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Abstract

Gut microbial g-glucuronidases (gmGUS) are involved in the disposition of many endogenous
and exogenous compounds. Preclinical studies have shown that inhibiting gmGUS activity affects
drug disposition, resulting in reduced toxicity in the G.1. tract and enhanced efficacy systemically.
Additionally, manipulating gmGUS activity is expected to be effective in preventing/treating local
or systemic diseases. Although results from animal studies are promising, challenges remain in
developing drugs by targeting gmGUS. We reviewed the role of gmGUS in the host’s health
under physiological and pathological conditions, the impact of gmGUS on the disposition of
phenolic compounds, the models to study gmGUS activity, and the perspectives and challenges in
developing drugs by targeting gmGUS.
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Introduction

The gut microbial B-glucuronidase (gmGUS) enzymes are expressed in the gut microbiota
and play an important role in the host’s health by disposing drugs, nutritional components,
and important endogenous compounds including steroid hormones, neurotransmitters

(e.g., dopamine), bile acids, and bilirubinl=3. In the gut, gmGUS catalyzes the

hydrolysis of glucuronides to release the aglycones, which is a reverse reaction

of glucuronidation mediated by Uridine 5’-diphospho-glucuronosyltransferases (UGTS)
expressed in mammalian cells and considered as an “activation” metabolism due to the
release of aglycones. These gmGUS enzymes are produced by a broad range of bacterial
phyla, such as Firmicutes, Bacteroidetes, Verrucomicrobia, and proteobacteria, which are
typically found in human gut microbiota. Among these bacteria, there are at least 279
isoforms of gmGUS that are classified in six unique structural categories with different
“loops” in their active site*. The conservation and diversity of gmGUS proteins in function,
structures, cellular localization, and expression in bacteria species have been continuously
reported since the 1930s. Generally, certain isoforms catalyze small molecular substrates in
the intracellular domain, while others hydrolyze glucuronides of large molecules, such as
heparan-glucuronides, in the periplasmic space®.

The gmGUS enzymes have attracted researchers’ attention in drug development since the
late 1990s°~7. In the past two decades, a range of high-impact studies illustrated the role

of gmGUS inhibitors in alleviating drug-induced toxicity in the gastrointestinal (Gl) tract
and enhancing drug efficacy in chemotherapy®?. In addition, several publications proposed
that gmGUS is involved in hormone-associated cancers by affecting the disposition of
hormones%11 which provides an option for cancer chemoprevention by targeting gmGUS.
Due to the promising perspectives, specific probes to determine gmGUS activity were
synthesized and simple and rapid spectrophotometric and fluorogenic assays were developed
for gmGUS inhibition studies. In addition, fluorescence-based assays were developed

to determine /in vivo gmGUS inhibition. Furthermore, many specific or broad-spectrum
gmGUS inhibitors, which was concepted by Bin Wei and Yan Ru et al2, have been
identified from natural products, approved drugs, or newly synthesized small molecules,

as summarized in a recent review paper3,

Inhibiting gmGUS using small molecular inhibitors to prevent or treat certain diseases,
especially local diseases in the colon, seems promising as supported by many studies

using preclinical models. Clinical studies in humans are highly expected to validate the
results afforded from preclinical models. In this review paper, we briefly outline the current
findings on gmGUS structures and the mutual-relationship between gmGUS with host’s
health, summarize the role of gmGUS in drug disposition and the /n vitro and in vivo assays
for gmGUS inhibitor screening, and review the possibility and challenges of implicating
gmGUS as a druggable target in drug development.
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The gmGUS and host’s health

The human gut microbiota plays an important role in the host’s physiological function.
Microbial enzymes, including GUS have been involved in their metabolic processes. For
example, in Phase Il metabolism in the mammalian liver, UGTs facilitate the conjugation
of hydrophobic compounds to glucuronic acid to increase its water solubility and promotes
excretion. While some of the glucuronidated metabolites dissolve in blood and are excreted
through urine, a significant proportion is released via bile into the gut which houses a
reservoir of microbial-derived enzymes. One of these enzymes is gmGUS which removes
the glucuronic acid from the conjugated compounds. This de-glucuronidation reaction
regenerates parent compounds, promotes cycling, and delays eliminating different types of
substances.

The gmGUS enzymes can hydrolyze glucuronides of endogenous and/or exogenous
compounds to release the aglycones. In many cases, aglycones released by gmGUS

may affect various gut pathologies, namely drug-induced intestinal toxicities such as
inflammation, diarrhea, and constipation, increasing incidences of hormone-driven cancers
such as breast, and prostate cancer, and inflammatory bowel diseases (IBD). Several factors
such as age, diet, species, genetics, chronic drug use, and disease states dictate the change in
gmGUS expression, primarily due to changes in the occurrence of GUS-producing microbial
species. Modulation of the gmGUS activities primarily due to changes in gut microbiome or
inhibition of microbial GUS enzymes can lead to altered systemic and intestinal exposure
of xenobiotics and endogenous compounds, such as bilirubin, steroids hormones (e.g.,
estrone, estradiol, testosterone, and androstanediol), and neurotransmitters (dopamine, and
serotonin), disturbing the homeostasis of endogenous substrates, and affecting the efficacy
and toxicity of drugs (Figure 1).

Among the thousands of species present in the human gut microbiome, at least 50

species carry genes encoding gmGUS4-16, However, gmGUS from different bacterial

phyla shows distinct differences in catalytic efficiency, substrate binding, reaction rates,
regulation of GUS expression, and response to GUS inhibitors13-17.18_ For instance, only 4
gmGUS (Rg3GUS, Rh2GUS, Fp2GUS and H11G11- BG) displayed deconjugation activity
on regorafenib-A-glucuronidel®, as compared to 31 gmGUS that could hydrolyze the
standard GUS substrate 4-Methylumbelliferone- O-glucuronidel3. Moreover, there exists a
vast diversity in the function, structure, and cellular localization of gmGUS#. In addition, the
high inter-individual variability in the gmGUS composition and activities has been reported
in rodents and humans*20-22, Therefore, the pathogenesis due to imbalance of overall or
specific gmGUS activity is a complex equation with multiple factors involved making it very
difficult to delineate the effect of changes in microbiota structure on gmGUS activity.

There are about 100 drugs whose metabolism has been reported to be affected by the
gmGUS activities?l. Among the largest class of drugs were eight opioids (including
morphine, codeine, hydromorphone, naltrexone, nalmefene, tapentadol, ketobemidone,
and buprenorphine) and 6 non-steroidal anti-inflammatory drugs (NSAIDs, ibuprofen,
flurbiprofen, suprofen, naproxen, zaltoprofen, and etodolac)?!. Most of these drugs are
metabolized in the liver and excreted, mainly as O-glucuronides for opioids whereas acyl/
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ether glucuronides for NSAIDs in the bile, which transverse through the gastrointestinal
tract and reach the distal intestine, where gmGUS convert them to respective aglycone
leading to Gl side effects associated with these class of drugs, such as opioid-induced
constipation (experienced by ~40-60% opioid users), and NSAIDs-induced gastritis
(~50-70% long-term NSAID users experience increase in intestinal permeability and
inflammation, and 30~40% experience mucosal damage)13:23.24,

Microbial conversion of biliary excreted SN-38 glucuronide to SN-38, the active metabolite
of anticancer irinotecan, by gmGUS leads to increase colonic exposure to SN-38 and
subsequent gut epithelium damage. SN-38 mediated clinically significant diarrhea is one

of the major dose-limiting toxicity of irinotecan, which affects up to 87% of patients, with
grade 3 or 4 diarrhea (as per National Cancer Institute Common Toxicity Criteria) ranging
between 30-40%. As a results, patients on irinotecan therapy often require dose delays,
omissions, and dose reductions that impact the drugs’ efficacy, apart from poor quality of
life during cancer treatment2®. Similarly, chemotherapy-induced diarrheal toxicity mediated
by gmGUS activity has been seen with other anticancer agents, such as, tyrosine kinase
inhibitors regorafenib and sorafenib19:26,

The action of gmGUS also dictates the conversion of 7-O-glucuronide of mycophenolic acid
(MPA) to MPA. MPA is the active moiety of the immunosuppressant drug mycophenolate
mofetil (MMF) used in kidney, liver, or heart transplantation, responsible for persistent
afebrile diarrhea (daily fecal output of 200 gm) in ~40% MMF-treated transplant patients
after one month of transplantation?’. In addition, the MPA treatment can cause erosive
enterocolitis morphological changes in colonic mucosa with a Crohn’s-like pattern28:29,
Recently, colonic reactivation of triclosan, an antimicrobial found in toothpaste, toys,

and thousands of other consumer products, from the triclosan-glucuronide by Loop 1

and flavin mononucleotide (FMN)-binding gmGUS has been implicated in chronic gut
inflammation and colon damage, leading to IBD30. In several cases, the severity of drug-
induced gut toxicities was positively correlated with intestinal g-glucuronidase activity, and

selective gmGUS inhibitors or antibiotics have been shown to alleviate drug-induced gut
toxicities19:23.31-34,

The morphine dependence model of mice showed an increase in the ratio of concentrations
of morphine-3-glucuronide to morphine in serum and feces, indicating a decrease in
morphine-3-glucuronide deconjugation within the gut lumen, which was correlated with

a decrease in GUS-producing Bacteroidales. These changes in microbiota structure were
also associated with a decrease in secondary bile acid, deoxycholic acid, and an increase

in phosphatidylethanolamines levels on day 3 in the metabolomic analysis of feces3°. A
decrease in gmGUS activity on morphine treatment is also expected to impact the colonic
exposure to morphine-6-glucuronide, which is >100 times more selective and potent agonist
of p-receptor than morphine3®. This further contributes to the decrease in intestinal secretion
and inhibition of propulsive colonic motility with chronic use of morphine3’.

Among the endogenous substrates, elevated levels of unconjugated bilirubin in circulation
are associated with infant hyperbilirubinemia, jaundice, and enteropathy. Probiotics such
as (e.g., Bifidobacterium, Lactobacillus, and Saccharomyces boulardii) and prebiotics
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(e.g., short-chain galacto-oligosacarids and long-chain fructooligosacarids that increases
stool frequency and growth of Lactobacillus and Bifidobacterium) have been shown to
increase stool frequency, inhibition of gmGUS activity, decrease in the intestinal pH, and
decrease in the enterohepatic circulation of bilirubin by promoting intestinal maturity

and enhancing tight junction protein of intestinal epithelium38. The gut homeostasis of
endogenous neurotransmitters, dopamine, norepinephrine, and serotonin are responsible for
physiological GI motilityl. The hydrolysis of glucuronides of these compounds by the
gmGUS39 is an important process in the metabolism and recirculation of the compounds
toward maintaining healthy bowel movements?C. Levels of dopamine, norepinephrine, and
serotonin in normal mice was found to be several folds higher than those in the germ-free
mice due to absence of gmGUS3®. An increase in circulating serotonin levels due to
increased activity of gmGUS leads to diarrhea because of increased gastrointestinal motor
and secretory functions®. Similarly, increased dopamine and norepinephrine levels increase
gut motility and IBD4°.

The gmGUS activities in stool samples of children with IBD were ~2.5 times lower than
those samples from healthy children as determined by the standard pNPG assay (see assay
description later) using fecal suspension prepared from patients stool samples?2. On the
other hand, Gloux and Anba-Mondoloni proposed a microbiota-pathology hypothesis in
which this unique S-glucuronidase locus (GUS/FGDFGND C7D2 transporter/AFTR) may
contribute to an increased risk of crohn’s disease due to higher exposure to toxic substances
causing injury and inflammation. The reduction of gmGUS activity in children with IBD
could result from loss of secretory cell function probably due to chronic inflammation or/and
drugs?2. In addition, gmGUS activity was a prime cause of inflammation-mediated colon
cancer41:42,

The colonic and systemic exposure of DNA-adduct forming environmental and

dietary carcinogens 2-Amino-3-methylimidazo[4,5-f]quinoline (1Q), 2-Amino-1-methyl-6-
phenylimidazo[4,5-b]pyridine (PhIP), and azoxymethane was significantly increased due

to hydrolysis of A-glucuronides of 1Q, PhIP, and A-hydroxy PhIP and O-glucuronide of
methylazoxymethanol, and their entry into enterohepatic recirculation. Colon carcinogenesis
of 1Q and PhIP was positively correlated with fecal gmGUS activities'3. Many dietary (e.g.,
lemongrass, ginger, luteolin) and synthetic (e.g., C-GAL) gmGUS inhibitors suppressed
azoxymethane (AOM)-induced colonic DNA-adduct formation. Similarly, probiotics (e.g.,
Bifidobacteriurn longum) and prebiotics (e.g., inulin) treatment also prevented PhIP and 1Q
-induced DNA damage, respectivelyl3.

An increase in GUS-producing microbes and gmGUS activities leads to increase
estrogen circulating and tissue levels and is considered an important mediator for
microbiota—host interaction correlating gut microbiome and breast cancer#3. Long-Term
administration of Estrogen Replacement Therapy, i.e., a combination of conjugated
estrogen and bazedoxifene, for the management of menopause-associated symptoms,
including hot flashes and osteoporosis was shown to decrease gmGUS activity in

mice, which was positively correlated with the abundance of Lactobacillaceae in the

gut microbiome*4. Despite thenon-conclusive clinical evidence regarding the positive
association of testosterone serum levels with the development of prostate cancer?®, the
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imbalance of testosterone due to changes in gmGUS activity seems to have a significant role
in the progression of prostate cancer. The androgen deprivation therapy in combination with
enzalutamide or docetaxel can successfully inhibit the development of androgen-sensitive
metastatic prostate cancers?6:47.

Category of gmGUS and the impact on the disposition of phenolic drugs/

compounds.

Type and structure of gmGUS.

Protein X-ray crystal structures have been resolved for microbial GUS protein family
homologs from at least 11 species: Escherichia col®, Lachnospira eligens’!, Streptococcus
agalactiae'’, Clostridium perfringens'’, Lactobacillus rhamnosus*®, Ruminococcus
gnavus*8, Faecalibacterium prausnitzif*8, Bacteroides fragilis*®, Bacteroides doref8,
Bacteroides uniformis*, and Parabacteroides merdae®®. Emerging structural data and
bioinformatic analyses have yielded significant progress in the understanding of GUS
enzyme substrate specificity. A large portion of the core domains in the GUS protein
family are structurally conserved, including the amino acid residues in the active site

and the /B hydrolase fold motif. These motifs also have highly conserved sequences as
illustrated in Figures 2A and 2B. The main variations among GUS homologs occur in

two loop regions adjacent to the active site, denoted as the loop 1 (L1) and loop 2 (L2)
regions. Based on the number of residues in these two loop regions, GUS enzymes were
classified into 6 subgroups: L1, mini-loop 1 (mL1), L2, mini-loop 2 (mL2), mini-loop 1,2
(mL1,2), and no loop (NL)*. The number of residues in each loop region, the sequence

of the loop regions, and the composition of residues in the loop regions vary between
subgroups; as shown in Figure 2C, the 6 subgroups can be clearly distinguished based

on the sequence identity of residues in the two loop regions. Previous studies suggest

that the two loop regions contribute significantly to substrate specificity®48. For instance,
L1 GUS enzymes exhibit stronger activity on the glucuronide substrate p-nitrophenol-8-D-
glucuronide (pPNPG) compared to GUS enzymes of the other loop subgroups®. Additionally,
the GUS inhibitor UNC10201652 strongly inhibits L1 GUS enzymes but is generally less
potent toward non-L1 members3148, Some GUS homologs possess additional peripheral
domains that may also play a part in substrate recognition. For example, the protein X-ray
crystal structure of Bacteroides doref GUS (NL class) reveals a non-conserved C-terminal
region that contains a Carbohydrate Binding Module (CBM) and a domain with unknown
function, in which the CBM domain contains a loop that extends into the active site,
suggesting that the CBM may interfere with the substrate specificity#8. This example
supports the possibility that other structural differences outside of the two loop regions
contribute to the specificity or accessibility of the active site in GUS enzymes, but more
investigation of non-conserved domains in GUS enzymes is needed.

Enzyme and substrate specificities.

An N-21 terminal signal sequence in the mL1 BfGUS, L2 BuGUS2, mL2 PmGUS, and NL
BdGUS enables the periplasmic translocation of these enzymes and, consequently, favors
processing larger polysaccharide substrates, such as heparan monosaccharide®. On the other
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hand, L1 enzymes contain no signal sequences and are maintained intracellularly, limiting
their access to smaller glucuronides that could reach the cytoplasmic space®!. Substrate
specificity is mainly affected by its physicochemical properties. Several factors such as
molecular size, hydrophilicity/lipophilicity, electric properties of the substrates can affect
glucuronides’ transport across the membrane barriers and binding with GUS enzymes in
the bacteria. For example, EcGUS displayed higher hydrolytic efficacy towards hydrolysis
of 3- than 6- morphine glucuronide®?, because glucuronic acid at position-3 bound to an
electron-rich phenol thus is more prone to hydrolysis than that of position-6. Another
example is that the preference of EeGUS, RhGUS, FpGUS, EcGUS, and SaGUS for
estrone-3-glucuronide over estradiol-17-glucuronide can be explained by the aromatic ring
adjacent to a glucuronic acid moiety and a distant methyl group in estrone-3-glucuronide
which allow catalytic residues to interact with the ether linkagel®. In addition, the “loop” of
the active site in the gmGUS is also a dominant factor in selecting favorite substrates. For
example, the N-glucuronide of regorafenib can only be catalyzed by no loop gmGUSs,
which can be attributed to the less accessibility to the enzymes caused by the steric
hindrance and different electronic and structural characteristics of this unusual “central”

N- linked glucuronide as well as the more open catalytic sites offered by this active no

loop GUS proteins. Sporadical data from in vitro studies suggested that O-glucuronides
could be more favorite substrates for gmGUS compared to N-glucuronides as shown in

the regorafenib-glucuronide hydrolysis study. Further studies using substrates with similar
aglycone structures support this conclusion. For example, Zenser et al reported that
hydrolysis rate of N’-Hydroxy-N-Acetylbenzidine N-glucuronide is about 7-fold higher than
that of N’-Hydroxy-N-Acetylbenzidine O-glucuronide mediated by EcGUS53. In this case,
different electronic characteristics of N- and O-glucuronide could be a better explanation
compared to that of steric hindrance because the structures of the substrates are very similar.
More studies using substrates with similar structures are expected to further confirm the
conclusion and develop structure-activity relationships. X-ray single crystal analysis using
glucuronide-gmGUS co-crystals may be able to find out the reason directly.

GmGUS expression level and isoform composition.

The gut microbiota expresses diverse gmGUS isoforms responsible for metabolizing xeno-
and endo-biotics. In view of its significant role, factors that modulate gmGUS expression
are interesting. GmGUS expression is affected by host phenotype including sex and

age. Elmassry et al. showed that gmGUS was higher in males compared to females,

which may be associated to sexual dimorphic response to drugs?L. They also estimated
gmGUS expression using the human metagenome data and found out that newborn and
one-year-old infants might have higher gmnGUS expression than their mothers, possibly
related to breast-feeding and the introduction of solid food?L. Also, a study in mice
suggested a female-specific positive association between age and gmGUS®4. Various drugs
and dietary components also influence gmGUS expression or activity. For instance, long-
term supplementation of conjugated estrogens and bazedoxigene significantly reduced
gmGUS activity without affecting the overall cecal or fecal microbiome community

in ovariectomized mice*. Taylor et al. also reported that an immunosuppressive drug
mycophenolate mofetil induces drug toxicity through increasing gmGUS expression and
activity, while vancomycin could reverse the effect by abolishing GUS-producing bacteria33.
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In terms of diet, Reddy et al. suggested dietary modulation on gmGUS by showing an
elevated gmGUS expression in individuals on high meat diet compared to those on a
nonmeat diet®®. Later work in the field also associates upregulated gmGUS expression

or activity with high fat, high protein and low fiber diet!®56:57, This modulation may
mediate changes in host metabolism and enterohepatic circulation. For example, women
who consume vegetarian diet have elevated estrogen fecal excretion and lower plasma and
urinary estrogen, as well as reduced gmGUS activity®8,

Disposition of Phenaolics via Recycling facilitated by gmGUS.

Orally administered compound with hydroxyl moieties often undergo first-pass metabolism,
mainly via the glucuronidation pathway, with sulfonation sometimes acting as a substantial
secondary pathway®®. For many of the glucuronide metabolites, biliary and intestinal
excretion are the major elimination pathways, which will eventually force the glucuronides
to the terminal ileum and colon, where they will have good chance to be reactivated

by gmGUS into aglycones for reabsorption and subsequent disposition. The reactivation
followed by re-absorption in the colon into the blood is called recycling or recirculation.

Recycling is classified into three different types, enterohepatic recycling (EHR),
enteroenteric recycling (EER) and hepatoenteric recycling (HER), depending on the
formation site of glucuronides and their excretion pathways (Figure 3). For glucuronides
generated in the enterocytes during the first-pass metabolism of orally administered
phenolics, they could be excreted into the lumen directly, and then recycled in the terminal
ileum and colon via the action of gmGUS, and this recycling is called EER, which was
first termed as enteric recycling in 2003 by Hu and his co-workers8°. For the glucuronides
that were not excreted back into the lumen but are taken up by the hepatocytes (likely

via OATPs) and excreted into the bile, and they will participate in HER. For phenolics
undergoing first-pass metabolism mainly in the liver, followed by biliary excretion of the
glucuronides, they will participate in EHR.

HER and EER are especially important for determining colon biodistribution of oral
phenolics that undergo extensive gut glucuronidation by UGTs (Fig.3, Intestinal Metabolism
insert). Once glucuronidated during the HER process (Fig.2, dashed red rectangle),
glucuronides are excreted into mesentery blood, taken up by hepatocytes, excreted into

the bile (via BCRP and MRP2), not absorbed as glucuronides (too hydrophilic), and then
guided into the lower gut to be hydrolyzed by gmGUS to aglycones for reabsorption. For
EER (Fig.2, dashed blue rectangle), gut-produced glucuronides are excreted into the lumen,
not absorbed, and then be guided into the colon to be hydrolyzed by gmGUS. HER and EER
are different from the classical EHR (known since 1958 for bile acid recyclingb?), because
intestine is the metabolism organ. In EHR, the metabolites are generated in the liver. On the
other hand, HER and EHR share an important similarity in that biliary excreted glucuronides
are involved in the recycling, whereas EER only involves intestinal excreted phase Il
metabolites. Regardless of how glucuronides reach terminal ileum or colon, gmGUS is
essential in their recycling.

Glucuronides hydrolysis mediated by gmGUS in the gut is one of the critical steps in
EHR, HER, and EER. Since hydrolysis reaction are usually very rapid as reported in
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in vitro studies, it is speculated that hydrolysis mediated by gmGUS might not be the
rate-limiting step in these three recyclings. However, the microenvironment in the gut could
be affected by physiological or pathological factors and activity of gmGUS may be altered
and the efficiency of EHR, HER, and EER could be affected significantly, which will
consequentially affect local or even systemic exposure of certain drugs. More /n vivo studies
with different /n vivo conditions (e.g., food effects, inflammation in the gut) should be
conducted to further elucidate the contribution of gmGUS activity to the efficiency of these
three recyclings.

Assays and models to study gmGUS activity

In vitro assays to determine the activity of gmGUS.

The gmGUS activity evaluation is extensively performed in various fields with different
requirements. For example, /n7 vitro gmGUS assays are routinely used for diagnostic
purposes for detecting £. coliand Shigella species in clinics, water, food and environmental
samples®2:63, In this regard, simple, quick, and high-throughput assays in vitro have been
developed using synthetic substrates of glucuronic acid linked to a chromophore (e.g.,
4-nitrophenol) or fluorophore (e.g., 4-methylumbelliferone). Chromogenic substrates are
usually phenol-based, water-soluble, thermostable and specific and occur in a wide range of
wavelengths and the results are typically read using UV-spectrometers4. The commonly
used chromogenic substrate for gnGUS activity is 4-nitrophenyl g-D-glucopyranoside
(4-pNPG)20, a small substrate that can be rapidly hydrolyzed by gmGUS to release the
aglycone 4-nitrophenol. Typically, a mM range of 4-pNPG is incubated with gmGUS at uM
ranges for 30 min in 96-well plates, followed by reading the absorbance at 405 nm using a
plate reader. The whole assay needs about one hour or less.

Although a few chromogenic substrates are available to determine activity gmGUS, the

use of fluorogenic substrates is more appealing due to their higher sensitivity. A common
fluorogenic substrate is 4-methyl-umbelliferyl-B-D-glucuronide (4-MUG), which releases
the fluorescent aglycone 4-methyl umbelliferone (4-MU) upon hydrolysis for fluorescence
detection in plate readers. This assay is usually more sensitive than those above-mentioned
chromogenic substrates-based assay. However, the major drawback of 4-MUG is that its
pKa value is 7.8, which causes only partial dissociation at the optimum pH requested by
gmGUS (<7.0). To overcome this issue, a novel method called the “discontinuous method ”
was tested by conducting the hydrolysis at different temperatures to afford kinetic data to
enable prompt evaluation of gmGUS activity5°. Other than 4-MUG, 3-carboxy-umbelliferyl-
BD-glucuronide was also turned out to be a good substrate because this compound has
higher solubility compared with 4-MU and been recently applied for the detection of £.
coli GUS, one of the isoform in gmGUS family, in a rugged /n situ optical sensor®. In
addition, 6-chloro-4-methylumbelliferyl-s-D-glucuronide, which enabled higher sensitivity
at physiological pH, was also reported in the literature to be used to detect £. coliin a
culture based assay8”. Besides plate readers, fluorogenic assays can also be measured using
microchip-based capillary electrophoresis and Q-PCR instrumentation8:69, For example, a
novel method to detect £. coli GUS activity using a microbially-modified glassy carbon
electrode was developed and applied for fecal pollution monitoring?0.
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Because certain bacterial species are be culture, fecal lysates are usually used to determine
the activity of gmGUS even through lysate prepared from feces may not be able to reflect
in vivo gmGUS activity. So far, two methods have been used to prepare fecal lysates: fecal
suspension and fecal S9 fractionZC. With fecal suspension, fresh feces are homogenized and
suspended in phosphate buffer, which will be incubated with substrate directly to determine
the hydrolysis rates. With fecal S9 fraction, the fecal suspension in buffer is sonicated to
break the cells to release the contain inside the cells and then centrifuge at 9,000 xg at

4 °C for 15 min to afford a fraction called fecal S9 fraction. This is a traditional method
used to prepare tissue S9 fraction in drug metabolism studies. We previously found out that
total protein concentration in fecal S9 fraction is higher than that in fecal suspension. In
addition, the gmGUS activity determined using fecal S9 fraction is higher than those using
fecal suspension?0. Additionally, time of feces collection also affected GUS activity. These
findings suggested that fecal S9 fraction prepared using fresh feces could be a better enzyme
source when determine gmGUS activity /n vitro.

In vivo assays to determine the activity of gmGUS.

In vivo activity of gmGUS can be determined using fluorogenic assays, where fluorescence
is generated upon hydrolysis of glucuronides to release fluorogenic aglycones that can be
detected outside of the animal body. For example, fluorescein di-s-D-glucuronide, shows

a high level of fluorescence intensity (Ex: 480 nm, Em: 514 nm) after removing of the
mono-glucuronide by GUSs with a detection limit of 104 CFU cells per well. Furthermore,
in an /n vivo study, the fluorescence of the released fluorescein fluxes in the abdomens
reached the maximum value at 3 hours after fluorescein di-B-D-glucuronide is administered
through oral gavage at 7.3 pmol/kg in mice’1:72, Other example specific probes using in

in vivo studies include 7-hydroxy-9H-(1,3-dichloro-9,9-dimethylacridin-2-one) glucuronide
(DDAO-glu, Ex: 633 nm, Em: 645-690 nm)’3, and hemicyanine glucuronide, which have
been successfully used to in the determination of gmGUS activity in mice and zebrafish?4.

Factors affecting gmGUS activities in in vitro and in vivo assays.

The enzyme-mediated reaction is a well-accepted /n vitro model to evaluate GUS activity.
Theoretically, in vivo model assay seems to be the best approach to study the total activity
of GUS in animals, but a specific probe is still understudied. Thus, total proteins prepared
from feces (e.g., fecal S9 fractions and fecal suspensions) are usually used as the enzyme
sources within /n vitro studies or recombinant microbial GUS from the bacterial culture
reported in the literature to determine glucuronide hydrolysis in the gut’>. Therefore, the
preparation process of the fecal S9 fractions and reaction conditions (e.g., pH values and
Mg?2* concentrations) could highly affect the readout. In addition, anaerobic conditions

may also have some impact on gmGUS activity since gut microbe grow under an anerobic
condition in vivo. We previously found that buffer pH values and Mg2* concentrations in the
buffer could affect gmGUS activity significantly20. Additionally, MU also has spectroscopic
characteristics strictly dependent on the pH of the assay solution: in particular, its absorption
spectrum varies in the transition between the undissociated, at acidic pH, and dissociated
form at alkaline pH’6. The pH of the assay solution affected the substrate structure and
substrate interactions with the enzyme.
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GmGUS as a therapeutic target

As described above, although gmGUS is not expressed in any organs of the host, this
bacterial enzyme family participates in the disposition of endogenous compounds (e.g.,
neurotransmitters, hormones..) and drugs (e.g., SN-38, NSAID), which could significantly
impact systemic or local exposure of these substrates, resulting in local or remote beneficial
or harmful biological effects. Therefore, manipulating gmGUS activity could affect local

or systemic exposure of certain drugs for reduced toxicity in the gut and/or enhanced
efficacy in the disease sites (Fig. 1). Advantages of targeting gmGUS to achieve desired
pharmacological efficacy have been demonstrated in animal models including (1) gmGUS
modulators (e.g., inhibitor) do not purposely kill bacteria as antibiotics do so that the risk
of dysbiosis is limited with gmGUS modulators; (2) systemic side effects can be limited
when the inhibitors are localized in the gut; (3) targeted or onset drug delivery is easier
compared to delivering drugs to other organs; and (4) Oral administration is the appropriate
drug administration route and many dosage form options are available. Towards these points,
gmGUS inhibitors, especially those from dietary components, are highly appreciated and it
would be more beneficial if the inhibitors could be localized in the colon as initiated by the
authors of this paper’”.

Targeting gmGUS for attenuated drug-induced toxicity in the gut and enhanced therapeutic

efficacy.

The impacts of microbiota on drug-induced toxicity or efficacy have been recognized for
decades. For example, antibiotics such as cefpodoxime and streptomycin have been tested
to suppress gmGUS activity for diarrhea attenuation in chemotherapy?87°. Furthermore,

a high-impact study published in Science in 2010 demonstrated that gmGUS inhibitors
successfully alleviated diarrhea induced by irinotecan, a prodrug of SN-38 used for the
treatment of different types of cancers, in mice8. The underlying mechanism is that the
inhibitors can effectively inhibit gmGUS activity towards SN-38G hydrolysis to release

the toxic form SN-38 in the colon, leading to decreased colonic exposure of SN-38,

which is correlated with diarrheal severity80. Interestingly, the identified gmGUS inhibitors
only inhibited gmGUS without killing the bacteria as many antibiotics do. Other than
irinotecan, it has been reported that inhibiting gmGUS could also protect against gut
damage and diminish dose-limiting toxicity induced by other drugs such as regorafenib®
and mycophenolic acid33 in animals due to reduced drug exposure with gmGUS inhibition.
These interesting studies demonstrated that gmGUS is a druggable target for attenuation
dose-limiting adverse effect (e.g., diarrhea, constipation, mucositis) in the Gl tract. The
mechanism is reducing glucuronides hydrolysis to release the toxic compounds (i.e.,
aglycones) in the gut due to gmGUS inhibition. However, local drug exposure may

be affected by different factors, such as efflux/uptake transporters and UGTs, and only
inhibiting gmGUS may or may not be effectively reduce local drug exposure. In addition,
different mechanisms (e.g., inflammation8) could be involved in drug-induced toxicity and
only reduce local drug exposure sometimes may not be able to significantly attenuate tissue
damage and symptoms.
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Other than alleviating drug-induced toxicity in the gut, inhibiting gmGUS can enhance
irinotecan efficacy in chemotherapy as demonstrated in mice in 2020 in a paper published in
PNAS?®. This study is from the same group as the paper in Science, indicating that gmGUS
inhibition alleviates gut damage, improves survival, and does not alter the gut microbial
composition. In addition, due to gut protection, inhibiting gmGUS enables irinotecan dose
escalation, which significantly improve therapeutic effectiveness due to gut protection. The
mechanism of gut protection was not entirely elucidated in this paper and SN-38 exposure
was not determined. The author of this paper proposed that reduced SN-38G hydrolysis in
the gut due to gmGUS inhibition is likely the mechanism described above. This fascinating
study provides an option of developing combination therapy targeting gmGUS for better
anticancer efficacy, especially for the treatment of relapsed and refractory cancers, by
enhancing systemic drug exposure.

Targeting gmGUS to prevent or treat local and remote diseases.

Glucuronidation of toxic chemicals (e.g., carcinogens) is a detoxification procedure because
glucuronides are usually easier to be eliminated through urine or feces when compared

to aglycones. However glucuronides of toxic compounds can be efficiently hydrolyzed by
gmGUS in the gut to release the toxic compounds to cause certain diseases in the gut

such as colitis and colorectal cancer3?. In addition, aberrant expression/ activity of gmGUS
could disturb the harmoniousness of certain hormones (e.g., estradiol) and neurotransmitters
(e.g., dopamine, santonin) as these endogenous compounds undergo efficient HER or EER,
leading to remote diseases such as breast cancer or mental disorders. Treating diseases by
targeting gmGUS has not been quite success in humans, but some related research has been
published in high-impact journals including Science and Nature, suggesting that targeting
gmGUS is a currently a pioneer work.

Inhibiting gmGUS could reduce the risk of local diseases.

It is known that gmGUS facilitates initiation or progression of certain diseases in the

gut because gmGUS could reactivate toxic exogenous compounds. The well-studied case
probably is that gmGUS could cause certain carcinogens in the gut to cause colorectal
cancer. The host body processes exogenous carcinogens such as PhIP, NNK (Nicotine-
derived nitrosamine ketone) through glucuronidation in the liver to afford glucuronides,
which could be excreted through the bile into the gut for elimination82:83. GmGUS could
hydrolyze these non-toxic “wastes” to reactivate the carcinogens in the colon. The impact
of gmGUS on the disposition of these carcinogens such as PhIP has been demonstrated

in mouse models and approaches targeting gmGUS to prevent colorectal cancer have

been proposed®3. Other than colorectal cancer, gmGUS is also associated with colitis. A
recent study showed that gmGUS reactivates triclosan, a compound used in thousands of
consumer products, to cause colitis and colitis-associated colorectal tumorigenesis in animal
models30. These examples showed that excessive activity of gmGUS at the functional level
reactivates toxic compounds and harmer elimination. Therefore, inhibiting gmGUS activity
was effective in treating the related diseases.
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Inhibiting gmGUS holds the promise to prevent remote diseases.

Since signaling endogenous compounds participate in 3Rs, aberrant gmGUS activity in

the gut could significantly impact the harmony of these compounds to cause disease in

the other organs. For example, estradiol and estrone are hormones associated with hormone-
related breast cancer!1:8485 These two compounds undergo enterohepatic recycling through
glucuronidation in the liver and hydrolysis by the gmGUS in the gut. It was proposed that

in case the activity of gmGUS is aberrantly elevated, more estradiol could be generated

in the gut from glucuronide, resulting in hormone disorder to increase the risk of breast
cancer86-88_ However, controversial results were observed in a recent study showing that
although gmGUS participate in hormone disposition, breast cancer risk was not reduced by
gmGUS inhibitors, suggesting that estrobolome disposition in the host is a multidimensional
processi0. The challenge in this type of study is how gmGUS inhibition could quantitatively
affect hormone exposure. Although deconjugation is an essential step in estradiol and
estrone reactivation, systemic exposure to these two compounds is also impacted by other
factors including glucuronidation in the liver and efflux of the glucuronide’s conjugates.
More accurate quantification analysis is expected to determine the impact of gmGUS
inhibition on hormone disorder to reveal the role of gmGUS in remote cancer entirely.

Other than hormones, some neurotransmitters including dopamine and serotonin, also
undergo recycling via glucuronidation, where reactivation by gmGUS is also an important
step in recycling to affect their bioavailability. Direct evidence linking gmGUS with
neurotransmitter-related diseases has not been reported. However, it has been demonstrated
that gut microbiota play an important role in regulating neurotransmitters in gut-brain
axis89. Therefore, it is plausible that gmGUS could be one of the important players in
neurotransmitters’ bioavailability, which may indirectly affect the function of gut-brain axis.
If so, gmGUS could be tested as a target to affect neurotransmitters” bioavailability to

treat certain medical conditions such as depression and Parkinson’s diseases and maintain
normal physical and mental wellbeing such as mood, sleep memory, learning, and motor
control. More studies on how gmGUS affecting intestinal luminal and systemic exposure
of these neurotransmitters needs to be conducted since the storage, release and transport of
neurotransmitters are complex90:91,

GmGUS is involved in processing nutritional and herbal components.

The majority of research on treating and preventing diseases is gmGUS inhibition. For
nutritional and herbal components processing, activation of gmGUS may be beneficial
because many nutritional and active herbal components exist naturally as glucuronides

or glycosides forms, which have high polarity and are difficult to be absorbed. GmGUS
could hydrolyze a wide range of sugars to release the aglycones to facilitate absorption.
For example, wogonoside and baicalin are two glucuronides in Scutellaria baicalensis, an
herbal material used in many traditional medicines. GmGUS activates wogonoside and
baicalin via hydrolysis to release wogonin and baicalein, two absorbable aglycones having
multiple pharmacological functions including cancer prevention®2. In this regard, boosting
or enhancing gmGUS activity could facilitate beneficial aglycones’ release. More basic
research on boosting and enhancing gmGUS expression and activity, and the impact of
enhancing gmGUS on the disposition of endogenous compounds should be conducted.
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Gut microbial GUS inhibitors.

Natural products and chemically synthesized small molecular gmnGUS inhibitors have been
continuously reported since the connection between gmGUS with certain diseases was
established. In addition, some approved drugs were also reported to be active in gmGUS
inhibition. A recent review paper summarized gmGUS inhibitors reported from these

three categories'3. For example, Scutellarein, a naturally occurring flavonoid, inhibited
hydrolysis of pNPG, a standard GUS substrate, with I1Csq at 5.76 uM against £cGUS%,
Another example showed that palbociclib, an approved drug used to treat breast cancer,
inhibited hydrolysis of pNPG by £cGUS with ICsq at 3.5 uM against ECGUS hydrolysis3L.
Interestingly, some glucuronides also showed gmGUS inhibition. For example, wogonoside,
a naturally occurring glucuronide of wogonin, inhibited hydrolysis of SN-38G with Ki at
4-16 UM against EcGUS. Other than inhibition of a specific GUS isoform, many potent
broad-spectrum gmGUS inhibitors were also identified. For instance, a recent publication
reported amentoflavone as a potent inhibitor that can inhibit hydrolysis of pNPG against
multiple gmGUS isoforms including EcGUS, CpGUS, and SpasGUS%4. These examples
suggested that dietary components or approved drugs may interact with microbiota via
gmGUS inhibition to exert certain pharmacological efficacy.

Challenges and Perspectives of targeting gmGUS in drug development

Although the function of gmGUS has been reported back to the 1930s°, the role of

gmGUS in drug development has only been appreciated for less than two decades, and
many challenges still exist. Although preclinical studies have demonstrated the efficacy

of modulating gmGUS in treating and preventing diseases and drug toxicity, there are
currently no drugs targeting gmGUS approved in human. In other words, using gmGUS as a
druggable target needs to be validated in humans in drug development.

One of the significant challenges is that the homeostasis of endogenous could be broken
when gmGUS is inhibited. As described above, potent and broad-spectrum gmGUS
inhibitors have been identified, and these inhibitors can decrease gmGUS activity to

reduce local exposure to toxic compounds to alleviate local toxicities. However, gmGUS
activity inhibition may disturb recyclings of certain important endogenous compounds (e.g.,
bilirubin, bile acids, dopamine), which may cause severe consequences. It is well-known
that dysbiosis of gut microbiota could cause severe impact of host health. Whether inhibiting
gmGUS could cause any a negative impact on the host’s health needs to be further evaluated.
For example, dysfunction of dopamine homeostasis is associated with abnormal brain
functions including Parkinson’s disease9®, and severe consequences may occur if dopamine
recyclings were significantly disturbed via gmGUS inhibition. Homeostasis of phenolic
compounds is maintained by different factors such as UGTS, uptake/efflux transporters

with complex interplays. Inhibiting gmGUS may break these interplays to cause severe
pathological effects. In additional to mammalian cells in the host, gut bacterial may also
expressed enzymes, such as UDP-glycosyltransferases, that may have potential impact on
disposition of phenolics and glucuronides. More studies are expected to address these
concerns.
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Another concern is inhibitor selectivity. Besides gut microbiota, mammalian cells also
express beta-glucuronidases abbreviated as “GUSB™%. It was reported that GUSB

is involved in the degradation of glucuronate-containing glycosaminoglycan, which

is an essential process in the human brain and deficiency of GUSB could cause
mucopolysaccharidosis type VII (MPSVII), leading to lysosomal storage in the brain. In
case GUSB were inhibited, a severe side effect could occur. In addition, gmGUS inhibition
could potentially affect drug efficacy. For example, many cancer cells stably expressed
GUSBY, theoretically SN-38G could be hydrolyzed by GUSB to release the active form
SN-38. In case the activity of GUSB were inhibited in cancer cells, exposure of SN-38
could be potentially decreased, which may cause negative impact on therapeutic efficacy.
Currently, inhibitor selectivity is understudied, and more studies should be conducted to
determine whether gnGUS and GUSB share same inhibitors and what is the impact on drug
exposure in the diseases tissue or organ in case both gmGUS and GUSB were inhibited.

Inhibitors identified using /n vitro models may not function in /n vivo studies. Gut
microbiota is a mixture of trillions of bacteria, and it has been discovered that at least

279 gmGUS isoforms are expressed in human microbiota. These enzymes may share
substrates even though they may have different favorite substrates. To develop inhibitors

for decreased glucuronides hydrolysis in the gut, broad-spectrum inhibitors may be needed.
Many studies used a single EcGUS as the enzyme source for inhibitor screening. Whether
the inhibitors identified using a single enzyme could inhibit glucuronide hydrolysis /n

vivo need further evaluation. Different isoforms were used to address this concern, but

it is still not comfortable to state that these enzymes can represent the entire gmGUS

as evidences have shown that high potent EcGUS inhibitor (i.e., Amoxapine) showed
incomplete inhibition of gmGUS activity from human gut microbiota®8. Fecal enzymes
could be a better option in this regard. However, when we prepare fecal enzymes from feces,
it is unclear whether some isoforms were lost during preparation because anaerobic bacteria,
which may express gmGUS, could not survive in feces unless the preparation is in anaerobic
condition.

Additionally, in many in vitro and in vivo studies, the general gmGUS activity was
evaluated using a chromogenic (e.g., 4-nitrophenyl p-D-glucopyranoside) or fluorogenic
substrates (e.g., 4-methyl-umbelliferyl-g-D-glucuronide). These probes are sensitive, and
the methods are simple and rapid. However, the aglycones of these two glucuronides

are small and activity determined using these substrates may not reflect the activity for

a specific substrate. Unfortunately, these is no studies reporting the correlation between
“general activity” determined using gmGUS probes with the activity to hydrolyze a specific
substrate. Additionally, structure-activity relationship study is rare and the relationship
between general gmGUS activity and activity towards a specific substate is unclear. To
address this concern, a probe cocktail containing glucuronides with structural diversity
might be a better option. Additionally, it would be appreciated if the glucuronides and/or
their metabolites (i.e., aglycone) in the cocktail could be sensitively detectable using UV or
florescence detectors. How to select glucuronides to make a cocktail probe depends on our
knowledges on further understanding the substrate-enzyme binding and the structure-activity
relationships (SAR).
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Individual variation of gmGUS expression levels and activity are also concerned. We
previously found that fecal gmGUS activity toward hydrolysis of wogonoside, a naturally
occurring flavonoid glucuronide were highly different (up to 6-fold) in individual rats2°,
suggesting that gmGUS expression in an individual could be highly different. More studies
should be conducted to verify the results in humans.

Finally, a significant concern is the impact of gmGUS inhibition on the microbiome
composition. One of the advantages of developing gmGUS inhibitors is that gmGUS
inhibition will not kill the cells to cause microbiome dysbiosis, which is a common
challenge for most approved antibiotics. /7 vitro study showed that inhibiting gmGUS
using selected approved drugs did not kill £, co/*. In addition, preliminary in vivo studies
also suggested that certain synthesized gmGUS inhibitor did not alter the microbiome
composition significantly®. /7 vitro model has been used to address this concern is to
determine the 1Cs of the inhibitors against £, Co/P4, which is a pretty simple and decent
assay for primary evaluation and in vivo assays (e.g., 16S rRNA gene sequencing, shotgun
metagenomics) to determine microbiome composition are commonly used in many labs

or available in many facility cores. Determining the impact of gmGUS inhibitors on the
microbiome is expected to be carefully studied in developing gmGUS inhibitors to treat/
prevent diseases. In addition, many gmGUS inhibitors have been identified for the purpose
of treating certain diseases or drug-induced toxicity, however the downside of on inhibiting
gmGUS is not well studied. Since gmGUS enzymes are also involved in the disposition of
many important endogenous compounds, the impact of inhibiting gmGUS on the disposition
of these compounds and their physiological function should be considered and monitored
when gmGUS is used as the target in drug development.

Concluding remarks

It has been demonstrated that gmGUS plays an essential role in the disposition of many
endogenous and exogenous compounds. Many gmGUS inhibitors have been identified from
natural products, approved drugs, and newly synthesized compounds using in vitro and in
vivo models. Based on the findings from animal studies, it is expected that gmGUS can

be used as a druggable target to treat gut or remote diseases. However, challenges remain
and studies in humans are highly expected to be conducted to validate the findings from
animal studies. In addition, since gmGUS is involved in the disposition of many important
endogenous compounds, more studies should be conducted to determine the short-term and
long-term impact of gmGUS manipulation on the disposition of the endogenous compounds,
whose homeostasis is essential to the host’s health.
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Figure 1.
Schematic representation of microbial p-glucuronidases (gmGUS) Pathophysiology.

gmGUS plays critical role in the enterohepatic recycling of toxic substances (e.g, anticancer
drugs, opioids, dietary carcinogens) and endogenous substrates (ENS) (e.g, estrogen,
androgen, serotonin, bilirubin, and dopamine etc.). Elevated gmGUS activity due to
dysbiosis of the gut microbiome associated with colon cancer, inflammatory bowel disease,
and drug-induced intestinal injury led to increase systemic and gut levels of ENS and
increase toxic compounds exposure to colonocytes and subsequent epithelial damage.
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Figure 2. Structure and sequence homology of GUS enzymes.
(A) Structure of £. coli GUS with an inhibitor, glucaro-D-lactam. This protein formed a

homotetramer in the original X-ray crystal structure (PDB: 3K4D). A monomer is selected
to illustrate the tertiary structure of this protein (left) and its active site (right). The parts
illustrated as red and blue sticks represent the Loop 1 and Loop 2 regions, respectively. £.
coli GUS belongs to the L1 subgroup and its Loop 1 region is proximate to the inhibitor
molecule. Other colored parts in cartoon mode have = 90% sequence identity among GUS
homologs from a modified version of the HMGC279 GUS data set curated from the Human
Microbiome Project (HMP) Stool Sample Catalog?. Samples in the HMGC279 dataset that
were described as fragments or had undetermined taxonomy were removed, resulting in a
subset of 229 GUS enzyme amino acid sequences (GUS229) that we used for identifying
conserved regions. Many of these conserved regions form the active site and interact

with the inhibitor. (B) Amino acid sequence of E. coli GUS. Highlighted regions of this
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sequence (SRS017191.56930) correspond to the conserved motifs colorized in Figure 1A.
Loop region sequences are outlined (Loop 1, blue; Loop 2, red). (C) Hierarchical clustering
dendrogram of GUS homologs from the GUS229 dataset. Inter-motif regions containing
Loop 1 and Loop 2 (from GUS229) were each aligned in UGENE (v41.0)? using MUSCLE
(with default parameters). A sequence identity distance matrix for the GUS229 alignment
was calculated in R (v4.1.2) using the R package seqinr (v4.2-8) to evaluate sequence
identity, and a custom Python (v3.9) script to weigh the length of the two loop regions. The
aggregate distance matrix was used for agglomerative hierarchical clustering (“mcquitty”
method) in R. Loop subgroups are distinguished by color as indicated on the dendrogram.
Homologs from the same subgroup (L1, mL1,2, mL1, mL2, L2, and NL) clearly clustered
together.
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