bowel  injury  (NSI)  exhibits  complex  etiological
underpinnings.  Multiple  factors  contribute  to  NSAID-induced
enteropathy (NSI),  including the depletion of prostaglandin (PG)
E2,  which  reduces  intestinal  mucus  production,  along  with
increased  intestinal  motility  and  elevated  levels  of  inflammatory
cytokines, exacerbating mucosal damage[78]. Although inhibition of
COX-1  and/or  COX-2  may  contribute  to  the  observed  toxicity,
certain  local  effects  also  play  a  role.  These  local  effects  are
mediated  by  the  glucuronide  moieties  of  NSAIDs  (and/or  their
oxidized  metabolites).  For  instance,  NSAIDs  like  diclofenac  are
detoxified  through  the  conjugation  with  glucuronic  acid  by
hepatic-resident  UGT  and  subsequently  excreted  via  the  bile.  In
the  gut  lumen,  glucuronic  acid  is  enzymatically  cleaved from the
drug  conjugate  by  microbial  β-glucuronidase.  These  reactivated
substances  then  inflict  damage  on  the  intestinal  epithelium,
culminating in enteropathy and mucosal injury[54].

 3.1.3    Other drugs

Morphine  undergoes  metabolic  transformation,  yielding
morphine-3-glucuronide  (M3G,  accounting  for  57.3%  and  being
biologically  inactive)  and  morphine-6-glucuronide  (M6G,
constituting  10.4%  and  exhibiting  biological  activity).  These
metabolites  are  excreted  into  the  intestine  via  the  action  of  host
UGT.  Subsequently,  within  the  intestinal  milieu,  both
glucuronides are subjected to hydrolysis by GUS enzymes[55],  and
are  then  reabsorbed  in  the  form  of  morphine.  Prolonged
morphine  use  following  this  process  further  leads  to  reduced
intestinal  secretion  and  suppressed  propulsive  colonic  motility,
contributing to opioid-induced constipation[79].

Mycophenolate  mofetil  (MMF)  finds  its  application  in  the
prophylaxis of allograft rejection in renal transplant recipients and
is  progressively  being incorporated into  the  therapeutic  regimens

for  all  modalities  of  organ  transplantation.  Upon  oral
administration,  the  metabolically  inactive  mycophenolate  mofetil
(MMF)  is  rapidly  absorbed  and  extensively  converted  into  its
active  metabolite,  mycophenolic  acid  (MPA),  by  abundant
intestinal esterases. Due to its potent ability to inhibit lymphocyte
proliferation,  MPA  has  been  recognized  as  a  safe  and  effective
option  for  preventing  allograft  rejection[80].  However,  its
therapeutic  effectiveness  is  compromised  by  the  occurrence  of
gastrointestinal (GI) toxicity, which can manifest as mild to severe
diarrheal  episodes  and  other  associated  symptoms[81].  The
underlying  cause  of  GI  toxicity  has  been  attributed  to  multiple
mechanisms,  among  which  the  enterohepatic  recirculation
mediated  by  intestinal  bacterial  β-glucuronidase  is  the  most
prominent. MPA can be metabolized by hepatic UGT to engender
glucuronidated MPA (MPAG) and, to a lesser extent, acyl MPAG
(AcMPAG)[82]. Intestinal bacterial GUS enzymes dissociate MPAG
back  into  MPA,  which  then  engages  in  enterohepatic
recirculation,  thereby  leading  to  augmented  MPA  exposure[83].
Research  investigations  have  substantiated  the  capacity  to  both
forestall and reverse MMF-induced GI toxicity by curtailing GUS
expression and activity, as well as by inhibiting the growth of GUS-
producing  bacteria.  This  approach  effectively  mitigates  the
catabolism of the MMF metabolite, MPAG, back to free MPA[84].

 3.2    GUS  enzyme-mediated  endogenous  metabolite
toxicity

GUS enzymes are not only essential for drug biotransformation
but  also  play  a  significant  role  in  metabolizing  endogenous
compounds and regulating their systemic circulation. By cleaving
the  glucuronic  acid  moiety,  these  enzymes  can  enhance  the
toxicity  of  various  endogenous  substances,  particularly  affecting
bilirubin and hormone metabolism.

 3.2.1    Bilirubin

Hyperbilirubinaemia,  which  occurs  in  approximately  60%  of
full-term newborns and 80% of preterm infants on a global scale,
is  typified  by  an  elevation  in  the  level  of  physiological
unconjugated  bilirubin  within  the  serum.  Notably,  abnormally
elevated  concentrations  of  bilirubin  possess  potential  neurotoxic
properties[85].  Unconjugated  bilirubin  (UCB)  represents  a  yellow,
non-polar pigment that is transported to the liver via albumin and
subsequently converted into bilirubin-glucuronide by UGT within
the  endoplasmic  reticulum[86, 87].  The  conjugated  bilirubin  is  then
released  into  the  intestinal  lumen  for  elimination,  facilitated  by
multidrug  resistance  protein  (MRP2),  and  may  be  transported
back into the bloodstream via MRP3[88, 89].  Following its secretion,
the  water-soluble  conjugated  bilirubin  undergoes  hydrolysis  to
UCB  by  the  abundant  β-glucuronidase  present  in  the  brush
border of the neonatal intestine, and the unconjugated bilirubin is
reabsorbed through passive  diffusion.  In neonates,  elevated levels
of  bilirubin  can  disrupt  the  tight  junctions  of  the  intestinal
epithelium,  leading  to  an  augmentation  in  the  hepatic-intestinal
circulation. Moreover, unconjugated bilirubin can cross the blood-
brain barrier and infiltrate the central nervous system, potentially
causing  neurological  damage,  particularly  in  conditions  such  as
acidosis, prematurity, infection, hypoxia, and ischemia[90].

It  has  been  demonstrated  that  in  the  hepatobiliary  system  of
rats  and  the  gallbladder  bile  of  50  Caucasians,  there  is  a
pronounced  manifestation  of  endogenous  β-glucuronidase
activity[91].  Under  specific  circumstances,  when  activated,  β-
glucuronidase  has  the  capacity  to  dissociate  bilirubin
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diglucuronide  within  the  bile,  instigating  the  formation  of
pigmented gallstones[92].  In  the  presence  of  primary or  secondary
bacterial infections in the biliary tract, this dissociation process can
accelerate,  leading to the formation of  calcium bilirubinate,  a  key
component  of  pigment  gallstones.  Conversely,  in  the  absence  of
bacterial  infections,  the  process  proceeds  at  a  slower  pace[93].
Patients afflicted with gallstones exhibit an increased prevalence of
GUS-producing bacteria, concurrent with elevated GUS activity in
the  bile[42].  This  enzymatic  activity  facilitates  the  release  of  free
bilirubin  from  its  glucosinolate  conjugates,  which  then  further
combines  with calcium to  precipitate  as  the  principal  constituent
of brown pigmented stones,  namely bilirubin calcium, within the
bile[94].

 3.2.2    Hormones

Estrogen,  a  ubiquitously  occurring  endogenous  glycoside,
assumes  a  pivotal  physiological  function  in  humans.  Notably,
excessive  exposure  to  estrogen  has  long  been  acknowledged  as  a
significant  determinant  in  the  pathogenesis  of  sex  hormone-
responsive disorders, with breast cancer (BCa) serving as a prime
example[95].  GUS  enzymes  play  a  cardinal  role  in  the  metabolic
processes  of  endogenous  hormones[96],  particularly  those  with
estrogenic  properties.  Within  the  gut  lumen,  GUS  enzymes
catalyze  the  cleavage  of  estrogen-glucuronide  conjugates,  thereby
liberating  free  hormonal  forms.  These  liberated  hormones
subsequently  enter  the  gut  and  systemic  circulation,  potentially
culminating  in  abnormally  elevated  estrogen  levels.  The
accumulation of  such hormones  is  intimately  correlated with  the
development  of  hormone-dependent  neoplasms,  such  as  breast
cancer[38],  polycystic  ovary  syndrome[97] and  hepatocellular
adenoma[98].

 3.2.3    Neurotransmitters
GUS  enzymes  play  a  role  in  the  metabolism  of

neurotransmitters,  including  dopamine,  norepinephrine,  and
serotonin,  by  influencing  their  bioavailability.  The  reactivation
process  mediated  by  GUS  is  a  key  step  in  regulating
neurotransmitter  levels.  By  hydrolyzing  glucuronide  conjugates,
GUS  enzymes  release  active,  free  neurotransmitters,  potentially
impacting  intestinal  motility,  neurological  function,  and immune
responses,  and  this  process  has  also  been  implicated  in  the
manifestation  of  psychiatric  disorders,  such  as  depression  and
anxiety. For instance, augmented GUS activity can lead to elevated
levels of circulating serotonin, which then, induces diarrhea due to
enhanced  gastrointestinal  motility  and  secretory  function[43].
Recent  investigations  have  revealed  that  inhibition  of  GUS  in
conventional  mice  results  in  a  reduction  in  free  5-
hydroxytryptamine  and  an  augmentation  in  its  inactive
glucuronide  forms  within  both  the  serum  and  intestine[99].  In
contrast,  elevated  in  vivo  GUS  activity  is  accompanied  by
increased  levels  of  dopamine  and  norepinephrine,  as  well  as
enhanced intestinal motility[11].

 3.3    Toxicity  of  foodborne  hazards  mediated  by  GUS
enzyme

 3.3.1    Heterocyclic compound

The processing of  meat  and its  exposure  to  heat  can lead to  a
rise in the levels of compounds that may be carcinogenic, such as
polycyclic  aromatic  hydrocarbons  (PAHs)  and  HAAs,  thereby
increasing  the  risk  of  cancer.  These  compounds  can  lead  to
various  types  of  cancer,  including  breast  cancer,  colon  cancer,

etc.[100, 101].  Carcinogenic  and  mutagenic  HAAs  from  food  are
metabolically  activated  in  the  body  to  form  their  respective  N-
hydroxy  (OH)-arylamines.  The  N-glucuronidation  of  these
metabolites is viewed as a crucial detoxification process. Research
has  indicated  that  liver  microsomes  are  capable  of  catalyzing  the
glucuronidation of various heterocyclic amines, including 2-amino-
3-methylimidazo  [4,5-f]  quinoline  (IQ),  2-amino-1-methyl-6-
phenylimidazo  [4,5-b]  pyridine  (PhIP),  2-amino-6-methyl-
dipyrimido  [1,2-a:3',2'-d]  imidazole  (Glu-P-1),  and  2-amino-3,8-
dimethylimidazo [4,5-f] quinoline (MelQx). Moreover, in the case
of  N-OH-PhIP,  two microsomal  N-glucuronide metabolites  with
different chemical  and enzymatic properties  are formed[102].  UGT
plays  an  important  role  in  these  detoxification  metabolisms.  The
biological  or  chemical  activity  of  glucuronic  acid  conjugates  is
lower  than  that  of  their  corresponding  aglycones.  The  polar  and
ionized  carboxylic  acid  moiety  of  glucuronic  acid  facilitates  the
elimination  of  these  conjugated  metabolites  from  the  body.
However, some studies have found that 2-amino-9H-pyrido [2,3-
b] indole (AαC) in tobacco smoke, after biometabolism, forms 2-
hydroxyamino-9H-pyrido  [2,3-b]  indole  (HONH-AαC),  which
can be activated by UGTs and is capable of reacting with proteins
or DNA[103, 104].

Studies have found that gut microorganisms with GUS activity
have  the  ability  to  hydrolyze  PhIP-G  to  release  PhIP.  Gut
microorganisms  with  glycerol/diol  dehydratase  (GDH)  activity
can cooperate to convert free PhIP into PhIP-M1. The combined
activity of BGUS and GDH may be a potential factor in reducing
mutagenicity[44]. Further research is needed to fully understand the
metabolic pathways of GUS-mediated heterocyclic compounds in
the  body,  including  their  biotransformation,  toxicity,  and
physiological impact.

 3.3.2    Foodborne pathogenic bacteria

Foodborne pathogenic bacteria can cause bacterial diarrhea and
acute gastroenteritis. For example, Campylobacter jejuni can cause
bacterial  diarrhea  and  acute  gastroenteritis,  and  may  also  trigger
sepsis,  encephalitis,  endocarditis,  and  urinary  tract  infections[105].
Staphylococcus  aureus,  which  can  secrete  toxins,  is  one  of  the
most common causes of morbidity and mortality from infectious
pathogens  worldwide.  This  pathogen  can  cause  a  variety  of
diseases,  leading  to  symptoms  such  as  nausea,  vomiting,
regurgitation, and abdominal cramps. In more severe cases, it can
even  cause  skin  infections,  fatal  pneumonia,  and  sepsis[106].
Yersinia enterocolitica can not only cause gastroenteritis,  but also
systemic diseases such as arthritis, myocarditis, subacute hepatitis,
and  even  septicemia.  Its  mortality  rate  can  reach  34%−50%[107].
Salmonella  is  one of  the high-risk factors  affecting human health
and  is  significantly  distributed  worldwide.  However,  the
Salmonella genus has shown multidrug resistance to tetracyclines,
kanamycin,  sulfonamides,  chloramphenicol,  streptomycin,
cephalosporins,  and  penicillin[108].  Enterohemorrhagic Escherichia
coli (EHEC)  is  a  major  foodborne  pathogen  that  poses  a  serious
public health threat. It specifically colonizes the large intestine and
causes  a  variety  of  diseases.  Enterohemorrhagic E.  coli infection
occurs after the ingestion of contaminated food and can lead to a
range  of  conditions  from  mild  watery  diarrhea  to  hemorrhagic
colitis  and  hemolytic-uremic  syndrome[109].  The  invasion  of
foodborne  pathogenic  bacteria  may  disrupt  the  balance  between
probiotic bacteria and harmful bacteria in the intestine, leading to
a  decrease  in  probiotic  bacteria  and  a  large-scale  proliferation  of
harmful bacteria. These harmful bacteria secrete a large amount of
toxins,  which  affect  the  body's  immunity  and  cause  abdominal
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distension, diarrhea, enteritis, and even various chronic metabolic
diseases[110].

The  emergence  of  antimicrobial  resistance  in  enteric  bacterial
pathogens  transmitted  through  food  is  largely  a  result  of
antimicrobial  usage in animals  raised for  food production.  These
medications  are  employed  for  therapeutic  purposes,  disease
prevention,  or  as  growth  enhancers  via  feed  additives.  Despite
regulations  aimed  at  controlling  antimicrobial  use  in  livestock,
resistance  levels  of  non-typhoidal  Salmonella  and Campylobacter
have  significantly  increased  in  developed  nations  in  recent
years[111].  Therefore,  it  is  crucial  to  develop  new  strategies  to
effectively combat pathogenic bacteria and address the rising issue
of  antimicrobial  resistance.  Recent  studies  have  shown  that
inhibiting GUS and reducing the release of free glucuronic acid in
the  intestine  can limit  its  uptake  as  a  carbon source  by  intestinal
pathogenic bacteria, thereby reducing their colonization[6].

 4    Key  factors  affecting  the  activity  of  GUS
enzyme

The  activity  of  GUS  enzyme  exhibits  significant  variations
under different environments and conditions, and is regulated by
a  variety  of  internal  and  external  factors.  The  following  will
explore  in  detail  the  main  factors  affecting  the  activity  of  GUS
enzyme, including the composition of gut microbiota, dietary and
environmental factors, host characteristics, and health status.

 4.1    Composition and activity of gut microbiota
The composition of the gut microbiota has a significant impact

on  the  activity  of  GUS  enzyme.  Different  gut  microbial
populations  possess  distinct  GUS  enzyme  subtypes  and  activity
levels,  and  the  dynamic  changes  of  these  microbial  populations
may  directly  affect  the  expression  and  function  of  GUS  enzyme.
The  GUS  enzyme  subtypes  (such  as  L1  type,  L2  type,  NL  type,
etc.)  of  different  species  in  the  gut  microbiota  have  different
substrate  specificities  and  catalytic  efficiencies.  For  example,
Bacteroides  fragilis and Bacteroides  dorei predominantly  express
the  acyclic  (NL-type)  GUS  enzyme,  which  exhibits  strong
substrate  hydrolysis  capacity.  In  contrast, Clostridium  perfringens
and Streptococcus  agalactiae mainly  express  the  L1-type  GUS
enzyme, which demonstrates high catalytic activity toward small-
molecule substrates[31].

Gut  microbiota  dysbiosis  (such  as  the  overgrowth  of
Clostridium  difficile)  is  often  accompanied  by  changes  in  GUS
enzyme activity. Dysbiosis may lead to the proliferation of certain
pathogenic  bacteria.  The  GUS  enzymes  produced  by  these
bacterial  species  may  increase  the  re-activation  of  drugs  or
endogenous  metabolites,  further  exacerbating  intestinal  toxicity.
For  example,  there  is  an  association  between  gut  microbiota
dysbiosis  and  drug-induced  toxicity,  including  drug-induced
abdominal problems[112].

 4.2    Dietary factors
Food components, eating habits, and environmental pollutants

can  all  affect  the  composition  of  the  gut  microbiota,  thereby
regulating the activity of GUS enzyme. A high-fat diet  (especially
animal fat) has been found to significantly increase the activity of
GUS  enzyme.  Research  shows  that  a  high-fat  diet  may  promote
the  proliferation  of  bacteria  such  as  Bacteroides.  The  GUS
enzymes  produced  by  these  bacteria  have  a  high  ability  to
hydrolyze  glucuronic  acid,  thus  enhancing  the  activation  of  drug

metabolites and hormones in the intestine[113]. In addition, a high-
protein  diet  can  also  increase  the  activity  of  GUS  enzyme  by
promoting  the  growth  of  certain  gut  microbiota[114].  While
consumption of oat bran can reduce beta-glucuronidase[115].

Prebiotics are substances that promote the growth of beneficial
microorganisms.  The  prebiotic  inulin  significantly  reduces  the
activity  of  β-glucosidase[116].  Some  studies  have  shown  that
probiotics  and  prebiotics  can  also  alter  the  intestinal  microbial
community by increasing the concentration of  beneficial  bacteria
such as lactic acid bacteria and Bifidobacterium and reducing the
level  of  pathogenic  microorganisms.  They  can  bind  to  potential
food carcinogens, inhibit β-glucuronidase to reduce the hydrolysis
of  precarcinogenic  compounds,  thereby  reducing  intestinal
inflammation,  enhancing  immune  function,  and  inhibiting  the
development  and  progression  of  tumors[117].  Lactobacillus
plantarum  uses  the  prebiotic  fructooligosaccharide  (FOS)  as  a
carbon  source,  inhibits  the  growth  of  pathogens  that  produce  β-
glucuronidase,  and reduces its activity through the metabolites of
FOS[118]. It has also been shown that the use of probiotics protects
the  intestinal  epithelium  from  microbiota  dysbiosis  and
proliferative  crypt  damage,  and  also  reduces  β-glucuronidase
expression  and  ROS  significantly  alleviating  irinotecan-induced
diarrhoea[119].

Long-term  use  of  certain  drugs,  such  as  antibiotics  and  non-
steroidal  anti-inflammatory  drugs  (NSAIDs),  can  influence  β-
glucuronidase  (GUS)  activity[84, 120].  For  instance,  the  use  of
antibiotics  like  vancomycin  has  been  shown  to  significantly  alter
gut  microbiota  composition,  leading  to  changes  in  GUS  enzyme
expression and subsequently  affecting intestinal  drug metabolism
and  toxic  reactions[84].  The  use  of  NSAIDs  can  influence  the
composition and metabolic activity of the gut microbiota through
direct effects on the microbiota (such as via inhibiting/promoting
microbial  growth,  inducing  microbial  cell  death  and/or  affecting
microbial  metabolism).  For  example,  indomethacin  has  been
shown  to  significantly  induce  the  abundance  of  Bacteroides  and
Enterobacteriaceae  bacteria[53],  both of  which are  GUS-producing
bacterial genera[31].

 4.3    Host characteristics and health status
The  physiological  features  of  the  host,  namely  age,  sex,  and

genetic  background,  in  addition  to  its  health  state,  all  exert  a
regulatory  influence  on  the  activity  of  GUS  enzyme.  Research
findings  have  demonstrated  that  gender  differences  lead  to
variability  in  GUS enzyme activity.  Specifically,  males  commonly
possess higher GUS enzyme activity than females, a phenomenon
that  might  be  causally  linked  to  the  concentrations  of  sex
hormones such as testosterone. In infants and toddlers, a notably
elevated  expression  of  GUS  enzyme  is  detected  within  their  gut
flora,  which  plausibly  stems  from  breastfeeding  and  the  nascent
formation of  the gut  microbiota[121].  Both the gut  microbiota  and
the activity of GUS enzyme are subject to age-related alterations. A
specific  study  compared  β-glucuronidase  activity  between
adolescent  male  and  female  C57BL/6  mice  and  adult  mice,
analyzing  potential  age- and  sex-related  differences  in  enzyme
expression and activity. The results revealed that as age advanced,
there  was  a  significant  decline in female  β-glucuronidase  activity.
Moreover,  mice  with  diverse  genetic  backgrounds,  like  C57  and
NIH-Swiss  Webster,  exhibited  varying  levels  of  β-glucuronidase
activity,  underlining  the  fact  that  host  genetic  diversity  can  also
impact  microbial  metabolism[122].  Some  health  conditions,
particularly  those  affecting  the  gastrointestinal  tract,  can
significantly alter the makeup of the gut microbiota. For example,
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colon cancer patients were observed to have fecal β-glucuronidase
activity that was 1.7 times higher than in healthy subjects. Notably,
after  sonicating  the  fecal  samples,  the  enzyme  activity  in  colon
cancer patients increased dramatically to 12.1 times that of healthy
controls[123].

 5    Toxicity  abatement  strategies  targeting  GUS
enzymes

Recent  studies  suggest  that  targeted  suppression  of  intestinal
bacterial  beta-glucuronidase  (β-GUS)  activity  can  augment  the
effectiveness  of  anticancer  drugs[48].  Taking  irinotecan  as  an
example,  its  active  metabolite,  SN-38,  undergoes  glucuronidation
for  detoxification  and  is  then  excreted  into  the  gastrointestinal
tract.  Here,  intestinal  bacteria  exploit  GUS  to  reconvert  the
glucuronidated  metabolite  back  to  the  toxic  SN-38,  triggering
diarrhea.  By  inhibiting  GUS  activity,  this  adverse  side  effect  of
irinotecan  can  be  mitigated,  loosening  the  dose  constraints  in
anticancer  drug  administration  and  enhancing  anticancer
efficacy[124]. GUS activity has recently been found to correlate with
the severity of periodontitis and can be inhibited by the microbial
GUS-selective  inhibitor  UNC4917[125].  Evidence  indicates  that
intestinal commensal microorganisms play a mediating role in the
metabolic activation of triclosan (TCS) within the colon, spurring
its  enterotoxicological  effects.  However,  targeted  inhibition  of
bacterial  GUS  enzymes  can  nullify  the  colitis-promoting  impacts
of  TCS[63].  In  diarrhoeic  renal  transplant  recipients  treated  with
MMF post-transplant,  diarrhoea  was  more  prolonged in  patients
with higher faecal β-glucuronidase activity compared to those with
lower  faecal  β-glucuronidase  activity[126].  Inhibition  of  GUS
effectively  prevents  carcinogen-induced  microflora  dysbiosis  and
intestinal  tumourigenesis[127].  This  all  suggests  that  GUS enzymes
can be used as targets for toxicity mitigation.

Effectual β-GUS inhibitors are capable of modulating intestinal
bacterial  β-GUS  activity,  consequently  diminishing  the  intestinal
toxicity  of  particular  xenobiotics  or  warding  off  colon-related
ailments.  Inhibitors targeting bacterial β-glucuronidase have been
found  to  modulate  gut  microbiota  function  without  adversely
affecting the host metabolic system[128]. As a result, GUS inhibition
has emerged as a novel strategy for disease management and drug
treatment,  attracting growing research attention. A wide range of
inhibitor  classes  has  been  identified  in  existing  studies,  including
flavonoids, alkaloids, quinolines, thiazoles, piperazines, and others
(Table 2).

 5.1    Inhibitor development

 5.1.1    Medicines

In the development of GUS enzyme inhibitors, researchers have
found  that  some  existing  drugs  can  also  act  as  GUS  enzyme
modulators, such as antibiotics and some antidepressants.

The  application  of  antibiotics  has  demonstrated  certain
advantages  in  alleviating  β-GUS  mediated  drug  toxicity  within
intestinal bacteria. For instance, vancomycin has been identified as
effective  in  eradicating  GUS-expressing  bacteria  in  the  gut[147],
subsequently  reducing  the  conversion  of  MMF  into  the  toxic
metabolite  mycophenolic  acid  (MPA)[84].  Ciprofloxacin
significantly  reduces  β-glucuronidase  activity  in  the  distal  small
intestine and ileocecum, thereby inhibiting diclofenac metabolism
and  reducing  diclofenac-induced  enteropathy[146].  Similarly,  the
oral  administration  of  streptomycin  and  penicillin,  as  well  as
neomycin  and  mycopeptide,  which  can  nearly  completely

suppress fecal β-glucuronidase activity, has been shown to alleviate
irinotecan-induced  weight  loss  and  delay  the  onset  of  diarrhea
symptoms[13].  However,  broad-spectrum  antibiotics  are  generally
used  to  eliminate  a  wide  range  of  gut  bacteria  indiscriminately,
potentially disrupting gut microbiota balance. Thus, while they do
eliminate  pathogenic  bacteria,  antibiotics  also  impact  the
commensal  bacteria  in  the  gut,  triggering  alterations  in  the
composition  and  function  of  the  gut  microbiota,  a  condition
referred  to  as  dysbiosis.  Extended  use  of  antibiotics  might
precipitate  long-term  modifications  in  the  gut  microbiota,  and
these  changes  could  potentially  be  linked to  an elevated risk  of  a
diverse  array  of  diseases,  encompassing  allergic,  metabolic,
immune,  and  inflammatory  disorders.  Additionally,  the  gut
microbiota  may  act  as  a  reservoir  for  antibiotic  resistance  genes,
and  antibiotic  use  might  accelerate  the  dissemination  of  these
resistance genes[148].

Studies  investigating E.  coli GUS  enzyme  inhibition  have
identified  five  key  inhibitors:  nicotinamide,  isocarbazide,
phenelzine, amoxapine, and mefloquine. The inhibitory activity of
these compounds against endogenous GUS ranged from 17 nM to
7.1  μM,  while  their  IC50 values  for  purified  E.  coli  GUS spanned
71 nM to 2.3 μM. Notably, among these inhibitors, nicotinamide,
isocarbazide,  and  amoxapine  demonstrated  relatively  lower
activity  against  purified mammalian GUS,  suggesting a  degree  of
selectivity for bacterial GUS inhibition[5].

 5.1.2    Synthetic inhibitors

Currently,  GUS  inhibitors  used  in  research  primarily  fall  into
two  categories:  synthetic  inhibitors  and  naturally  derived
inhibitors.  Among  synthetic  inhibitors,  several  classes  have
demonstrated  in  vitro  inhibitory  effects,  including  azamides[149],
Piperazines[144],  Quinolines[141, 150],  Thiazole  derivatives[151, 152],
Pyrimidine  derivatives[153] and  indoles[154].  All  show  inhibitory
effects  in  vitro.  Among  these,  quinolines,  azoles,  and  piperazines
have  attracted  the  most  extensive  research  interest  due  to  their
potency and specificity in targeting GUS enzymes. Given that the
active  form  of  irinotecan,  7-ethyl-10-hydroxycamptothecin  (SN-
38),  bears  resemblance  to  a  quinoline  analog,  researchers  have
gone  on  to  discover  additional  quinolines  capable  of  inhibiting
GUS  enzymes  through  competitive  inhibition.  For  illustration,
when tumor-bearing mice were orally administered with 3-amino-
4-(4-fluorophenylamino)-1H-pyrazolo[4,  3-c]quinoline  in
combination with the chemotherapeutic agent CPT-11, it not only
averted  the  severe  diarrhea  induced  by  CPT-11  but  also
maintained the  antitumor efficacy[150].  Azoles  constitute  a  class  of
five-membered  aromatic  heterocyclic  compounds,  invariably
incorporating at least one nitrogen atom. Their structural rigidity
and  outstanding  physicochemical  attributes  have  made  them  a
focal  point  of  interest,  endowing them with a  broad spectrum of
pharmacological  activities  and  therapeutic  prospects,  thus
rendering them prime targets for a multitude of synthetic studies.
The  azole  family  is  characterized  by  a  variety  of  compounds,
including  pyrazoles,  imidazoles,  thiazoles,  triazoles,  oxadiazoles,
thiadiazoles, and tetrazoles, as well as their benzo counterparts like
indoles, benzimidazoles, benzothiazoles, and benzotriazoles. These
substances exhibit strong hydrogen bonding capabilities, primarily
due to the presence of nitrogen and/or oxygen atoms in their ring
structures, which facilitates more effective binding to biomolecular
targets[155].  For  instance,  certain  thiazolidine-2-cyanamide
derivatives  demonstrated  inhibitory  activity  against  E.  coli  β-
glucuronide  glycosidase,  exhibiting  even  more  potent  inhibition
than the commonly employed positive control D-gluconolactone,
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with IC50 values spanning from 1.2 μM to 23.1 μM[142]. The (E)-4-
aryl-2-(2-(pyren-1-ylmethylene)  hydrazinyl)  thiazole  derivatives
were  subjected  to  in  vitro  β-glucuronidase  inhibitory  activity
assays, and all the molecules manifested excellent inhibition, with
IC50 = 3.10 ± 0.10-40.10 ± 0.90 μM[151]. Investigators also evaluated
a  series  of  indole  analogs  for  their  β-glucuronidase  inhibitory
activity,  and the  majority  of  the  compounds were  identified with
IC50 values  ranging  from  0.50  to  53.40  μM[156].  Piperazine-
containing GUS inhibitors, which are selective for microbial GUS

enzymes,  operate  by  intercepting  the  catalytic  intermediates  of
glycosylases to inhibit GUS[157].

Novel  hybrid  frameworks  combining  disulfide  and  sulfoxide
moieties  have  also  been  synthesized  and  function  as  β-
glucuronidase  inhibitors[158].  In  the  recent  past,  certain  urea
derivatives,  which  have  been  newly  synthesized,  have  been
discovered  to  possess  inhibitory  effects  on  GUS[159].  Additionally,
some  metal  complexes  have  likewise  been  found  to  exhibit  GUS
inhibitory capabilities[149].

 

Table 2    Reported GUS inhibitors

Chemical type Compound Vivo/Vitro IC50 (μM) Reference

Flavonoids Amentoflavone Vitro

E. coli = 0.49
C. perfringens = 2.36,

S. pasteuri = 2.88,
E. coli = 3.43

[129, 130]

Fisetin Vitro E. coli = 2.02 [131]

Luteolin Vitro E. coli = 5.7,
S. pasteuri = 5.5 [131]

Icaritin Vitro S. agalactiae = 7.59 [131]

Morin Vitro S. pasteuri = 8.36 [131]

Quercetin Vitro E. coli = 4.91,
S. pasteuri = 4.06 [131]

Myricetin Vitro E. coli = 1.58,
S. pasteuri = 9.25 [131]

Hinokiflavone Vivo(mice)
E. eligens = 0.09±0.01,

S. agalactiae = 0.44 ± 0.01, C. perfringens = 0.2± 0.01,
E. coli=0.69 ± 0.10

[132]

Scutellarein Vitro E. coli = 5.76 [133]

Alkaloids Demethoxydaibucarboline A Vitro - [134]

Berberine Vivo(mice) E. coli = 54.04 ± 5.104 [135]
Grossamide

Grossamide K Vitro E. coli = 0.73 ± 0.03, 1.24 ± 0.03 [136]

Terpenoids

Momordin IIa
Hemslonin B

3β-hydroxyolean-12-en28-oic acid-28-
O-β-D-glucopyranoside (6).

Vitro E. coli = 8.3 ± 0.3, 1.0±0.1, 14.0 ± 1.3 [137]

Euphominoid C Vitro E. coli = 45.87 ± 1.94 [138]
Symplolucidins A
Symplolucidins B Vitro E. coli = 30.8 ± 8.7, 17.2 ± 0.1 [139]

Quinolines 13, 19, 4, 12, 14, 22, 23, 25, 15, 8, 17,
11 Vitro E. coli = 0.6 ± 0.45, 0.7 ± 0.12, 1.1 ± 0.05, 1.17 ± 0.12, 1.5 ± 0.05, 0.8 ±

0.11, 1.8 ± 0.02, 2.1 ± 0.07, 2.1 ± 0.06, 2.8 ± 0.05, 3.2 ± 0.11, 5.5 ± 0.14 [140]

4, 8, 10, 12, 13, 14, 15, 20, 22 Vitro E. coli=9.20±0.30, 6.70±0.25, 9.60±0.20, 3.10±0.10, 2.11±0.05,
5.01±0.20, 2.60±0.05, 9.60±0.20, 8.30±0.20 [141]

Azoles 1, 2, 3, 5, 7, 8 Vitro E. coli = 5.7 ± 0.6, 1.2 ± 0.2, 4.7 ± 0.6, 7.3 ± 0.7, 9.3 ± 1.1, 6.1 ± 0.2 [142]

7-21 Vitro E. coli = 1.205 ± 0.105 - 0.082±0.001 [143]

Piperazines UNC10201652 Vitro
E. coli = 0.108 ± 0.008,

E. eligens = 0.127 ± 0.009, C. perfringens = 0.06 ± 0.01,
S. agalactiae = 0.6 ± 0.2

[144]

UNC4601 Vitro
E. coli = 0.800 ± 0.100,

E. eligens = 0.820 ± 0.040, C. perfringens = 0.900 ± 0.100,
S. agalactiae = 2.400 ± 0.400

[144]

UNC4511 Vitro E. coli = 1.200 ± 0.800,
E. eligens=3.800 ± 0.300, C. perfringens = 2.000 ± 0.100, [144]

UNC4540 Vitro E. coli = 2.600 ± 0.400,
C. perfringens = 3.200 ± 0.600 [144]

UNC10206579 Vitro
E. coli = 0.100 ± 0.020,

E. eligens = 0.123 ± 0.004, C. perfringens = 0.032 ± 0.002,
S. agalactiae = 0.300 ± 0.030

[144]

UNC10206577 Vitro
E. coli = 0.070 ± 0.010,

E. eligens = 0.118 ± 0.004, C. perfringens = 0.049 ± 0.002,
S. agalactiae = 0.700 ± 0.090

[144]

UNC10206581 Vitro
E. coli = 0.029 ± 0.006,

E. eligens = 0.088 ± 0.008, C. perfringens = 0.034 ± 0.002,
S. agalactiae = 0.770 ± 0.090

[144]

Drugs Amoxapine Vitro E. coli = 0.34 [145]
Ciprofloxacin Vitro E. coli = 27.06 [146]
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 5.1.3    Inhibitors  of  Food  and  Medicine  Homologous  and  Other
Natural

On the other hand, natural compounds derived from medicinal
plants  represent  a  valuable  reservoir  for  identifying  lead
compounds  or  potential  drug  candidates  for  GUS  inhibition.
These  naturally  occurring  inhibitors  offer  promising  therapeutic
potential,  often  with  favorable  safety  profiles  and  bioavailability,
making them an important focus in drug discovery. For example,
it  has been observed that octyl gallate (OG) can markedly reduce
BGUS activity without perturbing the overall fecal microbiome of
mice.  Moreover,  when  administered,  OG  effectively  mitigated
gastrointestinal  toxicity  and  systematically  reversed  the  colitis
phenotype in a model of MMF-induced colitis[56]. The cypress and
its  principal  constituent,  amphioxanthone  (AMF),  also
demonstrated inhibitory  activity  against  Escherichia  coli  GUS[129].
Hibiscus  alkaloids  have  likewise  been  shown  to  impede  β-
glucuronidase[136].  Over  the  past  decades,  the  inhibitory  effects  of
natural  chemotaxis  on  GUS  have  been  reported  for  a  variety  of
structures,  including  flavonoids[133],  terpenoids[160],  and  various
derivatives[161].  Among  them,  flavonoid  inhibitors  have  been  the
most  prevalently  reported.  In  a  conformational  relationship
analysis  concerning  the  discovery  of  flavonoid  inhibitors,  it  was
revealed  that  multiple  flavonoids  (including  baicalein,  lignans,
baicalein,  baicalein,  quercetin,  and  baicalein)  exerted  strong  to
moderate  inhibition  on  EcoGUS.  In  contrast,  isoflavones  and
dihydroflavonoids  exhibited  only  weak  inhibitory  effects  on
EcoGUS,  and  flavonoids  lacking  glucosyl  or  methoxyl
modifications were highly inhibitory to EcoGUS[133].  Picrasinol X,
azurin,  5,7,2'-trihydroxy-8,6'-dimethoxyflavone,
desmethylbellidinomycin,  and  gentianin  were  found  to  possess
potent  inhibitory  effects  on  EcoGUS[162].  Several  medicinal
compounds have also been ascertained to possess GUS inhibitory
properties.  A  diet  supplemented  with  raspberry  pomace
significantly  augmented  the  colon  and  plasma  levels  of  total
ellagitannin  metabolites  while  diminishing  β-glucuronidase
activity[163].  Eight  compounds  were  isolated  from  the  stems  of
Sphaerandra,  a  medicinal  plant  of  the  genus  Schisandra.  Among
these,  a  new  triterpenoid  was  isolated  that  manifested  potent
inhibitory  effects  on  alpha-glucosidase  (AGS)  as  well  as  bacterial
β-glucosidase[164].

 5.2    Challenges and prospects

 5.2.1    Challenges

Commercially  available  β-glucuronidase  inhibitors,  such  as  D-
Saccharic  acid  1,4-lactone  hydrate,  have  only  been  confirmed  to
inhibit E.  coli GUS  (EcoGUS),  with  an  IC50 value  of  48.4  μM.
Meanwhile, other β-glucuronidase inhibitors with higher potency,
such  as  Ganoderma  lucidum  enoic  acid  A,  are  often  cost-
prohibitive,  limiting  their  widespread  use  in  research  and
therapeutic applications. In the current body of research regarding
synthetic inhibitors, despite extensive efforts in synthesizing a vast
array  of  new  inhibitors  and  achieving  a  comprehensive
exploration  of  synthetic  inhibitor  development,  there  remains  a
dearth  of  in  vivo  validation  and  other  crucial  aspects.
Consequently,  it  remains  an  arduous  task  to  translate  synthetic
inhibitors  from  the  laboratory  bench  to  practical  clinical
applications. Given the increasing cases of GUS-mediated toxicity,
there  is  an  urgent  need  for  a  rapidly  deployable  GUS  inhibition
strategy.  While  certain  existing  drugs  have  been  identified  with
GUS  inhibitory  properties[5],  further  research  is  necessary  to

determine whether combining these drugs could lead to additional
adverse  effects.  Additionally,  using  antibiotics  to  reduce  GUS
activity  in  the  intestinal  tract  poses  a  high  risk  of  inducing
dysbiosis,  potentially  disrupting  gut  microbiota  balance  and
leading to unintended health consequences.

Existing  inhibitors  are  mostly  screened  using  only  EcoGUS.
Although  EcoGUS  is  one  of  the  most  predominant  GUS  in  the
intestine, the abundance of intestinal flora changes under different
disease conditions, the GUS involved in metabolic processes may
be  different  in  different  pathological  states,  and  the  GUS  is  also
involved  in  the  metabolism  of  endogenous  compounds  in  the
body,  which maintain the  daily  physiological  activities.  There  are
many GUS in the intestine, and their structures and activities are
very complex. Therefore, the discovery of GUS enzymes that plays
a  role  in  specific  pathological  processes  as  well  as  target-specific
inhibitors is important for the efficient utilization of inhibitors and
the maintenance of normal physiological activities.  The discovery
of  GUS  enzymes  for  specific  physiopathological  processes  using
techniques such as ABPP and the discovery of effective inhibitors
through  high-throughput  drug  screening  may  be  an  avenue  for
GUS enzyme research in the future.

Currently,  GUS  inhibition  strategies  are  primarily  applied  to
mitigate  intestinal  toxicity  caused  by  anticancer  drugs,  NSAIDs,
and  other  pharmaceuticals.  However,  the  broader  pathological
roles of GUS enzymes remain largely unexplored. Future research
could integrate hepatic metabolism studies to identify metabolites
capable  of  forming  glucuronidation  glycoside  conjugates.
Additionally,  further  investigation  is  needed  to  discover
compounds  activated  by  GUS  during  metabolism,  which  could
provide new insights into drug interactions, toxicity mechanisms,
and potential  therapeutic  targets.  Linking  these  glycosides,  which
can be metabolized by GUS, to physiological states reveals more of
the roles played by GUS in the human body. A key challenge for
future  research  is  establishing  a  one-to-one  relationship  between
disease  states,  specific  GUS  enzymes,  and  their  corresponding
inhibitors  to  enable  precise  and  targeted  inhibition.  Identifying
disease-specific  GUS  isoforms  and  designing  selective  inhibitors
tailored to each condition will  be critical in minimizing off-target
effects  while  maximizing  therapeutic  efficacy.  This  approach
requires a deeper understanding of GUS enzyme variations, their
substrate  specificities,  and  their  role  in  different  pathological
processes,  paving  the  way  for  more  personalized  and  effective
treatments.

 5.2.2    Prospects

The  intestinal  toxicity  mediated  by  GUS  enzyme  manifests  in
diverse  forms,  spanning  from  chemotherapeutic  agents  like
irinotecan  to  commonly  used  NSAIDs  in  daily  life,  and  even  to
dietary  carcinogens.  Given  this  variability,  a  generalized
therapeutic  approach  may  be  more  suitable  to  accommodate
diverse  populations,  ensuring  broader  efficacy  and  accessibility
across different disease states and patient demographics. However,
future  advancements  in  precision  medicine  may  help  refine
targeted  GUS  inhibition  strategies  for  more  individualized
treatments.  Moreover,  in  recent  years,  as  most  edible  herbs  and
fruits  have  showcased  a  satisfactory  safety  record  over  a  long
history of medical application, and owing to the inherent qualities
of being suitable for daily and long-term use that medicinal herbs
possess, such herbals may effectively address the needs of different
individuals. For patients using chemotherapy drugs, it can alleviate
the  burden  of  drug  intake:  for  those  relying  on  NSAIDs  for  an
extended period, it can cater to their specific requirements: and for
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people who frequently consume fried and smoked foods, it can be
incorporated  into  their  daily  routine.  As  a  result,  a  growing
number  of  researchers  are  focusing  on  the  discovery  of  natural
inhibitors derived from phytochemicals found in edible herbs and
fruits, which may offer a safer and more accessible alternative for
GUS  inhibition.  Typically,  natural  inhibitors  originate  from
ordinary plants, such as herbs and spice plants. By extracting their
active  constituents,  substances  with  inhibitory  capabilities  can  be
procured  and  assessed.  Since  they  are  sourced  from  natural
products,  they  are  less  prone  to  inducing  side  effects  within  the
body and are  likely  comparatively  safer  than synthetic  inhibitors.
Numerous  natural  inhibitors  exhibit  a  broad  spectrum  of
inhibitory  actions.  It  has  been  observed  that  certain  natural
products,  like amentoflavone derived from Ginkgo biloba,  display
potent inhibitory effects on a wide array of GUS enzymes and can
serve as promising precursor compounds for the development of
novel  drugs  aimed  at  mitigating  GUS-associated  intestinal
toxicity[130]. A substantial number of studies have documented the
inhibitory impacts of active ingredients in medicinal substances on
GUS (Table 3).  As the mechanism of action of natural  inhibitors
differs from that of conventional antibiotics, they are less likely to
trigger  bacterial  resistance.  Natural  inhibitors  are  derived  from
renewable  resources,  making  them  a  sustainable  option  for  drug
development. Their production and utilization typically have a low
environmental  impact,  offering  an  eco-friendly  alternative  to
synthetic inhibitors. Moreover, many natural inhibitors are readily
degradable in nature and do not lead to long-term environmental
pollution, which aligns with the principles of green and sustainable
development.  Most  importantly,  beyond  their  GUS  inhibitory
properties,  many  natural  inhibitors  exhibit  a  range  of  beneficial
biological activities, including anti-inflammatory, antioxidant, and
wound-healing  effects,  making  them  promising  candidates  for
multifunctional therapeutic applications.

The underlying mechanism of the intestinal toxicity induced by
anticancer  drugs  and  NSAIDs  hinges  on  the  fact  that  GUS
hydrolysis  acts  upon  drug-glucuronide-coupled  compounds,
which  have  been  converted  into  an  inactive  form  by  the  UGT
enzyme.  This  process  liberates  glycosides,  and when a  significant
accumulation  of  these  glycosides  occurs  in  the  intestine,  it
culminates  in  enterotoxicity.  Conventionally,  the  mitigation
strategy  has  been  to  relieve  enterotoxicity  by  suppressing  GUS
activity  and curtailing  the  release  of  glycosides.  Nevertheless,  one
of  the  most  remarkable  attributes  of  natural  inhibitors  is  their

versatility.  Not  only  can  they  function  as  GUS  inhibitors,  but  a
substantial  number  of  them  also  possess  a  diverse  range  of
biological  activities,  such  as  anti-inflammatory,  antioxidant,  and
promotion  of  wound  healing  capabilities.  Hence,  even  after
fulfilling  their  role  as  GUS  inhibitors,  the  inherent  biological
activities  of  natural  inhibitors  can  continue  to  exert  additional
beneficial  effects  within  the  gut.  In  a  recent  investigation,
dehydrodiisoeugenol  (DDIE)  isolated  from  nutmeg  was
discovered to confer multiple benefits. It was found to ameliorate
weight  loss,  colon  shortening,  epithelial  barrier  dysfunction,
depletion of goblet cells and intestinal stem cells (ISCs), as well as
enhance  wound  healing.  Simultaneously,  DDIE  counteracted  the
CPT11-induced  proliferation  of  Enterococcus  faecalis,  which  in
turn  led  to  a  reduction  in  the  intestinal  levels  of  Gus  and  SN38.
This  attenuation  of  CPT11-induced  intestinal  mucositis  was
accompanied  by  a  synergistic  effect  with  CPT-11  in  terms  of
antitumor  activity[167].  This  example  vividly  illustrates  the  multi-
faceted therapeutic potential of natural inhibitors when employed
as GUS inhibitors, since they are capable of intervening at various
stages of the disease process.

Generally  speaking,  the  development  of  natural  inhibitors,
particularly  those  natural  compounds  derived  from  medicinal
herbs,  holds  extensive  promise.  China  is  abundantly  endowed
with medicinal herb resources that share the same origin as food,
laying  a  solid  groundwork  for  research  and  exhibiting  a
remarkable potential for exploration. The diverse array of natural
compounds  from  these  food-medicine  homologous  medicinal
herbs encompasses  flavonoids,  terpenoids,  alkaloids,  and the like.
Currently,  while  research  has  explored  the  potential  of  natural
compounds  as  GUS  inhibitors,  a  large  number  of  bioactive
resources  remain  underexplored  and  undeveloped,  highlighting
the  need  for  further  investigation  and  utilization.  Therefore,  the
pursuit  of  obtaining  highly  efficient  GUS  inhibitors,  as  well  as
broad-spectrum  or  specific  GUS  inhibitors,  has  emerged  as  the
critical  research  direction.  Among  the  available  methodologies,
virtual  high-throughput drug screening (vHTS) has proven to be
an  efficacious  means  for  targeted  drug  discovery[171].  Probes  for
GUS  activity  assays  have  also  been  developed[172].  Recent  studies
have increasingly focused on identifying GUS enzymes involved in
specific  physiopathological  processes  using  techniques  such  as
activity-based  protein  profiling  (ABPP).  Additionally,  researchers
are  working  on  developing  targeted  inhibition  strategies  to
selectively modulate GUS activity in disease-specific contexts[99].

 

Table 3    Inhibition of GUS by active ingredients in medicinal foods and herbs

Plants Compound Vivo/Vitro IC50 (μM) References
Ganoderma lucidum Ganoderenic acid A Vitro E. coli = 0.07 mg/mL [165]

Raspberry Ellagitannins Anthocyanins Vivo (Wistar rats) - [163]

Zanthoxylum piperitum

Zanthopiperitol (1), Ailanthoidiol (2),
5-benzofuranpropanol (3),

2-propen-1-ol (4),
Demethoxywutaiensol methyl ether (5)

Vitro E. coli = 68.39 ± 2.29 (2) [166]

Nutmeg Dehydrodiisoeugenol Vivo (mice) - [167]

Pueraria thunbergiana Tectorigenin Vivo (mice) E. coli = 0.3 mg/mL [168]

Glycyrrhiza uralensis Glycyrrhizin
18β-Glycyrrhetinic Acid Vivo (Wistar rats) E. coli = 0.01 mg/mL

E. coli = 0.24 mg/mL [169]

Astragalus membranaceus Astraoleanoside H
Cloversaponin III Vitro E. coli = 21.20 ± 0.75

E. coli = 9.05 ± 0.47 [160]

Mulberry Sanggenon C
Kuwanon G Vitro

EcoGUS = 0.4 ± 0.1, 1.6 ± 0.1
E. coli 3L3 = 33.2 ± 5.2, 8.5 ± 0.5

E. fergusonii 3G4 = 10.4 ±  2.1, 7.5  ±  0.4
S. pasteuri 3I10 = 17.6 ± 0.6, 14.5 ± 0.9

SpasGUS = 0.33 ± 0.05, 0.98 ± 0.25

[170]
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 6    Conclusion
Synthetic compounds present significant challenges for clinical

application,  including issues  related to safety,  specificity,  and side
effects. In response to the growing demand for GUS inhibitors in
clinical settings, natural inhibitors, particularly those derived from
medicinal  herbs,  have  emerged  as  the  most  promising  solution.
However,  the  screening  and  development  of  natural  compounds
remain incomplete, and many bioactive compounds have yet to be
fully explored.

Furthermore,  while  GUS enzymes play crucial  roles  in various
physiological  processes,  many  of  their  functions  remain  poorly
understood, and their involvement in additional physiological and
pathological pathways is an area ripe for further research.

Advancements  in  metagenomic  sequencing,  bacterial
cultivation,  and virtual  screening have  become key  drivers  in  the
identification  of  GUS inhibitors,  facilitating  the  discovery  of  new
therapeutic  targets.  However,  the  process  of  pinpointing  specific
GUS  enzymes  involved  in  particular  deconjugation  reactions  is
still  in  its  early  stages,  requiring  further  investigation  and
refinement.  Until  recently,  most  studies  on  GUS  inhibition  have
primarily been conducted in vitro or using animal models, which
do  not  always  directly  translate  to  clinical  applications.  Creating
GUS  inhibitors  with  significant  pharmacological  properties  is
crucial  for mitigating the toxicity caused by GUS during targeted
drug treatments.

Finally,  to  identify  effective  inhibitors  from  a  vast  pool  of
compounds  and  to  elucidate  the  role  of  GUS  in  specific
physiological  processes,  computational  approaches  could  also
provide  an  efficient  and  systematic  solution.  Techniques  such  as
molecular  docking,  virtual  screening,  machine  learning,  and  AI-
driven  drug  discovery  can  accelerate  the  identification  of
promising  GUS  inhibitors  and  improve  our  understanding  of
enzyme-substrate  interactions,  paving  the  way  for  targeted
therapeutic strategies.
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