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Vancomycin relieves tacrolimus-induced hyperglycemia by eliminating gut
bacterial beta-glucuronidase enzyme activity

Peixia Li*, Rui Zhang®, Jinping Zhou, Pengpeng Guo, Yani Liu*, and Shaojun Shi{*
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ABSTRACT

Up to 40% of transplant recipients treated long-term with tacrolimus (TAC) develop post-
transplant diabetes mellitus (PFTDM). TAC is an important risk factor for PTDM, but is also essential
forimmunosuppression after transplantation. Long-term TAC treatment alters the gut microbiome,
but the mechanisms of TAC-induced gut microbiota in the pathogenesis of PTDM are poorly
characterized. Here, we showed that vancomycin, an inhibitor of bacterial beta-glucuronidase
(GUS), prevents TAC-induced glucose disorder and insulin resistance in mice. Metagenomics
shows that GUS-producing bacteria are predominant and flourish in the TAC-induced hyperglyce-
mia mouse model, with upregulation of intestinal GUS activity. Targeted metabolomics analysis
revealed that in the presence of high GUS activity, the hydrolysis of bile acid (BAs)-glucuronic
conjugates is increased and most BAs are overproduced in the serum and liver, which, in turn,
activates the ileal farnesoid X receptor (FXR) and suppresses GLP-1 secretion by L-cells. The GUS
inhibitor vancomycin significantly eliminated GUS-producing bacteria and inhibited bacterial GUS
activity and BAs levels, thereby enhancing L-cell GLP-1 secretion and preventing hyperglycemia.
Our results propose a novel clinical strategy for inhibiting the bacterial GUS enzyme to prevent
hyperglycemia without requiring withdrawal of TAC treatment. This strategy exerted its effect
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through the ileal bile acid-FXR-GLP-1 pathway.

Introduction

Post-transplant diabetes mellitus (PTDM) is
a common complication after solid organ trans-
plantation (SOT), and is an independent risk factor
for graft failure and patient mortality." Risks con-
tributing to PTDM include transplant candidate,
age, family history of diabetes, genetics, and pre-
scribed immunosuppressants.” The incidence of
PTDM after kidney transplantation ranges from
10% to 40%, whereas after liver transplantation, it
can be as high as 50%.” It has been reported that
mycophenolate (MMF) has no significant effect on
glucose metabolism, while tacrolimus (TAC) is
closely related to PTDM and with a higher risk
than cyclosporine A (CsA) and sirolimus (SIR).*®
TAC is the most widely used immunosuppressant
in SOT, but the exact mechanism by which TAC-
induced PTDM occurs is not fully understood,
several hypotheses have been proposed. (1) TAC

reduces insulin secretion through the PI3K/Akt
pathway.® TAC also caused damage to mitochon-
drial function and blocks insulin secretion.” (2)
TAC directly induces apoptosis of human islet
cells by inhibiting of mTOR and activation of
BMP/SMAD signaling to accelerate metabolic
stress.®>? (3) TAC caused hepatic insulin resistance
through insulin receptor substrate (IRS)2/AKT and
sterol regulatory element binding protein
(SREBPI1) signaling.'” Antidiabetic medications
such as metformin, sulfonylureas, and insulin are
widely used in the management of PTDM, but
effective strategies for the prevention of TAC-
induced diabetes in post-transplant patients are
still lacking,.”

TAC is mainly metabolized by the phase
I metabolic enzyme cytochrome P450 (CYP) 3A
subfamily in the liver and gut wall, including
CYP3A5 and CYP3A4.'' Approximately 15
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metabolites are formed by mono-demethylation,
di-demethylated, mono-hydroxylated metabolites
and modified by multiple reactions.'” The major
metabolite is 13-O-desmethyl tacrolimus (M1),
which has only 10% the activity of TAC."? UDP-
glucuronosyltransferases (UGTs) mediate phase II
metabolism of endogenous and exogenous sub-
stances, which is a classic detoxification process."
Chantal et. al confirmed that UGT1A4 is the most
efficient enzyme for glucuronidation of TAC in -
vitro."* An un-resolved peak of TAC was detected
in the bile of transplant patients, incubation the
bile sample with beta-glucuronidase (GUS)
resulted in a single peak and increased exposure
of TAC." TAC induces toxicity via its drug proto-
type rather than metabolites.'®'” Whether altera-
tions in endogenous metabolite or exogenous drug
exposure induced by UGTs would impact the toxi-
city of TAC remains unclear.'"® GUS enzyme is
closely related to the hydrolysis of glucuronides
and glucose metabolism.'>*° Berberine, a natural
alkaloid extracted from Chinese herbal medicines,
mainly used for the treatment of diarrheal.”' Tt
exerts anti-hyperglycemic effects and significantly
decreased the activity of intestinal GUS in diabetic
rats.”> However, the mechanism of intestinal GUS
in diabetes remains unknown. In addition, bacter-
ial GUS enzymes directly modify drugs to produce
toxic products have also been observed. Irinotecan
(CPT-11) is a first-line chemotherapy for advanced
colorectal cancer,” GUS could transfer its nontoxic
metabolite SN-38 G into toxic SN-38 and induced
delayed diarrhea.** Mycophenolate mofetil (MMF)
is another important immunosuppressant to pre-
vent organ transplant rejection. Consistent with
irinotecan, MPA can be reactivated by GUS and
mediate gastrointestinal toxicity.>

An increasing number of studies have revealed
that interfering with gut microbiota is an effective
strategy for preventing and regulating glucose and
lipid metabolism disorders.”® Gut microbiota is
involved in host metabolism and energy home-
ostasis. Intestinal dysbiosis is characterized by
diversity of microbial communities and an
increase in potentially harmful microbes, which
can affect the progression of diabetes.”’
Furthermore, bacteria derived metabolites includ-
ing lipopolysaccharide (LPS), short-chain fatty
acids (SCFAs), free fatty acids (FFAs), and bile

acids (BAs) has been partly revealed.”® Excessive
production of LPS is one of the features associated
with microbiota dysbiosis, which triggers for
endotoxin production and causes low-grade
chronic inflammatory responses that induce insu-
lin resistance.”” Gut microbiota ferment nondi-
gestible carbohydrates (e.g., dietary fiber) to
produce a variety of metabolites such as
SCFAs.”® These metabolites can influence perme-
ability of the intestinal barrier and gut hormone
secretion, thereby affecting insulin sensitivity and
glucose homeostasis.”’ High cholesterol levels are
a risk factor for diabetes development.’> The
synthesis of BAs is the major pathway of choles-
terol catabolism, which affecting host lipid meta-
bolism by regulating farnesoid X receptor (FXR)
and Takeda  G-protein-coupled receptor
(TGR5).>®> The role of bacterial metabolite
SCFAs in the development of TAC-induced
hyperglycemia has been demonstrated, and oral
supplementation with butyrate can treat TAC
induced hyperglycemia.>* It remains unclear
whether TAC-induced PTDM can be prevented
by targeting the gut microbiota.

Therefore, this study aimed to investigate
whether changes in the composition of gut micro-
biota could prevent TAC-induced hyperglycemia.
We hypothesized that TAC-induced diabetes is
related to bacterial GUS enzyme activity, and
investigated whether targeting bacterial GUS
could reverse TAC-induced hyperglycemia and
the underlying mechanism.

Material and methods
Mice

Eight-week-old male C57BL/6] mice aged were
purchased from GemPharmatech Biotechnology
Co., Ltd. (Jiangsu, China) with permission number
SYXK 2021-0057 and were acclimatized for a week
before commencing any experiment. Animals were
maintained in a specific pathogen-free facility
room at the Laboratory Animal Center,
Huazhong University of Science and Technology.
Mice were housed in a controlled environment
(temperature range of 20-22°C; relative humidity
between 40%-60%; under a 12 h light/dark cycle).
Food and water were provided ad libitum during



the acclimatization period. The study protocol fol-
lowed international ethical guidelines and was
approved by the Animal Ethics Committee of
Huazhong University of Science and Technology.

Animals study design

After acclimatization, mice were randomly assigned
to three groups (n=6 per group): (1) Control
(CON) group: mice were injected intraperitoneally
daily in the morning with saline; (2) Tacrolimus
(TAC) group: mice were injected intraperitoneally
daily in the morning with 2.0 mg/kg/d TAG; (3)
Tacrolimus combined with vancomycin (TAC +
VAN) group: mice were injected intraperitoneally
daily in the morning with 2.0 mg/kg TAC and 500
mg/L of vancomycin (VIANEXS.A, Registration
number H20140174) was administered in the drink-
ing water ad libitum. All interventions lasted four
weeks and body weight was regularly recorded every
three days. The fresh feces of all mice were collected
during the last week and stored at — 80°C until the
analysis. All mice were fasted for 12 h and water was
available before death. Mice were euthanized and
blood samples were collected and centrifuged at
3000 rpm for 15 min to obtain serum. Tissues and
organs, such as pancreas and intestines were flushed
with phosphate-buffered saline (PBS, pH 7.4) and
stored at — 80°C until subsequent analysis or in 4%
paraformaldehyde for histological.

Fasting glucose and insulin assays

Mice were fasted for 12 h with free access to water
and blood samples were collected from the tail vein
to detect fasting blood glucose (FBG) weekly by
a One Touch glucometer (Johnson & Johnson,
USA). Fasting insulin levels were determined in
the serum of mice fasted for 12 h using an enzyme-
linked immunosorbent assay (ELISA) Kkit
(Bioswamp, Cat# MU30432). According to the
fasting insulin and glucose concentration, the insu-
lin resistance index HOMA-IR was calculated
according to Equation (1):

HOMA — IR = Fasting insulin(mU/L)
x Fasting glu cos e(mmol/L)/22.5

(1)
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Glucose and insulin tolerance tests

At week 4, we performed intraperitoneal glucose
tolerance test (GTT) and insulin tolerance test
(ITT) in mice respectively, according to the meth-
ods described by Le, J°°> and Mooli.*® Mice were
placed in clean cages and fasted with free access to
water. For the GTT, mice were fasted for 12 h and
baseline blood glucose was measured using
a glucometer. They were then intraperitoneally
administered 20% glucose (2 g/kg, body, weight)
and blood glucose was measured through the lat-
eral tail vein at 0, 30, 60, 90 and 120 min. For the
ITT, mice were fasted for 6 h followed by an intra-
peritoneally injection of 0.75 IU/kg insulin and
blood glucose were measured at 0, 30, 60, 90 and
120 min after injection.

Biochemical analysis

ELISAS was used to quantify the serum and fecal
LPS (Enzyme Linked Biotechnology Co., Ltd, Cat#
MM-0634M1), fecal B-Glucuronidases (Bioswamp,
Cat# MU30770), GHbA1c (CUSABIO, Cat# CSB-
E08141m), serum FGF15 (Bioswamp, Cat#
MU31463) and serum GLP-1(Bioswamp, Cat#
MU30354) according to the manufacturer’s
instructions.

Histopathological examination and
immunofluorescence stain

The pancreas, colon and ileum were fixed in 4%
phosphate-buffered formalin acetate at 4°C over-
night and embedded in paraftin wax. Paraffin sec-
tions (5 pm thick) were stained with hematoxylin
and eosin (H&E), dehydrated and sealed, and
microscope images were captured. The histo-
pathology of the pancreas was evaluated using the
scale proposed by Schmidt et al.,>” which included
inflammatory cell infiltration, edema, and acinoly-
tic cell necrosis. Immunofluorescence staining was
performed to evaluate insulin and glucagon secre-
tion in pancreatic  cells and GLP-1 expression in
the intestine. The fixed fresh tissue was stored in
4% paraformaldehyde overnight and, sliced after
dehydration and OCT embedding. The tissue sec-
tions were antigen-repaired, cooled to room tem-
perature and blocked with 3% BSA diluted in PBS
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for 30 min, followed by overnight staining with
primary antibodies. Pancreas sections were
immuno-labeled with a combination of rabbit
pAb anti-insulin (Servicebio, cat# GB11334,
1:150) and rabbit pAb anti-glucagon (Servicebio,
cat# GB113496, 1:1000) antibodies. The colon and
ileum sections were incubated with a primary anti-
GLP-1 rabbit pAb (Servicebio, cat# GB11335,
1:500). Incubated overnight at 4°C, washed three
times with PBS, and incubated with fluorescein
conjugated secondary antibodies of the corre-
sponding species. The nuclei were counterstained
with 4,6-diamino-2-phenyl indole (DAPI). All
stained sections were observed under a Leica
microscope, fluorescence intensity was quantified
using the built-in analysis software LAS X, and cells
were counted using Image J 1.8.0_345.

Imaging of intestinal microbial GUS enzyme activity
in mice

The GUS activity of the mice was detected using
fluorescein di-p-D-glucuronide (FDGIcU, Thermo
Fisher Scientific, Cat#F2915) by the method of
Chen et al. as reported.”® Mice (1 =6, per group)
were administrated orally 7.3 umol/kg FDGIcU dis-
solved in distilled deionized water. The fluores-
cence intensity in the intestine was detected on
a Spectrum imaging system (Lago X, Spectral
Instruments Imaging) 3 h after probe administra-
tion (Aex: Aem =465 nm: 530 nm), with an expo-
sure time was 5s. Fluorescence intensity was
quantified by intestinal fluorescence using the
Aura assay software.

GUS enzyme activity assay in feces

GUS activity in feces was measured using the col-
orimetric method by monitoring the release of
p-nitrophenol after reacting with the substrate
4-Nitrophenyl B-D-glucuronide (pNPG) modified
according to the method of Cheng et al. *° Briefly,
fresh stools were collected, weighed, and homoge-
nized in PBS buffer (1:9 w/v, containing 1% DMSO
and 0.05% BSA). The fecal suspension (45 uL) was
added to 50 uL of 20 mM pNPG. The mixture was
incubated at 37°C for 1 h and was then centrifuged
at 6000x g for 10 min. The resulting supernatant

was collected and mixed with 5 uL of 2N sodium
hydroxide. The OD value was measured at 405 nm.

Metagenomic analysis

Total genomic DNA was extracted from fecal sam-
ples using an E.Z.N.A. stool DNA kit (Omega Bio-
Tek, Norcross, GA, USA). Successful DNA isola-
tion was confirmed using agarose gel electrophor-
esis and Qubit® dsDNA Assay Kit in Qubit® 2.0
Fluorometer (Life Technologies, CA, USA). The
NEBNext® Ultra®"DNA Library Prep Kit for
[llumina (NEB, USA) was used to build the paired
end library. Metagenomic high-throughput
sequencing was performed using the Illumina
HiSeq sequencing platform (Illumina, USA) to
remove the host reads from the metagenomic
sequences, which were aligned genome of mice
and filtered using Bowtie2 version v2.2.4. Clean
metagenomic sequence reads were analyzed using
the DIAMOND software (V0.9.9, https://github.
com/bbuchfink/diamond/) taxonomic sequence
classification approach on the NR database
(Version: 2018-01-02, https://www.ncbi.nlm.nih.
gov/) of NCBI comprising all complete bacterial,
viral, and archaeal genomes in RefSeq. All coding
regions of the metagenomic scaffolds longer than
200 bp were predicted using MetaGeneMark. The
functional profiles of nonredundant genes were
obtained by annotation against the Kyoto
Encyclopedia of Genes and Genomes (KEGG)
and Carbohydrate-Active EnZymes database
(CAZy).

SCFAs assay

SCFAs determination was modified according to
the method described by Jin et al. ** 2-ethylbutyric
acid was used as the internal standard, and the
SCFAs standard curve contained acetic acid, pro-
pionic acid, butyric acid, isobutyric acid, valeric
acid, isovaleric acid, and caproic acid. Fecal sam-
ples (20 mg) were extracted with 200 uL of acetoni-
trile. Then the samples were vortexed for 2 min
followed by centrifugation at 12,000 rpm for 10
min at 4°C. Next, 60 uL of the extracted suspension
was mixed with 30 uL of 0.2M derivatization
reagent (3-Nitrophenylhydrazine) 3-NPH and 30
uL of 0.12M ethyliminomethylideneamino)-N,
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N-dimethylpropan-1-amine, hydrochloride (EDC)
on ice. The mixture reacted in a water bath at 40°C
for 20 min. 30 uL of 3-NPH-dtervatived internal
standards were added to each sample. Finally, the
mixture was centrifuged for 10 min at 12,000 rpm
and the suspension were analyzed using HPLC-MS
The fecal SCFAs contents were determined using
an ACQUITY HPLC system (Waters, USA) and an
API 4000 triple quadrupole mass spectrometry sys-
tem (Applied Biosystems, USA). Separation was
conducted on an Inertsil ODS-SP column (100
mm x 2.1 mm, 3um) (Shimadzu). The mobile
phase was composed of 0.1% formic acid in 10
mM ammonium acetate aqueous (A) and acetoni-
trile (B). The LC gradient profile was as follows:
0-2 min 15%B; 2-11 min 15-55%B; 11-12 min 55—
100%B; 12-13 min 100%B; 13-13.5 min 100%-
15%, re-equilibrate at 15% B for 5 min. The column
temperature was 45°C and the injection volume
was 5 uL.

BAs composition analysis

The BAs concentrations in samples were quantified
using ultra performance liquid chromatography
mass spectrometry (QTRAP 5500, AB Sciex).
Acquity BEH C18 column (100 mm x 2.1 mm, 1.7
pum, Waters.) was used at temperature of 35°C and
the flow rate of 0.1 mL/min. Briefly, the serum,
liver and feces were homogenized in cold normal
saline, precipitated with alkaline acetonitrile, cen-
trifuged, and supernatant evaporated under nitro-
gen steam until dry. The resulting residue was
resuspended in 85% methanol and injected into
a UPLC-MS system. The mobile phase consisted
of methanol (A) and 5 mM ammonium acetate,
containing 0.1%formic acid (B). The flow rate was
0.1 mL/min. The LC gradient profile was as fol-
lows: 0-1 min 10%A; 1-2 min 50%A; 2-3 min 65%
B; 3-6 min 70%A; 6-11 min 75%A, 11-20 min 80%
A; 20-40 min 92%A; 40-42.5 min 95%; 43.5-45 min
10%A. DHCA was used for internal standard.

Q-PCR and western blot analyses

Total RNA was extracted using specialized fecal
RNA isolation Kit (absin, Cat# abs60290) and
qPCR was performed with the CFX96 (Bio-Rad,
Hercules, CA). The quality of the amplified
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product was assessed by melting curve analysis at
the end of amplification. Target primer sequence of
beta-glucuronidase (GUSB) F: TTCAGAGCGAG
TATGGAGCA; GUSB R: CTCTCGTCGGTGAC
TGTTCA. All samples were performed in dupli-
cate, and data were normalized to GADPH and
analyzed according to the 2~ **“T method.

Intestine tissues including ileum and colon were
lysed in RIPA buffer containing protease and phos-
phatase inhibitors and PMSEF. The total protein was
determined using the BCA assay kit (Beyotime
Biotechnology) described previously.*' After boil-
ing at 95°C for 10 min, equal amounts of protein
were electrophoresed on 12% SDS-page gels and
transferred to a polyvinylidene fluoride (PVDF)
membrane. The membranes were blocked at
room temperature with 5% nonfat milk and the
membranes were incubated with antibodies against
FXR (Abcam, Cat# ab228949, 1:100), TGR5
(ABclonal technology, Cat# A20778, 1:1000),
CYP7A1 (ABclonal technology, Cat# A10615,
1:1000), SHP1 (ABclonal technology, Cat# A1836,
1:500), GUSB (Proteintech, Cat# 16332-
1-A P1:500) and P-actin (Abcam, Cat ab115777,
1:4000) at 4°C overnight. The membranes were
washed three times 5 min with TBST buffer three
times for 5min each time and followed by a 2h
incubation at room temperature with HRP conju-
gated secondary antibody (Proteintech, Cat#
20536-1-AP, 1:20000).

Statistical analysis

All data are presented as the mean+SD.
Statistical analysis and all bar plots were per-
formed wusing GraphPad Prism (GraphPad
Software, San Diego, USA, Version 8.3.0 (538).
The area under the curve was calculated using
this software. Student’s t-test and one-way
ANOVA with Tukey’s post-hoc analysis was
used for all comparisons. Differences between
the groups were considered statistically signifi-
cant at p<0.05. For metagenomic analysis,
R software (Version 2.15.3) was adopted for
data statistics. Krona analysis, the exhibition of
the generation situation of relative abundance,
the exhibition of abundance cluster heat map,
Principal Component Analysis (PCA) decrease-
dimension analysis were based on the abundance
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table of each taxonomic hierarchy. The differ-
ences between groups were tested using Anosim
analysis (R vegan package, Version 2.15.3).
(Linear discriminant analysis) LEfSe analysis
were used to look for the different species
between groups by LEfSe software (the default
LDA score is 3). Orthogonal projection to latent
structures discriminant analysis (OPLS-DA) was
used to determine taxonomic changes, and VIP
(variable importance) scores were used to rank
the ability of different taxa to discriminate
between different groups. Correlation analysis of
bile acid and gut microbiota was investigated
using Spearman correlation analysis and only
correlations with p<0.05 and r>0.6 were
displayed.
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diagnosing PTDM. As expected, TAC significantly
increased blood glucose levels both at 30 and 60
min compared to the CON group, as well as larger
areas under the GTT curves (Figure 1c, d).
Vancomycin coadministration  effectively
improved TAC-induced impaired glucose toler-
ance. Consistent with the improvement in glucose
tolerance, vancomycin co-administration markedly
enhanced insulin sensitivity. After insulin injec-
tion, the TAC group showed higher glucose levels
(Figure 1f) and larger areas under the ITT curves
(Figure 1g) than the CON group, while vancomy-
cin co-administration significantly reduced the ITT
levels back to the CON group. TAC group showed
a higher fasting insulin level (Figure 1h) and
HOMA-IR (Figure 1i) index than the CON
group, and vancomycin co-administration pre-
vented this effect. In addition, HbAlc levels were
4.83% and 5.46% in CON group and TAC+VAN
groups, respectively, which were lower than the
7.65% observed the TAC group (Figure le). These
results demonstrated that vancomycin intervention
can prevent TAC-induced glucose metabolism dis-
orders, insulin secretion dysfunction and insulin
resistance.

Vancomycin remodels insulin secretion and survival
of B-cells

TAC is directly toxic to islets. After 4 weeks of TAC
treatment, an aberrant structure and diminished size
of islets were observed, with significantly fewer islet
cells (Figure 2a). Interestingly, no obvious pancrea-
tic histological lesions were detected between the
CON and TAC+VAN groups, with an orderly
arrangement of islet cells that appeared in distinct
clusters with prominent lesions. Compared with the
TAC group, TAC+VAN group showed significant
restoration of the pancreatic architecture, an
obvious increase in the number of B cells, and uni-
form nuclear staining.

Quantitative analysis revealed a marked reduc-
tion in the area of islets stained for insulin and an
equivalent increase in the area stained for glucagon
in the TAC group. Concomitantly, vancomycin
administration significantly increased insulin
secretion and decreased glucagon levels
(Figure 2b). Compared to the CON group, {3 cell
numbers were reduced from 92.22% to 65.67%, and
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a cell numbers increased from 7.78% to 34.33%
alter TAC treatment. TAC+VAN treatment
induced a marked expansion in the number of
cells (89.51%) per islet slice and a significant
decrease in the number of a cells (10.49%), thereby
increasing the ratio of  to a cells (Figure 2c). These
results indicated that vancomycin coadministra-
tion restored TAC-induced islet injury.

Vancomycin abolishes TAC-induced increment of
GUS-producing gut bacteria

We performed metagenomic sequencing to exam-
ine the composition of gut microbiota in the three
groups. A total of 1,341,547 gene catalogs were
constructed after deredundancy. Venn diagram
analysis showed that the three groups shared
95,978 genes, with 120,057 unique genes in the
CON group 93,865 unique genes in the TAC
group, and 70,816 unique genes in the TAC
+VAN group (Figure 3a). There were no statistical
differences in the number of genes between control
and TAC groups, while the TAC+VAN group had
a significantly decreased number of genes com-
pared to the other groups (Figure 3b). Principal
component analysis (PCA) at the phylum level
showed that microbiota composition differed
among the three groups (Figure 3c). At the phylum
level, 80% of the bacteria in the CON and TAC
groups were mainly composed of Bacteroidetes,
Firmicutes, Actinobacteria and Proteobacteria,
with Bacteroidetes being the dominant phylum,
accounting for more than 40% of each group (Fig.
Sla). The TAC + VAN group was mainly com-
posed of Firmicutes, Proteobacteria and
Actinobacteria, and with minimal Bacteroidetes
content (Figure 3d). Bacteroidetes increased signif-
icantly in the TAC group and decreased sharply
after vancomycin treatment. While the relative
abundance of Firmicutes showed a downward
trend in the TAC group, it recovered in the TAC
+ VAN group. (Fig. S1b).

Linear discriminant effect size (LEfSe) analysis
was used to screen for the differential gut microbiota
biomarkers in each group to explore the specific
bacteria associated with the occurrence of PTDM
(Figure 3e). The LEfSe results showed that the
classes Bacteroidia and Clostridia were enriched in
the TAC group, both decreased in the TAC+VAN



8 P.LIETAL.

Pancreas

Merge

CON

100 pm

TAC

TAC+VAN

C_ a cell B cell
80 800 | e - -
° - o 15 Ins*cells
[ =
0 -1 E— - [
2 60 2 600 A ) Geg'cells
g 2 g 1.0
i bl
) _}:_ —=— 2 400 — 5
E ] £ £ s
= 20 = 200 | = 5 08
3 3 =
o 3 2
0 T T T 0 1 1 1 ['4 00-
CON TAC TAC+VAN CON TAC TAC+VAN CON TAC TAC+VAN

Figure 2. Vancomycin prevention of TAC-induced insulin and glucagon secretion dysfunction. a Histological analysis of B cell
proliferation in the pancreatic tissues of mice. (magnification 40x, scale bar = 50 um). b Representative image of an islet immunos-
tained for glucagon and insulin. Scale bar = 100 um. ¢ quantification of a cells and B cells per islet slice, and the ratio of § cells and a
cells. Data are presented as the meanz SD (n = 3 biologically independent animals). *p < .05, **p < .01, ***p < .001.
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the three groups of mice microbial communities. f an LDA score based on the LEfSe method is shown and highlights the taxonomic
groups in the CON, TAC and TAC+VAN group. Red bars indicate taxa predominant in CON mice. Green bars indicate taxa predominant
in TAC mice. Blue bars indicate taxa predominant in TAC+VAN mice (LDA >3). Data are presented as the meanz SD (n = 6 biologically
independent animals). ¥*p<.05, **p<.01, ***p<.001.
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group. The dominant bacteria in the TAC+VAN
group included Gammaproteobacteria  and
Unclassified_Proteobacteria, which were signifi-
cantly lower in the TAC group (Figure 3e). At the
genus level, we found that Bacteroides, Alistipes,
Parabacteroides and Paraprevotella below the phy-
lum Bacteroides, one genus Helicobacter belonging
to the phylum Proteobacteria, showed high abun-
dance in the TAC group (Figure 3f), as well as two
genera Dubosiella and Hungatella belonging to the
phylum Firmicutes. All of these genera were substan-
tially reduced after the addition of vancomycin (Fig.
S1c). At the family level, the dominant bacteria were
Desulfovibrionaceae, Enterobacteriaceae, Unclass
ified Proteobacteria and Akkermansiaceae, which
were increased in the TAC+VAN group.
Additionally, the genera Beduini, Lactobacillus,
Veillonella and Clostridium below the phylum
Firmicutes were abundant in the TAC+VAN group.
The common function of these increased microbial
genera in the TAC group is related to the generation
of GUS enzymes, and vancomycin is used as a GUS
enzyme inhibitor to alleviate GUS-mediated drug
toxicity.”>***> We identified GUS-enriched bacteria
among the top 200 species in the TAC group by
searching the NCBI database gene information. We
performed Orthogonal Partial Least Squares
Discrimination Analysis (OPLS-DA) of the gut
microbiota composition at the species level in the
CON, TAC and TAC+VAN groups (Figure 4a).
Remarkable changes in the microbiota structure
were induced by TAC and TAC+VAN. The variable
important in projection (VIP) scores greater than 1.0
from the OPLS-DA analysis are shown in Figure 4b.
Fifteen key GUS-enriched species were screened, and
the species Parabacteroides  johnsonii and
Paraprevotella clara were the top gut microbiota that
resulted in group separation before and after TAC
treatment (Figure 4b). Accordingly, the TAC group
showed a marked increase in the relative abundance
of Parabacteroides johnsonii and Paraprevotella clara,
whereas concomitant administration of vancomycin
significantly reduced their abundance. (Figure 4c).

Vancomycin decreases GUS-produced gene
abundance and enzyme activity increased by TAC

The results of KEGG analysis suggested that
metabolism-related pathways, including

carbohydrate metabolism, amino acid metabo-
lism and nucleotide metabolism, were the key
metabolic pathways affected by the changes in
gut microbiota in mice (Figure 5a). Homeostasis
of the microbiota is a key factor in the produc-
tion of Carbohydrate-Active Enzymes (CAZy),
which interfere with complex carbohydrate
metabolism. The proportions of carbohydrate
enzymes in the three groups, from highest to
lowest, were as follows: glycoside hydrolase
(GH) > glycosyltransferase (GT) > carbohydrate
binding module (CBM) > carbohydrate esterase
(CE) > polysaccharide lyase (PL) > auxiliary
redox reductase (AA) (Figure 5b). The bacterial
GUS enzyme belongs to the GH family. The
abundance of GH family was significantly
enhanced in the TAC group and was reversed
by vancomycin co-administration (Figure 5c).
Functional annotation of CAZys was performed,
and a clustering heat map was drawn from the
functional difference level according to the
abundance (Figure 5d). GUS is classified into
glycosyl hydrolase family 1 (GH1), family 2
(GH2), family 30 and family 79 (GH79), with
the largest proportion of GH2. Further annota-
tion of the GH family showed that GH2, GH30
and GH79 were enriched in TAC group, while
vancomycin co-administration significantly
reduced these gene abundance of GH enzymes
(Figure 5e). Similarly, the relative abundance of
GUS in the TAC group was significantly higher
than that in the CON group, and vancomycin
coadministration effectively inhibited GUS
(Figure 5f). Furthermore, we quantified the
fecal GUS enzymes by Q-PCR. Compared to
control group, tacrolimus administration signif-
icantly increased the mRNA expression of GUS
in fecal, and vancomycin significantly reduced
the GUS enzymes (Figure 5g).

Vancomycin reduces the abnormally increased
intestinal GUS activity of TAC

The effect of TAC and vancomycin on intestinal
GUS activity in intact animals was assessed using
the FDGIcU, which is hydrolyzed by GUS enzymes
to produce a fluorescent signal. Real-time fluores-
cence imaging of the mouse abdomen of the three
groups is shown in Figure 6a, b. Compared with the
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Figure 4. GUS-producing species are enriched in TAC-induced PTDM mouse model. a OPLS-DA plot on species level in the three
groups. b the species rank of VIP scores of the OPLS-DA analysis between CON and TAC groups. c different species abundance of GUS
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CON group, mice exposed to TAC demonstrated
a significant increase in fluorescent signal. Notably,
vancomycin coadministration effectively decreased
the abdominal fluorescent signals compared to that
in the TAC group. Concordant with reduced
abdominal GUS activity, GUS activity (Figure 6c¢)

and concentration (Figure 6d) in fecal pellets were
markedly enhanced by TAC, and vancomycin
coadministration significantly reduced GUS activ-
ity and concentration compared to that in the TAC
group. Endotoxin LPS are almost exclusively
derived from the intestinal bacteria of Gram-
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negative bacteria cell wall composition, are closely
associated with hyperglycemia.*® Bacterial LPS
expression was positively correlated with
GUS.*”*® Both serum and fecal levels of LPS were
dramatically increased in TAC-treated mice com-
pared with control mice, and vancomycin co-
administration significantly abolished TAC-
induced LPS increment in serum and feces (Fig.
S2a, b). The ratio of LPS/GUS in fecal samples were
calculated, and there is no significant difference
observed among these groups (Fig. S2c).
Compared to the control group, TAC upregulated
the protein expression of GUS both in colon (Fig.

S2d, e) and ileum (Fig. S2f, g) tissues, whereas
vancomycin significantly reduced GUS protein
expression in colon, restoring it to control levels.

Vancomycin alters luminal secondary metabolites

Short-chain fatty acids are important secondary
metabolites of the gut microbiota. Seven types of
SCFAs were measured in the feces of the three
groups after 4 weeks of intervention (Figure 7a).
There was no significant change in the seven
SCFAs after TAC administration compared to that
in the CON group. Vancomycin coadministration
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significantly reduced fecal SCFAs content, including
acetic acid, propionic acid, butyric acid and valeric
acid, to a very low level.

We then determined the BAs profiles in the
serum, liver tissue and fecal contents using
ultra-performance liquid chromatography-triple-
quadrupole mass spectrometry. In general,
tacrolimus treatment led to increased total bile
acid levels both in liver and plasma, while van-
comycin concomitantly treatment significantly
decreased these (Fig. S3a, b). Nevertheless,
there was no significant difference in stool
total bile acid among the three groups (Fig.
S3¢). In liver and serum, the primary bile acids
levels showed an increasing trend after tacroli-
mus treatment (Fig. S3d, e). Tacrolimus signifi-
cantly elevated the secondary bile acids levels,
while co-administration tacrolimus with vanco-
mycin substantially reduced the primary and
secondary bile acids levels. Although the total
bile acid level in cecal contents was not affected
by tacrolimus or vancomycin treatment, there
was a significant reduction in the proportion
of secondary bile acids by vancomycin treat-
ment (Fig. S3f). TAC notably elevated the levels
of primary BAs CA, CDCA, GCA and TCDCA
and secondary BAs DCA in serum and liver
tissue. Secondary BAs GDCA and TDCA were
enriched in the serum, while HDCA and UDCA
were highly present in liver after TAC treatment
(Figure 7b-c). In the TAC+VAN group, we
observed a significant decrease in primary BAs,
except for B-MCA and T-BMCA compared with
the TAC group. Additionally, secondary BA
particularly DCA, LCA and HDCA, were
severely diminished. Serum UDCA levels were
not affected by either TAC or vancomycin co-
administration, however, TAC increased hepatic
HDCA levels, while vancomycin concomitant
administration reversed this effect. In the fecal
contents, most of the secondary BAs and the
primary BAs were similar between the CON
and TAC groups, but within the secondary
BAs, DCA levels were enriched in the TAC
group. Vancomycin continued to reduce the
majority of secondary BAs in fecal contents,
while UDCA levels were enhanced. In contrast
to what was observed in the liver and serum,
vancomycin up-regulated some of the primary

GUT MICROBES (&) 15

BAs. In detail, fecal primary BAs were presented
as elevated B-MCA, T-PMCA, CA and CDCA
and declined TCA and TCDCA (Fig.S3g).

Changes in BAs levels correlate with GUS-enriched
bacteria

Multivariate correlation analysis based on general-
ized estimating equations revealed that TAC-
induced upregulation of GUS-enriched bacteria
correlated with changes in liver and serum BA
composition (Figure 8, p<.05, p>.6). In liver,
most secondary BAs and three primary BAs
(CDCA, T-aMCA and GCA) were strongly corre-
lated with the 15 GUS-enriched species (Figure 8a).
The related secondary liver BAs were HDCA,
UDCA, DCA, LCA, taurine-secondary BAs
(TUDCA, TDCA and TLCA) and glycine-
secondary BAs (GDCA, GUDCA and GHDCA).
In serum, we found that secondary BAs including
UDCA, DCA, LCA, TDCA and TUDCA and pri-
mary BAs o-MCA and tacrine-a-MCA had
a significant positive correlation with the 15 GUS-
enriched species (Figure 8b). Moreover, the pri-
mary BAs CA and CDCA and most conjugated
BAs were also related to Bacteroides oleicipienus,
Bacteroides intestinalis, Paraprevotella clara and
Parabacteroides johnsonii.

Vancomycin decreases ileum FXR signaling and
restores intestinal GLP-1 secretion

As BAs are endogenous FXR and TGR5 ligands,
we measured FXR and TGR5 expression in the
colon and ileum. After secretion into the intestinal
lumen, approximately 95% of BAs are reabsorbed
in the ileum and returned to the liver, and only 5%
enter the colon and are excreted in stool.
Consistent with the BA profiles of liver, signals
in the ileum FXR axis were up-regulated by TAC
and reversed upon vancomycin co-administration
(Figure 7d). Interestingly, the expression levels of
TGRS5 were not differ significantly after TAC or
vancomycin exposure (Figure 7d). The protein
expression of FXR and TGR5 in the colon was
not significantly different among the three groups
(Fig. S3h, i). Binding of bile acids to ileal FXR
induces expression of fibroblast growth factor
(FGF15/19). FGF15/19 can inhibit the rate-
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Figure 8. GUS-producing bacteria are significantly correlated with BAs profile. Heatmap of spearman’s correlation coefficients
between the serum (a) and liver BAs (b) and the GUS-producing bacteria, the color of each spot in the heatmap corresponds
to the r value (p>.6). The correlations were analyzed using Spearman’s correlation. FDR-adjusted p < 0.05 (*p < 0.05, **p <.01,

**¥p <.001) was shown.

limiting enzyme cholesterol 7a- hydroxylase
(Cyp7Al), and can also increase the stability of
hepatic =~ SHP, ultimately affecting BA
synthesis.*””° Accordingly, serum FGF15 levels
were significantly increased by tacrolimus treat-
ment, and decreased by vancomycin concomi-
tantly treatment (Figure 7f). Tacrolimus

enhanced hepatic SHP1 expression, which was
prohibited by co-administration with vancomy-
cin. The hepatic protein expression of Cyp7Al
was remarkably decreased by tacrolimus treat-
ment compared to the control group. While van-
comycin treatment upregulated the hepatic
Cyp7Al expression (Figure 7e).



The activation of FXR in enteroendocrine cells
leads to a decrease in GLP-1 release, which impairs
pancreatic P-cell function and worsens insulin
resistance. As shown in Figure 9, ileal GLP-1 was
significantly decreased by TAC administration,
whereas vancomycin co-administration enhanced
GLP-1 secretion (Figure 9a, b). No significant dif-
ferences in colonic GLP-1 expression were
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observed between groups (Figure 9a, c). We mea-
sured the baseline level of GLP-1 in the GTT
experiment and 30 min after glucose injection.
Either in fasting or fed state, tacrolimus adminis-
tration led to a significant decrease in GLP-1 secre-
tion, while vancomycin concomitantly treatment
significantly elevated serum GLP-1 levels
(Figure 9d).
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Figure 9. Effects of vancomycin on the protein expression of GLP-1 in the ileum and colon. A Representative photographs of ileum
and colon sections stained with an anti-GLP-1 antibody. The blue fluorescence indicates DAPI, and the red fluorescence indicates
GLP-1. (a: 200 x objective, scale bar = 100 um). b, ¢ quantitation of GLP-1 cell numbers per field of ileal and colonic tissue. d serum
level of GLP-1 after fasting or 30 min after an injection of glucose. Data are presented as the meanx SD (n=3 biologically

independent animals). *p <.05, **p <.01, ***p <.001.
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Discussion

PTDM is a frequent and fatal complication after
transplantation. It can increase risk of infection
and rejection, dysfunction of transplanted organs,
and other complications.”” TAC is an immunosup-
pressant that is commonly continued after SOT to
prevent organ rejection. It is well known that TAC
is an important risk factor for PTDM. However, it
is difficult to avoid this risk. Insulin and oral hypo-
glycemic agents are used to treat PTDM, but their
side effects and risk of interaction with other med-
ications used to prevent organ rejection pose sig-
nificant clinical challenges.”” Ideally, a new clinical
strategy to prevent PTDM without withdrawing
the use of TAC can improve outcomes for trans-
plant patients and increase the long-term success of
the transplanted organ. In the present study, we
successfully prevented TAC-induced hyperglyce-
mia using vancomycin combination therapy.
Administering vancomycin concurrently pre-
vented TAC-induced hyperglycemia through tar-
geted elimination of GUS-producing bacteria,
reduction of GUS enzyme activity, resulting in
inhibition of the intestinal BAs-FXR signaling
pathway and elevated ileal GLP-1 secretion.
Consistent with a previous study, TAC signifi-
cantly increased GTT and HbAlc levels, supporting
the effect of TAC on glucose disorder.'** However,
we found that TAC did not significantly alter FBG
levels, but showed a downward trend, which is con-
sistent with the findings of Wang et al. '° In our
study, hyperglycemia cases were diagnosed by GTT,
which is still the gold standard for assessing of
abnormalities in glucose metabolism. FBG may
have underestimated the occurrence of PTDM
after transplantation. Here, we also demonstrated
that vancomycin could prevent TAC-induced
increase in HbAlc and GTT levels, suggesting that
vancomycin combination therapy improved the
impaired glucose tolerance and glucose disorder.
In the TAC+VAN group, ITT levels, fasting insulin
levels and HOMA-IR also decreased back to control
levels, indicating the recovery of insulin sensitivity
and secretion. The influence of vancomycin on glu-
cose homeostasis is controversial, and oral adminis-
tration of vancomycin has been proved to induce
insulin resistance by upregulating liver FXR-FGF19
signaling with a marked change in intestinal

microbiota composition.®> While oral vancomycin
reversed high-fat diet (HFD)-induced diabetes by
decreasing GLP-1 and PYY levels and enhancing
glucose-dependent insulinotropic peptide in the
plasma.”* Zarrinpar et al. also suggested that anti-
biotic-induced microbiome depletion could alter
glucose homeostasis by potentially altering plasma
GLP-1 levels.”

GUS activity in the duodenum, jejunum and
ileum of diabetic rats was 1.7-fold, 1.5-fold and
1.9-fold, respectively, of that in normal rats.*”
Higher bacterial enzyme GUS activity in HFD
rats is also observed in overweight children.”®
Elevated GUS activity has been reported to be
closely associated with the development of diabetes
mellitus, and increased levels of GUS activity have
been postulated to be a result of hyperglycemia. In
this study, a significant increase in intestinal GUS
enzyme activity was observed in TAC-induced
hyperglycemia mice. Vancomycin, a known GUS
enzyme inhibitor,”>*> decreased TAC-induced
GUS enzyme activity and prevented hyperglyce-
mia. Thus, we propose that long-term TAC admin-
istration up-regulates intestinal GUS-producing
bacteria, thereby increasing intestinal GUS enzyme
activity, and that increased GUS levels are the cause
rather than the consequence of hyperglycemia.

Bacteroidetes and Firmicutes are major sources
of GUS. Using metagenomics, we found that TAC
led to an increase in the abundance of Bacteroidetes
at phylum level compared with that in the control
group. The relative abundances of GUS-producing
genera Bacteroides, Alistipes, Parabacteroides,
Paraprevotella, Dubosiella and Hungatella were sig-
nificantly increased in the TAC group, but were
severely depleted by vancomycin combination
treatment. In line with our results, Han, et al. has
reported that the phylum Bacteroidetes and genus
Bacteroides and Helicobacter were significantly
increased in TAC-treated diabetic mice.”” The gen-
era Bacteroides and Alistipes were significantly
enriched in TAC-induced hyperglycemia mice
were also reported.”* 16S rRNA amplicon sequen-
cing revealed that vancomycin specifically inhib-
ited the abundance of Bacteroides spp and
Roseburia spp.”> Additionally, both intestinal GUS
expression and activity were elevated by TAC treat-
ment and decreased by the combination therapy
with vancomycin.



Gut microbiota derived metabolites play an
important role in maintaining intestinal homeos-
tasis and in modulating the progression of meta-
bolic syndrome and type 2 diabetes (T2D).
Butyrate supplementation is an effective strategy
for the treatment of T2D.>® Oral butyrate supple-
mentation has been shown to ameliorate TAC-
induced PTDM in mice.’* Therefore, we quantified
endogenous SCFAs in feces using LC-MS/MS, but
no significant difference was observed between the
TAC and control groups. This discrepancy may be
due to differences in the detection strategies for
SCFAs. We used LC-MS/MS, but not GC-MS/MS,
for SCFAs quantification. BAs, another important
microbiota-derived metabolite, are metabolic inte-
grators that regulate lipid, glucose and energy
homeostasis and are novel therapy target for T2D.
Bile acid differences between species, particularly
in composition, may limit the interpretation of
mouse BAs data.”” In the serum and liver tissues,
TAC treatment upregulated the levels of most pri-
mary and secondary BAs, including CA, CDCA,
taurine-CA/CDCA, glycine-CA/CDCA, DCA,
UDCA, HDCA, glycine-DCA and taurine-DCA.
Previous research also demonstrated that TAC
affects bile flow in rats in a dose-dependent man-
ner, and high dosage of TAC induced cholestasis by
significantly increasing CA, CDCA, and HDCA
levels in bile and liver.®® It's worth noting that
LCA and o/B-MCA levels were not affected by
either TAC treatment, further proving that the
hydrolysis effect of GUS on glucuronidation was
the cause of the change in BAs. There were signifi-
cant differences in the efficiency of different micro-
bial GUS enzyme ortholog for the disposal of BAs
and other substrates. In adult specimens, DCA,
CA, CDCA and their taurine/glycine conjugates
account for approximately 80% of the total bile
acid -glucuronides. Some minor bile acids such as
HDCA 6a-O-glucuronide and UDCA 3a-
O-glucuronide, can also be detected.®’ However,
neither amidated nor nonamidated types of LCA-
glucuronide have been found.®** Single glucuro-
nic acid was attached to BA by the UGT enzyme in
the liver and intestine. The formed BA O- or §-
glucuronides can then be transferred to the intes-
tine and deconjugated by GUS enzyme. We suggest
that long-term TAC therapy upregulates GUS-
producing bacteria, thereby elevating GUS enzyme
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expression and activity. An increase in the GUS
enzyme, which could liberate the BAs from BA O-
or S- glucuronide conjugates, resulted in enhance
BAs levels. Correlation analysis also demonstrated
a significant positive correlation between the rela-
tive abundance of TAC induced GUS-enriched
bacteria and BAs levels.

BAs are ligands for FXR and TGR5. GLP-1 is
a key incretin that regulates blood glucose home-
ostasis, and is regulated by TGR5 and FXR. The
primary source of circulating GLP-1 is enteroendo-
crine L cells.”” Our data suggest that ileal GLP-1
expression and serum GLP-1 levels were markedly
reduced by TAC treatment, vancomycin promoted
ileal and serum GLP-1 production. Activation of
TGRS in L-cells triggered the secretion of GLP-1,
while FXR exerted an inhibition effect on L-cells
GLP-1 production.®* Tleal FXR signaling was
strongly activated by TAC and decreased after
combination  therapy  with  vancomycin.
Accordingly, CDCA, CA, DCA and TCDCA have
been reported as agonists of FXR in vitro and
in vivo and the activation of FXR signaling in the
intestine leads to the blockade of GLP-1
secretion.®>®°

Our study has several limitations. Firstly, we did
not perform fecal microbiota transplantation
(FMT) to ensure the intestinal bacterial GUS
enzyme, rather than host GUS enzyme, is the
cause of TAC-induced PTDM. Secondly, vancomy-
cin, a broad-spectrum Gram-positive antibiotic,
cannot be used with TAC for long-term in clinical.
Our future work will focus on exploring more reli-
able and effective ways to target and modulate GUS
activity. Whether inhibiting bacterial GUS
enzymes through the specific bacterial strain trans-
plantation could prevent TAC-induced PTDM.
Moreover, the effect of blocking the key bile acids
or bile acid-glucuronides, which could be regulated
by intestinal GUS enzymes, on TAC-induced
PTDM will be addressed in our future studies.
Lastly, our study demonstrates the importance of
GUS enzyme in murine models, but the relevance
of fecal GUS activity to TAC-induced diabetes of
transplant patients will need to be analyzed in pro-
spective human studies.

In summary, we provide experimental evidence
that the targeted elimination of GUS activity by
vancomycin can restore BAs hemostasis, which is
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greatly enhanced by TAC treatment, thereby
increasing GLP-1 secretion and minimizing the
risk of hyperglycemia. These results suggest that
reducing GUS enzymes by interfering with GUS-
producing bacteria may be a novel clinical
approach to prevent PTDM, without altering the
immunosuppressive regimens.
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