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ABSTRACT

Detrimental consequences of antibiotic treatment may include long-lasting disruption of the gut
microbiota. Previous studies found no negative effects of antibiotics on metabolic health, although
individualized responses were observed. Here, we aimed to investigate the subject-specific
response to vancomycin use in tissue-specific insulin sensitivity by stratifying individuals based
on the presence of antibiotic resistance genes (ARGs) or opportunistic pathogens (OPs) in the
baseline fecal microbiota. Quantitative Polymerase Chain Reaction (qPCR) was used to detect ARGs
and OPs in DNA isolated from fecal samples of 56 males with overweight/obesity (Body Mass Index:
25-35 kg/m?) and impaired glucose metabolism (fasting plasma glucose =5.6 mmol/L and/or
2-hour glucose 7.8-11.1 mmol/L). A two-step hyperinsulinemic-euglycemic clamp was performed
to determine tissue-specific insulin sensitivity. Abdominal subcutaneous adipose tissue (AT) gene
expression was assessed using Affymetrix microarray. Gut microbial composition was determined
using the Human Intestinal Tract Chip (HITChip) microarray. At baseline, the vancomycin resistance
gene vanB was present in 60% of our population. In individuals that were vanB-negative at baseline,
AT insulin sensitivity (insulin-mediated suppression of plasma free fatty acids) improved during
vancomycin use, while it decreased among vanB-positive individuals (% change post versus base-
line: 14.1 £ 5.6 vs. —6.7 £ 7.5% (p = .042)). The vancomycin-induced increase in AT insulin sensitivity
was accompanied by downregulation of inflammatory pathways and enrichment of extracellular
matrix remodeling pathways in AT. In the vanB-positive group, well-known vanB-carrying bacteria,
Enterococcus and Streptococcus, expanded in the gut microbiome. In conclusion, microbiome
composition and adipose tissue biology were differentially affected by vancomycin treatment
based on fecal vanB carriage.
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Introduction gastrointestinal tract, as it can be significantly

Antibiotics have been in use for almost a century to
treat bacterial infections, which has resulted in
a significant increase in life-expectancy. One downside
of widespread antibiotic use, marked by overuse and
misuse, is that it leads to the selection for and increased
dissemination of bacteria resistant to antibiotics."
Bacteria can become resistant to antibiotics via de
novo mutations in their genome or via horizontal
gene transfer of antibiotic resistance genes (ARG).”
Next to the selection pressure for antibiotic resis-
tant bacteria, another downside of antibiotics is that
they do not discern between pathogenic and health-
beneficial bacteria. This is especially the case for the
gut microbiota, the collection of all microbes in the

affected by (oral) antibiotics, leading to changes in
microbial composition, which may even result in
altered microbial functionality.>* Given the impor-
tance of the gut microbiome in host health, such
antibiotic-induced perturbations may in turn nega-
tively impact host gastro-intestinal and metabolic
health.>® Crosstalk occurs between the gut micro-
biome and different organs in the body such as the
liver, brain, adipose tissue (AT) and skeletal muscle.
This communication is partly mediated via micro-
bial metabolites such as short-chain fatty acids
(SCFA) and bile acids (BA).”® Another important
function of the gut microbiome is to strengthen host
immunity. Microbial dysbiosis has been associated
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with impaired epithelial barrier function, resulting in
increased translocation of bacteria and bacterial
remnants into the bloodstream. This elicits a pro-
inflammatory response as molecules such as lipopo-
lysaccharide (LPS) interact with immune cells.” On
a similar note, opportunistic pathogens (OP) can
take advantage of disturbances in gut microbial com-
position, leading to favorable conditions for these
microbes to bloom. Especially in vulnerable hosts
(e.g. hospitalized patients), this can lead to life-
threatening infections.'® Disruption of a healthy
gut microbiome may thus have consequences for
the host’s immune system and metabolic health, as
beneficial gut-derived metabolites may decrease
while pro-inflammatory factors increase.

Vancomycin is a glycopeptide antibiotic that is
used to treat infections with Gram-positive
bacteria.'' It inhibits specific steps in the synthesis
of the peptidoglycan layer, thereby leaving the bac-
teria susceptible to lysis.'” Previous work from our
group showed that seven days of vancomycin treat-
ment altered gut microbial composition in males
with overweight or obesity and impaired glucose
metabolism. This vancomycin-induced change per-
sisted for up to eight weeks after treatment
cessation.> Conversely, a 7-day amoxicillin treat-
ment did not affect gut microbial composition. The
vancomycin-induced change in microbial compo-
sition was accompanied by alterations in fecal and
plasma SCFA and BA levels but had no effect on
tissue-specific insulin sensitivity, energy and sub-
strate metabolism and systemic low-grade inflam-
mation. Strikingly, vancomycin wuse altered
abdominal subcutaneous adipose tissue (AT) gene
expression toward a more oxidative phenotype,
suggesting improvements in metabolic health."’
Moreover, the expression of genes related to
inflammatory  processes  was  decreased.
Interestingly, in a study in adults with overweight
or obesity without diabetes, upregulation of inflam-
matory pathways in subcutaneous AT was asso-
ciated with peripheral insulin resistance.'* Thus,
one may speculate that vancomycin use could
have beneficial effects on AT function and insulin
sensitivity through lowering AT inflammation.

In line with our previous findings showing no
effect of vancomycin on host metabolism,"” a 14-
day vancomycin treatment did not affect energy
expenditure and substrate metabolism, glucose

tolerance and insulin levels in adults with obesity
and impaired glucose tolerance, although plasma
SCFA and BA levels decreased.> Furthermore,
a 4-day treatment with an antibiotic cocktail
including vancomycin did not affect postprandial
glucose and insulin levels in healthy, normal weight
men."°

Conversely, a study in men with obesity and
metabolic syndrome showed decreased peripheral
insulin sensitivity after seven days of vancomycin
treatment, although effects were small and this
study did not include a control group.'” Thus, the
sparse evidence on the effect of vancomycin use on
metabolic health is contradictory. It is, however,
increasingly evident that the impact of antibiotic
use on gut microbial composition and related
effects on metabolic health, as well as on their
recovery after antibiotic use, is subject-specific."®

The presence, abundance and diversity of ARGs
in the microbiome is one factor that may explain
subject-specific responses to antibiotic use. As
bacteria carrying ARG are protected, they can
expand under the usage of a specific antibiotic,
while susceptible bacteria are inhibited and may
perish. Individuals harboring these resistant bac-
teria might also react differently to antibiotic use.
Moreover, ARGs encoding enzymes that inactivate
antibiotics might not only protect the bacterial
host but also benefit neighboring bacterial com-
munities when secreted. On a similar note, certain
OPs may take advantage of the opportunity cre-
ated by antibiotic use, allowing these bacteria to
expand as potential competitors are inhibited and
nutrients become available. Thus, ARG and OP
presence may modulate the response to antibiotic
use in gut microbial composition and metabolic
health. So far, only a few human intervention
studies have investigated the effect of antibiotic
use on metabolic health,">'>"'” and the potential
modulating role of ARGs and OPs herein remains
unexplored.

In this paper, we aimed to investigate the subject-
specific response to antibiotic use by stratifying indi-
viduals based on the presence of specific ARGs or
OPs in the baseline fecal microbiota. We hypothe-
sized that ARGs or OPs would affect the response to
antibiotic use in gut microbial composition and
metabolic health, with a focus on adipose tissue
metabolism and tissue-specific insulin sensitivity. It



was expected that resistant bacteria would expand
under antibiotic use, which in turn could lead to
detrimental effects on metabolic health.

Results

Participants received days of vancomycin, amoxi-
cillin or placebo treatment (Figure 1). At baseline
(T0), days (wash-out) after treatment cessation
(T1) and subsequently at 8-week follow-up (T9),
measurements were performed. At all testdays, gut
microbial composition and diversity as well as the
presence of ARG and OP in the gut microbiome
were analyzed. Furthermore, levels of fecal SCFA
were determined. At TO and T1, tissue-specific
insulin sensitivity was determined and levels of
plasma inflammatory markers and plasma and
fecal SCFA were analyzed. In addition to this,
abdominal subcutaneous AT biopsies were taken
to analyze AT gene expression.
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Presence of specific ARG and OP in the study
population

We quantified common ARGs conferring resis-
tance against vancomycin and p-lactam antibiotics,
as well as the opportunistic pathogens
Clostridioides difficile and Escherichia coli. The
vanB vancomycin resistance gene and the TEM
and SHV gene-families, conferring resistance
against amoxicillin, were the most prevalent ARGs
(Table 1). At baseline, vanB was present in 60% of
our population (33/55). CTX-M genes, encoding
extended-spectrum [-lactamases (ESBL), and
CMY genes, encoding AmpC-type beta-
lactamases, were only sparsely detected. E. coli was
detected in almost every sample, while C. difficile
was only detected sporadically. The four most pre-
valent ARGs (vanB, TEM, SHV) and OPs (E. coli)
were further investigated to determine how their
presence would change after antibiotic use and
follow-up.

v

Baseline testday
Post-intervention testday

__ Placebo

v
Follow-up testday

v

Two-day
wash-out

Seven-day
treatment

Eight-week follow-up

Measurements at TO & T1:

Measurements at T9:

AT gene expression

ARG & OP detection ARG & OP detection
Gut microbial composition Gut microbial composition
& diversity & diversity

Tissue-specific IS Fecal SCFA

Plasma & Fecal SCFA
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Figure 1. Study overview. Participants received a 7-day treatment with amoxicillin, vancomycin or placebo. Testdays took place at
baseline (T0), after a 2-day wash-out after treatment cessation (T1) and after an 8-week follow-up (T9). Created with BioRender.com.
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Table 1. Presence of antibiotic resistance genes and opportunistic pathogens in our study population at baseline, after seven days
antibiotic treatment (week 1) and after eight-week follow-up (week 9).

% (n) Amoxicillin Vancomycin Placebo

Baseline Week 1 Week 9 Baseline Week 1 Week 9 Baseline Week 1 Week 9

(n=18) (n=17) (n=17) (n=19) (n=19) (n=17) (n=18) (n=19) (n=17)

vanA 0 0 0 0 0 0 0 0 0
vanB 72 (13) 59 (10) 71 (12) 47 (9) 37 (7) 59 (10) 61 (11) 53 (10) 53 (9)
CTX-M 11(2) 12 (2) 12 (2) 16 (3) 26 (5) 0 0 0 6 (1)
TEM 72 (13) 71 (12) 71 (12) 8 (13) 79 (15) 53 (9) 61 (11) 42 (8) 41 (7)
SHV 11(Q2) 24 (4) 29 (5) 11(2) 63 (12) 18 (3) 6 (1) 5(1) 6 (1)
cmy 0 0 6 (1) 21 (4) 0 0 0 6 (1)
C. difficile 6 (1) 0 0 5(1) 5() 6 (1) 0 0 0
E. coli 94 (17) 88 (15) 94 (16) 100 (19) 100 (19) 94 (16) 94 (17) 84 (16) 94 (16)

CMY = CIT-type AmpCs

vanB relative abundance increases after
vancomycin use

In the vancomycin-treated group, there was an
increase in the relative abundance of vanB at follow-
up (week 0-9), and this was significantly higher com-
pared to after the 7-day vancomycin treatment (week
0-1) (fold change: 1.42 + 0.62 vs. —0.44 £ 0.67;
p = .029), indicating that vanB abundance mainly
increased after cessation of antibiotic use (Figure 2a).
For TEM and SHYV, no significant differences were
seen in the amoxicillin-treated group (Figure 2(b,c)).
In the vancomycin-treated group however, relative
abundance of SHV was significantly increased in
week 0-1 compared to week 0-9 (2.61 + 0.93 vs.
0.69 + 0.62; p = .032), while relative abundance of
TEM tended to be higher in week 0-1 (1.25 + 0.75
vs. 0.15 + 0.77; p = .062). In the vancomycin-treated
group, the increase of E. coli was significantly higher in
week 0-1 compared to week 0-9 (fold change:
2.20 £ 0.33 vs. 0.24 = 0.26; p < .001) (Figure 2d).
This temporary bloom of E. coli was only observed
in the vancomycin-treated group, as confirmed by
a significant effect of treatment on the increase in
E. coli levels in week 0-1 (one-way ANOVA (F(2,51)
=10.669; p<0.001)) . Post hoc comparisons showed
a significant increase in the vancomycin-treated group
compared to both amoxicillin and placebo (fold
change: 2.20 £ 033 vs. -0.13 + 043 or vs.
0.19 £ 0.55; both p < .001).

AT insulin sensitivity improves in vanB-negative
individuals during vancomycin use

In order to investigate the effect of ARGs on host
metabolic health, the study population was stratified
based on the presence of ARGs at baseline. As vanB

was carried by 60% of the population at baseline, we
focused our analyses on the presence (vanBl) or
absence (vanB0) of vanB. Interestingly, the number
of subjects carrying vanB decreased during vancomy-
cin use (Table 1). At the 8-week follow-up, vanB was
detected in 10 of the 17 individuals (59%), including
two individuals with newly acquired resistance.
Baseline Body Mass Index (BMI) differed based
on vanB presence in the vancomycin-treated group:
the vanB-negative group had a higher BMI com-
pared to wvanB-positive (32.7 + 0.66 vs.
30.1 + 0.81 kg/m> p = .020) (Table 2). Other char-
acteristics did not differ between the subgroups.
To investigate the impact of ARG presence on
metabolic health, changes in metabolic para-
meters during vancomycin use were compared
between groups stratified based on the presence
of vanB in baseline fecal samples. Remarkably,
changes in AT insulin sensitivity (change in
insulin-mediated suppression of free fatty acid
(FFA) release) differed under vancomycin treat-
ment (Figure 3). AT insulin sensitivity improved
in the group that did not carry vanB at baseline
(14.1 = 5.57%), while it decreased in the vanB-
positive group during vancomycin use
(-6.7 £ 7.47%). When correcting for baseline
BMI and AT insulin sensitivity, the difference
in changes in AT insulin sensitivity remained
significant (p = .042). No differences in the
change in peripheral or hepatic insulin sensitiv-
ity were found during vancomycin use, although
baseline peripheral insulin sensitivity (insulin-
stimulated rate of glucose disappearance (RD))
was lower in the vanB-negative group
(18.4 + 2.30 vs. 26.3 = 2.95 umol-kg '-min~";
p = .027) (Suppl. Figure 1 and Suppl. Table 1).
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Figure 2. Log fold change of antibiotic resistance genes targets and E. coli after the 7-day amoxicillin, vancomycin or placebo treatment
(week 0-1) and after 8-week follow-up (week 0-9). Data were normalized vs. 16S rRNA gene copy number (n =17, 17,19, 17, 18, 16 for
Amoxicillin 0-1, 0-9, Vancomycin 0-1, 0-9, Placebo 0-1, 0-9, respectively). Differences within treatment groups were analyzed using
paired t-test. Differences between treatment groups were analyzed using one-way ANOVA with post-hoc testing. *p < .05; #p < .1;

**p < 001.

Inflammatory pathways are downregulated in AT of
vanB-negative individuals under vancomycin use

Next, the effect of vancomycin treatment on abdom-
inal subcutaneous AT gene expression was analyzed
using gene-set enrichment analysis. Changes in AT
gene expression under vancomycin use differed
based on carriage of vanB at baseline. In the vanB-
negative group, 146 pathways were upregulated after
vancomycin treatment, while 240 pathways were
downregulated (FDRq < 0.1). The 146 upregulated
pathways included multiple pathways related to
extracellular matrix (ECM) remodeling and path-
ways related to mitochondrial function (Figure 4)
(Suppl. Table 2 for a full list of significant pathways).
Of the 240 downregulated pathways after vancomy-
cin use, the majority were related to inflammatory

processes (Suppl. Table 3 for a full list of significant
pathways). In the vanB-positive group, no changes in
gene expression were apparent after vancomycin
treatment.

Smaller changes in gut microbial diversity in
vanB-negative individuals during vancomycin use

To investigate if these changes in AT function were
linked to differences in gut microbial composition,
changes in parameters of microbial diversity during
vancomycin treatment were compared between
vanB0 and vanBl groups. In the vancomycin-
treated group, the decrease in Shannon Effective
(Shannon Index converted to true diversity,
a measure of a-diversity) from baseline to follow-
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Table 2. Baseline characteristics of the vancomycin-treated subgroup (n=19), split based on vanB presence at baseline.

Baseline vanB0 vanB1 n
vancomycin-treated Mean SEM Mean SEM p-value vanBO0 vanB1
Age (yrs) 62 19 59 24 0.315 10 9
Weight (kg) 99.6 231 95.2 3.15 0.270 10 9
BMI (kg/m?) 32.7 0.66 30.1 0.81 0.020* 10 9
Waist-to-hip ratio 1.08 0.18 1.06 0.02 0.408 10 8
Fasting glucose (mmol/L) 6.1 0.15 6.1 0.24 0.806 10 9
2hr glucose (mmol/L) 6.8 0.57 7.7 0.55 0.239 10 9
Insulin (mU/ml) 16.4 1.58 17.3 1.73 0.721 10 9
HOMA-IR 44 0.40 4.7 0.57 0.653 10 9
HbATc (%) 55 0.09 57 0.15 0.298 10 9
Creatinine (umol/L) 83.9 332 82.2 5.74 0.784 9 6
ALAT (U/L) 30.1 2.34 36.7 2.58 0.088 9 6
Hb (mmol/L) 9.7 0.24 9.5 0.16 0.507 6 8

Independent t test or Mann-Whitney U test were used to analyze difference between groups. vanB-negative at baseline (vanB0); vanB-positive at baseline
(vanB1); Homeostatic model assessment for insulin resistance (HOMA-IR); Glycated hemoglobin (HbA1c); Alanine aminotransferase (ALAT); Hemoglobin (Hb).

up (week 0-9) was larger in vanB-positive indivi-
duals compared to vanB-negative (-113.5 + 17.78
vs. —61.3 £ 18.20; p = .032), indicating a slower
recovery after vancomycin use (Figure 5a).

Gut microbial community structure, here given
as Kendall-Tau correlation as a measure of simi-
larity, differed between groups: the within-subject
similarity between samples collected at baseline
and after 7-day vancomycin treatment (week 0-
1) was lower in vanB-positive individuals com-
pared to vanB-negative (0.11 + 0.19 vs.
0.18 £ 0.02; p = .034), indicating increased dissim-
ilarity after vancomycin use among individuals
carrying vanB (Figure 6).

Gut microbial composition changes under
vancomycin use based on vanB presence

Next, changes in gut microbial composition were
assessed. In total, 81 genus-like bacterial groups
were found to be significantly different after vanco-
mycin treatment compared to baseline in either
vanB-negative at baseline, vanB-positive, or in
both groups (FDRq < 0.1) (Figure 7). Of the genus-
like groups that were differentially affected in the
subgroups, Streptococcus intermedium et rel.,
S. mitis et rel., S. bovis et rel. and Enterococcus all
strongly increased in the vanB-positive group dur-
ing vancomycin use. Species from the Enterococcus
and Streptococcus genera are well-known vanB-
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Figure 3. Changes in insulin-mediated suppression of FFA release (indicator of AT insulin sensitivity) after the 7-day amoxicillin,
vancomycin or placebo treatment compared to baseline, with treatment groups split based on vanB presence at baseline (n =12, 5, 9,
10, 11, 7 for amoxicillin vanB-positive, vanB-negative, vancomycin vanB-positive, vanB-negative, placebo vanB-positive, vanB-negative
respectively). Differences within treatment groups between were analyzed using paired t-test. *p < .05.
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Figure 4. Top 25 upregulated and downregulated pathways in subcutaneous AT after vancomycin treatment compared to baseline in
the vanB-negative at baseline (vanB0) group (FDRq < 0.1) (n = 5). Non-significant enrichment of these pathways in the vanB-positive

group is given as a reference in gray (n = 6).

carriers. Changes in total bacterial load did not
differ between vanB-negative and vanB-positive
during vancomycin use (Suppl. Figure 2).

To investigate whether vanB presence at baseline
would impact recovery of affected taxa, changes in
gut microbial composition during the 8-week fol-
low-up period after vancomycin treatment were
analyzed. There was no difference in changes of
genus-like bacterial groups during the follow-up
period between vanB-positive and vanB-negative,
suggesting that the presence of vanB at baseline
does not have an impact on the recovery of gut
microbial composition after vancomycin use.

Presence of vanB does not lead to changes in SCFA
or inflammatory markers under vancomycin use

Next, possible links between changes in gut micro-
bial activity and changes in metabolic health during
vancomycin treatment were investigated by analyz-
ing levels of microbial metabolites and inflammatory
markers. Changes in fasting plasma inflammatory
cytokines, as well as fasting plasma SCFA and fecal
SCFA did not differ between vanBO and vanBl
(Table 3). Furthermore, changes in levels of fecal
SCFA did not differ between groups during the
8-week follow-up period (Suppl. Table 4).
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Changes in bacterial groups correlate with changes
in AT insulin sensitivity in vanB-negative individuals
under vancomycin use

Finally, possible links between changes in the
microbiome and changes in AT function under
vancomycin use were investigated. There was no
correlation between change in gut microbial a- and
B-diversity and change in AT insulin sensitivity
(Suppl. Table 5). For the 19 genus-like bacterial

groups that changed under vancomycin treatment
in the vanBO group (Figure 7), two were correlated
with change in AT insulin sensitivity. Change in
Eubacterium biforme et rel. was positively corre-
lated with the change in AT insulin sensitivity
(Rho = 0.943, p = .005), while the change in
Eubacterium hallii et rel. was negatively correlated
with change in AT insulin sensitivity
(Rho = -0.886, p = .019). Overall, both genus-like
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Figure 7. Heatmap of bacterial groups at genus-like level whose relative abundance was significantly different after 7-day vancomycin
treatment compared to baseline, with treatment groups split by vanB presence at baseline (FDRq < 0.1). Wilcoxon SR test with
Benjamini—-Hochberg correction was used to analyze differences in bacterial groups over time. Color values show log,, fold changes
compared to baseline. Color of genus-like groups indicates the subgroup in which the significant difference was found. Green: vanB0;

red: vanB1; black: both groups.

groups Eu. biforme and Eu. hallii decreased in
vanB0 during vancomycin use. No correlations
were found in the vanB1 group.

Discussion

The aim of this study was to investigate the subject-
specific response to antibiotic use by stratifying indi-
viduals based on the presence of ARGs or OPs at
baseline. We found that the presence of vanB in the
baseline microbiota impacted the response to vanco-
mycin treatment in gut microbial composition, AT

insulin sensitivity and AT gene expression in men
with overweight or obesity and impaired glucose
metabolism.

The presence of specific ARGs and OPs in the
study population was analyzed. E. coli was present
in almost all samples, as expected, as it is a common
inhabitant of the human gut. Upon vancomycin
use, there was a temporary bloom of E. coli that
returned to baseline levels weeks after cessation of
treatment. Vancomycin is not effective against
Gram-negative E. coli, as the outer membrane of
these bacteria prevents the antibiotic from reaching
the peptidoglycan layer.'? Literature has shown
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Table 3. Concentrations of fasting plasma inflammatory cytokines, fecal SCFA and fasting plasma SCFA at baseline and after seven-day
vancomycin treatment in groups split based on vanB presence at baseline.

During vancomycin treatment vanB0 vanB1 n
(post-pre) Mean SEM Mean SEM p-value vanBO vanB1
IL-6 (pg/ml) Pre 12 0.14 08 0.17 0.406 10 9
Post 1.1 0.14 1.0 0.16 10 9
IL-8 (pg/ml) Pre 5.6 0.48 49 0.54 0.264 10 9
Post 58 0.43 6.0 0.74 10 9
TNF-a (pg/ml) Pre 3.0 0.24 26 0.12 0.597 10 9
Post 3.0 0.13 2.7 0.15 10 9
Fecal Acetate (umol/g) Pre 52.8 413 46.2 4,64 0.905 10 8
Post 26.2 3.83 18.5 4.46 10 8
Fecal Propionate (umol/g) Pre 14.6 1.60 14.4 2.63 0.211 10 8
Post 11.6 1.59 7.8 1.80 10 8
Fecal Butyrate (umol/g) Pre 129 1.46 11.4 1.65 0.893 10 8
Post 29 033 1.4 0.38 10 8
Plasma Acetate (umol/L) Pre 393 9.57 26.2 534 0.667 10 9
Post 355 9.38 257 3.25 10 9
Plasma Propionate (umol/L) Pre 3.1 0.54 33 0.53 0.320 10 9
Post 2.0 0.22 3.2 0.43 10 9
Plasma Butyrate (umol/L) Pre 1.1 0.24 0.9 0.28 0.445 10 9
Post 0.6 0.12 0.6 0.12 10 9

Independent t test was used to analyze differences between groups. p-value is given for the comparison of change in parameter (post-pre vs. post-pre). vanB-
negative at baseline (vanB0); vanB-present at baseline (vanB1); Interleukin 6 (IL-6); Interleukin 8 (IL-8); Tumor necrosis factor alpha (TNF-a).

expansion of the Escherichia genus after oral van-
comycin use, as these bacteria can take advantage of
a decrease in other species to expand.'®** While
E. coli should in theory be susceptible to amoxicil-
lin, this was not observed here, a finding that may
be explained by the fact that amoxicillin is well
absorbed in the small intestine and may not reach
the colon in sufficient amounts to impact the
microbiome.”’ This would also explain why there
was no increase in the relative abundance of the
TEM and SHV gene-families under amoxicillin use,
contrary to expectations. Relative abundance of
TEM and SHV gene families did increase after
vancomycin use, which could be linked to the
expansion of E. coli in our population, as these
bacteria often carry members of the TEM or SHV

gene families.””
vanB was present in 60% of individuals at baseline.

The vanB gene confers resistance to vancomycin by
modifying peptidoglycan precursors, the target site of
vancomycin, thereby drastically lowering its ability to
bind.*’ In the vancomycin-treated group, relative
abundance of vanB was significantly higher between
week 0-9 compared to week 0-1, indicating expan-
sion of vanB-carrying bacteria in the period after
vancomycin use. Interestingly, this bloom did not
occur directly during the week of vancomycin use. It
could be that susceptible bacteria, capable of

producing nutrients for vanB-carriers, were disrupted
in this period, thereby inhibiting growth of the resis-
tant bacteria. This way, cross-feeding within bacterial
networks could play an important role in the response
to antibiotic use.”* However, whether this did occur in

our samples remains unclear.

During vancomycin treatment, AT insulin sensi-
tivity increased in the group that did not carry vanB
at baseline, while it decreased in the group carrying
vanB, also after correction for differences in base-
line BMI and AT insulin sensitivity. This indicates
that vancomycin treatment may have a positive
effect on AT metabolism and insulin sensitivity in
specific subgroups of individuals. Concomitantly,
changes in abdominal subcutaneous AT gene
expression were found during vancomycin use in
the vanB-negative group, as pathways related to
inflammatory processes were downregulated after
vancomycin treatment compared to baseline, while
pathways involved in ECM remodeling and in
mitochondrial function were upregulated. These
findings imply positive effects of vancomycin on
AT function in the absence of vanB. Both low-
grade inflammation and limited ECM remodeling
are associated with AT dysfunction in obesity:
white adipocytes aim to expand in periods of
energy excess, but their expandability is limited by
low ECM remodeling.>® This may lead to adipocyte



cell death and thus trigger local inflammation. If
left unresolved, this may in turn lead to the devel-
opment of insulin resistance.”® Thus, upregulation
of ECM remodeling together with downregulation
of AT inflammatory pathways may indicate a better
expandability of adipocytes, preventing a stress
response and local inflammation, which may in
turn relate to higher AT insulin sensitivity in the
vanB-negative group. These seemingly beneficial
changes are further supported by the upregulation
of pathways related to mitochondrial function in
these individuals. Mitochondrial function is an
important factor in healthy AT as it improves
energy metabolism, and it has been associated
with improved insulin sensitivity.>’

In summary, we show that the absence of vanB
in the gut microbiome may lead to improvements
in AT function under vancomycin use, while the
presence of vanB has detrimental consequences.
Interestingly, these findings seem to be tissue-
specific, as no changes in either peripheral or hepa-
tic insulin sensitivity were found.

To elucidate the potential mechanisms underlying
these changes in AT function, gut microbial composi-
tion and microbial diversity parameters were ana-
lyzed. There was no difference in a-diversity
parameters during vancomycin use between sub-
groups, although an improved recovery in the
Shannon Effective Index was observed at 8-week fol-
low-up among subjects that did not carry vanB. In
addition to improved recovery of a-diversity, a higher
similarity between samples at baseline and after van-
comycin use was found in the group that did not carry
vanB at baseline, implicating reduced disruption by
vancomycin use in the vanB-negative group. Changes
in gut microbial composition differed between the
groups during vancomycin use, as Enterococcus and
Streptococcus expanded, but only in the group carry-
ing vanB at baseline. This change was expected, as
these Gram-positive bacteria have been shown to
carry vanB.***° Of these, especially Enterococcus
strains are often found to be the underlying cause of
resistant infections in hospitals.’® Of note, changes in
total bacterial numbers did not differ between vanB0
and vanB1 during vancomycin use.

One may speculate that in the vanB-negative
group the lesser vancomycin-induced disruption
led to the observed metabolically beneficial changes
in AT gene expression profile and insulin sensitivity.
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This lower disruption may have led to altered pro-
duction of microbial metabolites, such as SCFA and
BA, which could positively impact metabolic health.
However, in this study, no differences were found in
either plasma SCFA, fecal SCFA or plasma inflam-
matory marker levels during vancomycin use
between the vanB-negative and vanB-positive
groups. It thus seems that these metabolites and
cytokines are not the link between the changes in
gut microbial composition and changes in AT insu-
lin sensitivity observed here. Of note, the SCFA
measured are just a small subset of the complex
array of metabolites produced by the
microbiome.”™** To further elucidate the link
between vancomycin-induced changes in gut micro-
bial composition and tissue-specific functional
changes in AT, extensive integrative metagenomic-
metabolomic analyses of both fecal and/or plasma
samples could prove useful.

Ultimately, there was no correlation between
changes in gut microbial diversity parameters and
AT insulin sensitivity under vancomycin use.
However, in the vanB-negative group, change in
Eu. biforme et rel. was positively correlated with
change in AT insulin sensitivity, while Eu. hallii et
rel. was negatively correlated. Both genus-like groups
decreased under vancomycin use in vanB0. Drawing
decisive conclusions based on these findings is diffi-
cult, however, as sample size is low and the
Eubacterium genus is phylogenetically and phenoty-
pically diverse. Our findings do indicate that specific
changes in gut microbial composition may underlie
the improvement in AT insulin sensitivity during
vancomycin use. Further in-depth analysis of gut
microbial composition is warranted to elucidate the
changes occurring under vancomycin use.
Combining this with resistome analysis to discover
other potentially relevant ARGs should prove helpful
in determining the role-resistant bacteria play in
response to vancomycin use.

In conclusion, the present study demonstrates that
microbial composition as well as adipose tissue meta-
bolism and function were differentially affected by
vancomycin treatment in men with overweight or
obesity and impaired glucose metabolism carrying
the vanB resistance gene in their gut microbiome
compared to vanB-negative individuals. AT function
improved in the vanB-negative group, along with
tissue-specific insulin sensitivity. This was further
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substantiated by an improved gene expression profile,
as pathways of ECM remodeling and mitochondrial
function were enriched, while inflammatory processes
were downregulated. Interestingly, the improvements
seemed to be AT-specific. Furthermore, we showed
a subject-specific response to vancomycin use caused
by vanB presence. Whether similar effects occur with
administration of other antibiotics should be analyzed
further. Nevertheless, this study shows the potential of
ARGs to modulate the response to antibiotic use for
both gut microbial composition and metabolic health.

The subject-specific response to antibiotic use
may prove important for future research, and iden-
tification of relevant ARGs could be an important
first step to elucidate subject-specific response to
antibiotic use that may be able to explain changes in
metabolic health, specifically AT. This could be
especially relevant in metabolically compromised
populations. However, more research is needed to
fully understand the impact of ARGs on metabolic
health under antibiotic use and to unravel potential
mechanistic links connecting these.

Materials and methods
Study design and population

The study population consisted of 56 adult males
(age: 35-70 years) with overweight/obesity (BMI:
25-35 kg/m?) and impaired glucose metabolism
(fasting glucose >5.6 mmol/l, and/or 2 hour glucose
7.8-11.0 mmol/l) and HOMA-IR >2.2, as described
previously (https://Clinical Trials.gov,
NCT02241421)."> All participants gave written
informed consent for participation in the study.
The study was reviewed and approved by the local
Medical Ethical Committee of Maastricht
University Medical Center+. All procedures were
performed according to the declaration of Helsinki
(October 2008).

Participants were randomized to oral intake of
amoxicillin, vancomycin or placebo (microcrystal-
line cellulose) for seven consecutive days (1500 mg/
day). Block randomization with stratification for
BMI, age and 2-hour plasma glucose values were
used to ensure equal groups. Testdays took place at
baseline, days (wash-out) after 7-day antibiotic or
placebo treatment, and subsequently at 8-week fol-
low-up (Figure 1).

Detection of ARG and OP

Fecal samples were collected at the measurement days,
and DNA was isolated as described previously.>
TagMan quantitative PCR (qPCR) assays were used
to determine the presence of specific ARGs in bacterial
DNA. Quantification of the vancomycin resistance
conferring gene vanA was done using a 5-GCC
GGAAAAAGGCTCTGAA-3’ forward and 5'-
TCCTCGCTCCTCTGCTGAA-3’ reverse primer,
generating a product of 67 bp, together with a 5-ACG
CAGTTATAACCGTTCCCGCAGACC-3"  probe
with a 6-FAM-reporter and blackhole quencher
(BHQ-1).** For quantification of wvanB, the
5-CGCAGCTTGCATGGACAA-3 and 5-
GGCGATGCCCGCATT-3’ forward and reverse pri-
mers were used, generating a 58 bp product, with a 5’-
TCACTGGCCTACATTC-3° probe with VIC-
reporter and  MGB-NFQ  non-fluorescent
quencher.”* Amplifications were performed using
a Quantstudio 5 real-time PCR system
(ThermoFisher Scientific) in 25 pl reactions contain-
ing 12,5 ul 2x Absolute qPCR ROX mix
(ThermoFisher Scientific), 20 pM of each primer
(vanA and vanB), 5 pM of probe (vanA and vanB)
and 5 pl target DNA. Thermal cycling consisted of
15 minutes at 95°C, followed by 42 cycles of 15 seconds
at 95°C and 30 seconds at 60°C. In order to assess the
efficiency of the assays and to quantify the number of
target copies in biological samples, standard curves
were created using a control plasmid constructed by
cloning the corresponding PCR amplicon into a p1190
(vanA) or p1200 (vanB) vector. Standard curves were
made using triplicate measurements of serial dilutions
of the control plasmid.

The presence of Escherichia coli and Clostridioides
difficile was analyzed by qPCR, using previously vali-
dated assays.’>*® For the detection of the -lactamase
families CTX-M, TEM, SHV and CIT-type AmpCs,
a multiplex qPCR setup was used based on work from
Roschanski et al.”” These analyses are described in
detail in the supplemental methods.

Analysis of metabolic parameters and gut microbial
composition

The following measurements were all performed in
the original study." Tissue-specific insulin sensitiv-
ity was measured via two-step hyperinsulinemic-
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euglycemic clamp with [6,6-H,]-glucose tracer
analysis.">”® Blood samples were taken from
a superficial dorsal hand vein throughout the test.
Tracer infusion was started at 0.04 mg/kg/min after
bolus-injection (2.4 mg/kg) and was continued
throughout the measurement. Variable co-infusion
of 17.5% glucose solution, enriched with 1.1% tracer,
was used to maintain plasma glucose concentrations
at 5.0 mmol/L during the 0 mU, 10 mU/m?*/min and
40 mU/m*/min insulin infusion steps (all 2 hours
each). During the 10 mU insulin-infusion step, insu-
lin-mediated suppression of FFA release and insulin-
mediated suppression of endogenous glucose pro-
duction (EGP) as measures of AT and hepatic insu-
lin sensitivity were determined compared to
baseline. Rate of glucose disappearance (RD) as
a measure of peripheral insulin sensitivity was deter-
mined during the 40 mU insulin-infusion step.
Blood samples were taken in the last 30 minutes of
each step, in order to calculate steady-state kinetics:*®

% FFA suppression = 100 - (([FFA at 10 mU] x 100)/
[FFA 0 mU))

% EGP suppression = 100 - ((EGP at 10 mU x 100)/
EGP at 0 mU)

(EGP = Rate of glucose appearance (RA) - Glucose
infusion rate (GIR))

RD = RA + [Glucose tracer infusion]

Plasma glucose and FFA levels were determined
using Cobas FARA auto-analyzer (Roche,
Switzerland). Plasma insulin was determined
using double antibody radioimmunoassay
(Millipore). Additional fasting blood samples were
collected, and plasma Interleukins (IL-6 and IL-8)
and Tumor-Necrosis Factor Alpha (TNF-a) were
measured using a multiplex enzyme-linked immu-
nosorbent assay (ELISA) (Meso Scale Diagnostics).
Plasma SCFAs were determined via liquid chroma-
tography-tandem mass spectrometry.">

Abdominal subcutaneous AT biopsies were
taken under local anesthesia in fasting conditions.
RNA was isolated using Trizol chloroform extrac-
tion and was used for microarray analysis.'> Here,
100 ng RNA, labeled with Whole-Transcript Sense
Target Assay, was hybridized to human whole-
genome Affymetrix Gene 1.1 ST arrays, targeting
19793 unique genes (Affymetrix).
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Gut microbial composition was determined
using the Human Intestinal Tract Chip
(HITChip) phylogenetic microarray.”® Fecal
SCFA levels were determined using gas chromato-
graphy-mass spectrometry.13

Statistical analyses

Data are expressed as mean + SEM where possible,
with a significance level of p < .05. Analyses were
performed in IBM SPSS Statistics 27 and R version
4.0.5. Normality of data was assessed using
Kolmogorov-Smirnov and visual inspection where
necessary. Non-parametric equivalents of statistical
tests were used in case normality was violated.

For the determination of ARG presence, a cutoft
of 10 gene copies was used. Differences in ARG and
OP fold change between treatments were analyzed
using repeated measures ANOVA with multiple
comparison. Differences within treatment were ana-
lyzed using paired t-test. Differences in parameters
of metabolic health between groups were analyzed
using independent t-test. Tissue-specific insulin sen-
sitivity data were log10-transformed prior to analy-
sis. In case of significant differences at baseline,
ANCOVA was used to correct for covariates.

For the analysis of AT gene expression, gene set
enrichment analysis (GSEA v4.1.0, UC San Diego)
was performed using pre-ranked t values of genes
from moderated (Bayesian smoothing) t-test
(IBMT), computed with the Limma R package.
Pathways were deemed significantly enriched when
FDRq < 0.1.

Differences in gut microbial a- and B-diversity
parameters between the groups were analyzed
using independent t-test. Differences within groups
were analyzed using paired t-test.

For the analyses of gut microbial composition
using HITChip data, logl0-transformed signals
were used. Wilcoxon SR test with Benjamini-
Hochberg correction (FDRq < 0.1) was used to
compare changes in genus-like bacterial groups
during vancomycin treatment and during 8-week
follow-up within groups.

Disclosure statement

No potential conflict of interest was reported by the author(s).



€2083905-14 LARS M. M. VLIEX ET AL.

Author contributions

LV and GL performed statistical analyses. DR performed the
original study. GG and EB coordinated the original study. EB
and JP conceptualized the manuscript. All authors reviewed
the manuscript and approved the final version for submission.

Abbreviations

ARG: Antibiotic Resistance Gene; AT: Adipose Tissue; BA:
Bile Acid; BMI: Body Mass Index; ECM: Extracellular Matrix;
EGP: Endogenous Glucose Production; ELISA: Enzyme-
linked Immunosorbent Assay; ESBL: Extended-spectrum
Beta-lactamase; FFA: Free Fatty Acid; HITChip: Human
Intestinal Tract Chip; IL-6: Interleukin-6; IL-8: Interleukin-8;
LPS: Lipopolysaccharide; OP: Opportunistic Pathogen; gPCR:
quantitative Polymerase Chain Reaction; RA: Rate of glucose
appearance; Rate of glucose disappearance; SCFA: Short-
Chain Fatty Acid; TNF-a: Tumor Necrosis Factor-alpha.

Disclosure of interest

The authors report no conflict of interest.

Data availability

Data can be made available by the corresponding author upon
reasonable request. Microarray data of the original study has
been submitted to GEO: GSE76003. The script used here for
HITChip analysis and visualization has been uploaded to
GitHub: https://github.com/MUMC-MEDMIC/Lars_
vancomycin

Funding

This work was funded by the Dutch Research Council (NWO)
and the Carbohydrate Competence Center (CCC), as well as
TI Food and Nutrition, a public-private partnership on pre-
competitive research in food and nutrition. The funders had
no role in design and conduct of the study, in analysis and
interpretation of the data, in preparation, review and approval
of the manuscript nor in the decision to submit for publica-
tion;TIFood and Nutrition public private partnership
[GHO03];NWO-CCC public-private partnership
[ALWCC.2017.003];

ORCID

Lars M. M. Vliex
Giang N. Le
Marina Fassarella
Dorien Reijnders
Gijs H. Goossens

http://orcid.org/0000-0002-5295-4223
http://orcid.org/0000-0001-6660-557X

http://orcid.org/0000-0001-7285-0029
http://orcid.org/0000-0002-6637-4553
http://orcid.org/0000-0002-2092-3019

Erwin G. Zoetendal () http://orcid.org/0000-0002-7149-0727
John Penders () http://orcid.org/0000-0001-9146-5919
Ellen E. Blaak () http://orcid.org/0000-0002-2496-3464

References

1. The review on antimicrobial resistance cbJON.
Antimicrobial resistance: tackling a crisis for the health
and wealth of nations. 2014. https://amr-review.org/
sites/default/files/ AMR%20Review%20Paper%20-%
20Tackling%20a%20crisis%20for%20the%20health%
20and%20wealth%200f%20nations_1.pdf .

2. Smith RA, M’Tkanatha NM, Read AF. Antibiotic resis-
tance: a primer and call to action. Health Commun.
2015;30(3):309-314. doi:10.1080/10410236.2014.943634.

3. Dethlefsen L, Relman DA. Incomplete recovery and
individualized responses of the human distal gut micro-
biota to repeated antibiotic perturbation. Proc Natl
Acad Sci U S A. 2011;108(Suppl 1):4554-4561.
doi:10.1073/pnas.1000087107.

4. Ferrer M, Méndez-Garcia C, Rojo D, Barbas C, Moya A.
Antibiotic use and microbiome function. Biochem
Pharmacol. 2017;134:114-126. doi:10.1016/j.

bcp.2016.09.007.

5. Schwartz D], Langdon AE, Dantas G. Understanding
the impact of antibiotic perturbation on the human
microbiome. Genome Med. 2020;12(1):82.
doi:10.1186/s13073-020-00782-x.

6. Lange K, Buerger M, Stallmach A, Bruns T. Effects of
antibiotics on gut microbiota. Digestive Dis. 2016;34
(3):260-268. d0i:10.1159/000443360.

7. Canfora EE, Meex RCR, Venema K, Blaak EE. Gut
microbial metabolites in obesity, NAFLD and T2DM.
Nat Rev Endocrinol. 2019;15(5):261-273. d0i:10.1038/
$41574-019-0156-z.

8. Wahlstrom A, Sayin Sama I, Marschall H-U, Backhed F.
Intestinal crosstalk between bile acids and microbiota
and its impact on host metabolism. Cell Metab. 2016;24
(1):41-50. doi:10.1016/j.cmet.2016.05.005.

9. Ghosh SS, Wang ], Yannie PJ, Ghosh S. Intestinal barrier
dysfunction, LPS translocation, and disease development.
J Endocr Soc. 2020;4(2). doi:10.1210/jendso/bvz039.

10. Ivanov II, Honda K, Ivanov I. Intestinal commensal
microbes as immune modulators. Cell Host Microbe.
2012;12(4):496-508. doi:10.1016/j.chom.2012.09.009.

11. Wilhelm MP. Vancomycin. Mayo Clinic Proc. 1991;66
(11):1165-1170. doi:10.1016/S0025-6196(12)65799-1.

12. Kahne D, Leimkuhler C, Lu W, Walsh C. Glycopeptide
and lipoglycopeptide antibiotics. Chem Rev. 2005;105
(2):425-448. d0i:10.1021/cr030103a.

13. Reijnders D, Goossens Gijs H, Hermes Gerben DA,
Neis Evelien PJG, van der Beek Christina M,
Most J, Holst J, Lenaerts K, Kootte R,
Nieuwdorp M, et al. Effects of gut microbiota
manipulation by antibiotics on host metabolism in


https://github.com/MUMC-MEDMIC/Lars_vancomycin
https://github.com/MUMC-MEDMIC/Lars_vancomycin
https://amr-review.org/sites/default/files/AMR%20Review%20Paper%20-%20Tackling%20a%20crisis%20for%20the%20health%20and%20wealth%20of%20nations_1.pdf
https://amr-review.org/sites/default/files/AMR%20Review%20Paper%20-%20Tackling%20a%20crisis%20for%20the%20health%20and%20wealth%20of%20nations_1.pdf
https://amr-review.org/sites/default/files/AMR%20Review%20Paper%20-%20Tackling%20a%20crisis%20for%20the%20health%20and%20wealth%20of%20nations_1.pdf
https://amr-review.org/sites/default/files/AMR%20Review%20Paper%20-%20Tackling%20a%20crisis%20for%20the%20health%20and%20wealth%20of%20nations_1.pdf
https://doi.org/10.1080/10410236.2014.943634
https://doi.org/10.1073/pnas.1000087107
https://doi.org/10.1016/j.bcp.2016.09.007
https://doi.org/10.1016/j.bcp.2016.09.007
https://doi.org/10.1186/s13073-020-00782-x
https://doi.org/10.1159/000443360
https://doi.org/10.1038/s41574-019-0156-z
https://doi.org/10.1038/s41574-019-0156-z
https://doi.org/10.1016/j.cmet.2016.05.005
https://doi.org/10.1210/jendso/bvz039
https://doi.org/10.1016/j.chom.2012.09.009
https://doi.org/10.1016/S0025-6196(12)65799-1
https://doi.org/10.1021/cr030103a

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

obese humans: a randomized double-blind
placebo-controlled trial. Cell Metab. 2016;24
(1):63-74. doi:10.1016/j.cmet.2016.06.016.

van der Kolk BW, Kalafati M, Adriaens M, van
Greevenbroek MM]J, Vogelzangs N, Saris WHM,
Astrup A, Valsesia A, Langin D, van der Kallen CJH,
et al. Subcutaneous adipose tissue and systemic inflam-
mation are associated with peripheral but not hepatic
insulin resistance in humans. Diabetes. 2019;68
(12):2247. doi:10.2337/db19-0560.

Basolo A, Hohenadel M, Ang QY, Piaggi P, Heinitz S,
Walter M, Walter P, Parrington S, Trinidad DD, von
Schwartzenberg RJ, et al. Effects of underfeeding and
oral vancomycin on gut microbiome and nutrient
absorption in humans. Nat Med. 2020;26(4):589-598.
doi:10.1038/s41591-020-0801-z.

Mikkelsen KH, Frost M, Bahl MI, Licht TR, Jensen US,
Rosenberg J, Pedersen O, Hansen T, Rehfeld JF, Holst JJ,
et al. Effect of antibiotics on gut microbiota, gut hor-
mones and glucose metabolism. PLoS One. 2015;10(11):
€0142352-e. doi:10.1371/journal.pone.0142352.

Vrieze A, Out C, Fuentes S, Jonker L, Reuling I, Kootte RS,
van Nood E, Holleman F, Knaapen M, Romijn JA, et al.
Impact of oral vancomycin on gut microbiota, bile acid
metabolism, and insulin sensitivity. ] Hepatol. 2014;60
(4):824-831. doi:10.1016/j.jhep.2013.11.034.

Fassarella M, Blaak EE, Penders J, Nauta A, Smidt H,
Zoetendal EG. Gut microbiome stability and resilience:
elucidating the response to perturbations in order to
modulate gut health. Gut. 2021;70(3):595-605.
doi:10.1136/gutjnl-2020-321747.

Kim AH, Lee Y, Kim E, Ji SC, Chung J-Y, Cho J-Y.
Assessment of oral vancomycin-induced alterations in
gut bacterial microbiota and metabolome of healthy
men. Front Cell Infect Microbiol. 2021;11(412).
doi:10.3389/fcimb.2021.629438.

Isaac S, Scher JU, Djukovic A, Jiménez N, Littman DR,
Abramson SB, Pamer EG, Ubeda C. Short- and
long-term effects of oral vancomycin on the human
intestinal microbiota. ] Antimicrob Chemother.
2017;72(1):128-136. do0i:10.1093/jac/dkw383.

Barr WH, Zola EM, Candler EL, Hwang SM,
Tendolkar AV, Shamburek R, Parker B, Hilty MD.
Differential absorption of amoxicillin from the human
small and large intestine. Clin Pharmacol Ther. 1994;56
(3):279-285. d0i:10.1038/clpt.1994.138.

Bajaj P, Singh NS, Virdi JS. Escherichia coli B-lactamases
: what really matters. Front Microbiol. 2016;7:417.
doi:10.3389/fmicb.2016.00417.

Stogios PJ, Savchenko A. Molecular mechanisms of
vancomycin resistance. Protein = Sci. 2020;29
(3):654-669. doi:10.1002/pro.3819.

Adamowicz EM, Flynn J, Hunter RC, Harcombe WR.
Cross-feeding modulates antibiotic tolerance in bacter-
ial communities. ISME J. 2018;12(11):2723-2735.
doi:10.1038/541396-018-0212-z.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

GUT MICROBES (&) €2083905-15

Crewe C, An YA, Scherer PE. The ominous triad of
adipose tissue dysfunction: inflammation, fibrosis, and
impaired angiogenesis. J Clin Invest. 2017;127(1):74-82.
doi:10.1172/JCI88883.

Ruiz-Ojeda FJ, Méndez-Gutiérrez A, Aguilera CM,
Plaza-Diaz J. Extracellular matrix remodeling of adipose
tissue in obesity and metabolic diseases. Int ] Mol Sci.
2019;20(19):4888. do0i:10.3390/ijms20194888.

Lee JH, Park A, Oh K-J, Lee SC, Kim WK, Bae K-H. The
role of adipose tissue mitochondria: regulation of mito-
chondrial function for the treatment of metabolic
diseases. Int J Mol Sci. 2019;20(19):4924. do0i:10.3390/
ijms20194924.

Poyart C, Pierre C, Quesne G, Pron B, Berche P, Trieu-
Cuot P. Emergence of vancomycin resistance in the genus
streptococcus: characterization of a vanB transferable
determinant in streptococcus bovis. Antimicrob Agents
Chemother. 1997;41(1):24-29. doi:10.1128/AAC.41.1.24.
Cetinkaya Y, Falk P, Mayhall CG. Vancomycin-resistant
enterococci. Clin Microbiol Rev. 2000;13(4):686-707.
doi:10.1128/CMR.13.4.686.

Reyes K, Bardossy AC, Zervos M. Vancomycin-resistant
enterococci: epidemiology, infection prevention, and
control. Infect Dis Clin North Am. 2016;30
(4):953-965. d0i:10.1016/j.idc.2016.07.009.

Tang -Z-Z, Chen G, Hong Q, Huang S, Smith HM,
Shah RD, Scholz M, Ferguson JF. Multi-omic analysis
of the microbiome and metabolome in healthy subjects
reveals microbiome-dependent relationships between
diet and metabolites. Front Genet. 2019;10(454).
doi:10.3389/fgene.2019.00454.

Krautkramer KA, Fan J, Biackhed F. Gut microbial meta-
bolites as multi-kingdom intermediates. Nat Rev
Microbiol. 2021;19(2):77-94. doi:10.1038/s41579-020-
0438-4.

Zoetendal EG, Akkermans AD, De Vos WM.
Temperature gradient gel electrophoresis analysis of
16S rRNA from human fecal samples reveals stable
and host-specific communities of active bacteria. Appl
Environ Microbiol. 1998;64(10):3854-3859.
doi:10.1128/AEM.64.10.3854-3859.1998.

Flipse ], von Wintersdorff CJH, van Niekerk JM,
Jamin C, van Tiel FH, Hasman H, van Alphen LB.
Appearance of vanD-positive enterococcus faecium in
a tertiary hospital in the Netherlands: prevalence of
vanC and vanD in hospitalized patients. Sci Rep.
2019;9(1):6949. doi:10.1038/s41598-019-42824-4.
Huijsdens Xander W, Linskens Ronald K, Mak M,
Meuwissen Stephan GM, Christina MJE V-G, Savelkoul
Paul HM. Quantification of bacteria adherent to gastro-
intestinal mucosa by real-time PCR. JClin Microbiol.
2002;40(12):4423-4427. doi:10.1128/JCM.40.12.4423-
4427.2002.

Penders ], Vink C, Driessen C, London N, Thijs C,
Stobberingh EE. Quantification of bifidobacterium
spp., Escherichia coli and clostridium difficile in faecal


https://doi.org/10.1016/j.cmet.2016.06.016
https://doi.org/10.2337/db19-0560
https://doi.org/10.1038/s41591-020-0801-z
https://doi.org/10.1371/journal.pone.0142352
https://doi.org/10.1016/j.jhep.2013.11.034
https://doi.org/10.1136/gutjnl-2020-321747
https://doi.org/10.3389/fcimb.2021.629438
https://doi.org/10.1093/jac/dkw383
https://doi.org/10.1038/clpt.1994.138
https://doi.org/10.3389/fmicb.2016.00417
https://doi.org/10.1002/pro.3819
https://doi.org/10.1038/s41396-018-0212-z
https://doi.org/10.1172/JCI88883
https://doi.org/10.3390/ijms20194888
https://doi.org/10.3390/ijms20194924
https://doi.org/10.3390/ijms20194924
https://doi.org/10.1128/AAC.41.1.24
https://doi.org/10.1128/CMR.13.4.686
https://doi.org/10.1016/j.idc.2016.07.009
https://doi.org/10.3389/fgene.2019.00454
https://doi.org/10.1038/s41579-020-0438-4
https://doi.org/10.1038/s41579-020-0438-4
https://doi.org/10.1128/AEM.64.10.3854-3859.1998
https://doi.org/10.1038/s41598-019-42824-4
https://doi.org/10.1128/JCM.40.12.4423-4427.2002
https://doi.org/10.1128/JCM.40.12.4423-4427.2002

€2083905-16 LARS M. M. VLIEX ET AL.

37.

38.

samples of breast-fed and formula-fed infants by
real-time PCR. FEMS Microbiol Lett. 2005;243
(1):141-147. doi:10.1016/j.femsle.2004.11.052.
Roschanski N, Fischer J, Guerra B, Roesler U, Bereswill S.
Development of a multiplex real-time PCR for the rapid
detection of the predominant beta-lactamase genes
CTX-M, SHV, TEM and CIT-type AmpCs in
enterobacteriaceae. PLoS One. 2014;9(7):e100956-e.
doi:10.1371/journal.pone.0100956.

Most J, Timmers S, Warnke I, Jocken JW, van
Boekschoten M, de Groot P, Bendik I, Schrauwen P,
Goossens GH, Blaak EE, et al. Combined
epigallocatechin-3-gallate and resveratrol supplementation

39.

for 12 wk increases mitochondrial capacity and fat oxida-
tion, but not insulin sensitivity, in obese humans:
a randomized controlled trial. Am J Clin Nutr. 2016;104
(1):215-227. doi:10.3945/ajcn.115.122937.
Rajili¢-Stojanovi¢ M, Heilig HG, Molenaar D,
Kajander K, Surakka A, Smidt H, de Vos WM.
Development and application of the human intestinal
tract chip, a phylogenetic microarray: analysis of uni-
versally conserved phylotypes in the abundant micro-
biota of young and elderly adults. Environ Microbiol.
2009;11(7):1736-1751. do0i:10.1111/j.1462-2920.2009.
01900.x.


https://doi.org/10.1016/j.femsle.2004.11.052
https://doi.org/10.1371/journal.pone.0100956
https://doi.org/10.3945/ajcn.115.122937
https://doi.org/10.1111/j.1462-2920.2009.01900.x
https://doi.org/10.1111/j.1462-2920.2009.01900.x

	Abstract
	Introduction
	Results
	Presence of specific ARG and OP in the study population
	vanB relative abundance increases after vancomycin use
	AT insulin sensitivity improves in vanB-negative individuals during vancomycin use
	Inflammatory pathways are downregulated in AT of vanB-negative individuals under vancomycin use
	Smaller changes in gut microbial diversity in vanB-negative individuals during vancomycin use
	Gut microbial composition changes under vancomycin use based on vanB presence
	Presence of vanB does not lead to changes in SCFA or inflammatory markers under vancomycin use
	Changes in bacterial groups correlate with changes in AT insulin sensitivity in vanB-negative individuals under vancomycin use

	Discussion
	Materials and methods
	Study design and population
	Detection of ARG and OP
	Analysis of metabolic parameters and gut microbial composition
	Statistical analyses

	Disclosure statement
	Author contributions
	Abbreviations
	Disclosure of interest
	Data availability
	Funding
	ORCID
	References

