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Key points

o Age-related arterial dysfunction, characterized by oxidative stress- and inflammation-mediated
endothelial dysfunction and arterial stiffening, is the primary risk factor for cardiovascular
diseases.

e To investigate whether age-related changes in the gut microbiome may mediate arterial
dysfunction, we suppressed gut microbiota in young and old mice with a cocktail of
broad-spectrum, poorly-absorbed antibiotics in drinking water for 3—4 weeks.

¢ In old mice, antibiotic treatment reversed endothelial dysfunction and arterial stiffening and
attenuated vascular oxidative stress and inflammation.

e To provide insight into age-related changes in gut microbiota that may underlie these
observations, we show that ageing altered the abundance of microbial taxa associated with gut
dysbiosis and increased plasma levels of the adverse gut-derived metabolite trimethylamine
N-oxide.

e The results of the present study provide the first proof-of-concept evidence that the gut
microbiome is an important mediator of age-related arterial dysfunction and therefore may be
a promising therapeutic target for preserving arterial function with ageing, thereby reducing
the risk of cardiovascular diseases.
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Abstract Oxidative stress-mediated arterial dysfunction (e.g. endothelial dysfunction and
large elastic artery stiffening) is the primary mechanism driving age-related cardiovascular
diseases. Accumulating evidence suggests the gut microbiome modulates host physiology because
dysregulation (‘gut dysbiosis’) has systemic consequences, including promotion of oxidative
stress. The present study aimed to determine whether the gut microbiome modulates arterial
function with ageing. We measured arterial function in young and older mice after 3—4 weeks
of treatment with broad-spectrum, poorly-absorbed antibiotics to suppress the gut micro-
biome. To identify potential mechanistic links between the gut microbiome and age-related
arterial dysfunction, we sequenced microbiota from young and older mice and measured plasma
levels of the adverse gut-derived metabolite trimethylamine N-oxide (TMAO). In old mice,
antibiotics reversed endothelial dysfunction [area-under-the-curve carotid artery dilatation to
acetylcholine in young: 345 £ 16 AU vs. old control (OC): 220 £ 34 AU, P < 0.01; vs. old
antibiotic-treated (OA): 334 &£ 15 AU; P < 0.01 vs. OC] and arterial stiffening (aortic pulse wave
velocity in young: 3.62 & 0.15 ms ™' vs. OC: 4.43 &+ 0.38 ms™'; vs. OA: 3.52 & 0.35 ms™';
P = 0.03). These improvements were accompanied by lower oxidative stress and greater
antioxidant enzyme expression. Ageing altered the abundance of gut microbial taxa associated with
gut dysbiosis. Lastly, plasma TMAO was higher with ageing (young: 2.6 + 0.4 umol L™! vs. OC:
7.242.0 umol L™!; P < 0.0001) and suppressed by antibiotic treatment (OA: 1.2 +0.2 umol L™;
P < 0.0001 vs. OC). The results of the present study provide the first evidence for the gut micro-
biome being an important mediator of age-related arterial dysfunction and oxidative stress and
suggest that therapeutic strategies targeting gut microbiome health may hold promise for pre-
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serving arterial function and reducing cardiovascular risk with ageing in humans.
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Introduction

Advancing age is the primary risk factor for cardio-
vascular diseases (CVD) (Benjamin et al. 2017). The
key pathophysiological events linking ageing to increased
CVD risk include the development of vascular end-
othelial dysfunction and stiffening of the large elastic
arteries (Lakatta & Levy, 2003). These adverse changes
to arteries with ageing are mediated by increased
superoxide-driven oxidative stress and chronic low-grade
inflammation, which act in a feed-forward manner to
reduce bioavailability of the vasodilatory molecule nitric
oxide (NO) and modify structural components of the
extracellular matrix (Lakatta, 2003; Fleenor et al. 2010;
Seals et al. 2011; Assar et al. 2012). However, the
upstream mechanisms driving age-associated vascular
oxidative stress, inflammation and dysfunction are largely
unknown.

One possible link between ageing and arterial
dysfunction is the gut microbiome, which comprises the
collective genomes of the commensal microorganisms that
colonize the gut. The gut microbiome is an emerging
mediator of host physiology and disease (Clemente et al.
2012), and adverse changes in the gut microbiome, termed
‘gut dysbiosis’ have been causally linked to many diseases,
including atherosclerosis (Gregory et al. 2015). Recent
studies indicate that high-fat diet-induced gut dysbiosis

Email: vienna.brunt@colorado.edu

(in young mice) can impair arterial function (Vikram
et al. 2016; Battson et al. 2017). Evidence exists for
changes in the gut microbiome with primary ageing
(i.e. ageing in the absence of overt pathology) (Hopkins
et al. 2001; Mariat et al. 2009; Claesson et al. 2011).
However, the role of these changes in vascular ageing is
presently unknown. Therefore, the primary aim of the
present study was to establish proof-of-concept evidence
that the gut microbiome modulates arterial function with
ageing. Accordingly, we treated young and old mice with
a cocktail of broad-spectrum, poorly-absorbed antibiotics
for 3—4 weeks to suppress endogenous microbes. We hypo-
thesized that suppression of the gut microbiome would
reverse arterial dysfunction in old mice but would have no
effect in young mice. We also examined whether oxidative
stress and inflammation, which are key mechanisms of
vascular ageing, mediated the effects of the gut micro-
biome on arterial function.

After determining that the gut microbiome is involved
in mediating age-associated arterial dysfunction, we next
aimed to determine what potentially dysbiotic changes
occur in the mouse gut microbiome with ageing. Pre-
vious studies have observed changes in the gut micro-
biome with primary ageing consistent with gut dysbiosis;
however, the microbial taxa altered most by ageing vary
across studies. Investigations in humans are confounded
in part by geographical influences (Mueller et al. 2006)
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and the inclusion of elderly adults who were hospitalized
or living in assisted care facilities (Claesson et al. 2012),
making it difficult to distinguish the effects of ageing
from comorbidities or changing environmental factors.
In this regard, studies in rodents offer a better control
of environmental factors and isolation of the effects
of ageing, although they are limited to date (Langille
et al. 2014; Fransen et al. 2017; Scott et al. 2017;
Thevaranjan et al. 2017). These investigations reported
changes in the abundance of microbial taxa associated
with inflammation, suggesting the gut microbiome may
be a primary source of systemic pro-oxidative and
pro-inflammatory signalling with ageing. Therefore, we
aimed to confirm that ageing, in a controlled and
consistent environment, alters the gut microbiome, and
hypothesized that the gut microbiome would differ
between young and old mice housed in our facility for the
majority of their lifespan (i.e. consistent food, water and
environmental factors). Specifically, we expected adverse
changes in the abundance of microbial taxa associated with
gut dysbiosis.

Lastly, to provide initial insight into a possible
signal by which age-related changes in the gut micro-
biome may influence oxidative stress, inflammation and
arterial function, we measured plasma concentrations
of trimethylamine N-oxide (TMAO) and associated

metabolites. TMAO is produced exclusively via
microbial conversion of digested precursors (e.g.
phosphatidylcholine, betaine and L-carnitine) into

trimethylamine (TMA), which then enters circulation and
is converted to TMAO by flavin-containing monoxygenase
(FMO) enzymes in the liver, primarily FMO3 (Bennett
et al. 2013). TMAO promotes atherosclerosis (Koeth et al.
2013; Wang et al. 2015) and is associated with an increased
CVD risk in humans (Tang et al. 2013). We hypothesized
that plasma TMAO would be increased in old mice and
suppressed by antibiotic treatment.

Methods
Ethical approval

The Institutional Animal Care and Use Committee at the
University of Colorado Boulder reviewed and approved
all procedures (protocol #2539). All procedures were
conducted in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals
and in compliance with the ethical policies and regulations
set out in Grundy (2015).

Animals

Young and older male C57BL/6N mice were obtained from
Charles River (Wilmington, MA, USA) or the National
Institute of Aging colony (maintained by Charles River)
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at 8-10 weeks or 20-24 months of age, respectively. Male
mice of this strain and species demonstrate many clinical
aspects of human ageing, including vascular endothelial
dysfunction and arterial stiffening (Sindler et al. 2011;
Fleenor et al. 2013; LaRocca et al. 2013), whereas female
mice do not because their hormone profile is not consistent
with female older adult humans. In total, 50 young
and 50 older mice were obtained. Data were collected
and reported from 35 and 38 mice, respectively; other
mice were used for pilot testing, died naturally or were
euthanized based on veterinary recommendation prior to
completion of the intervention.

Mice were single-housed in a conventional facility
under a 12:12 hour light/dark photocycle with access to
standard rodent chow and normal drinking water (or
water supplemented with broad-spectrum antibiotics)
available ad libitum from at least 4 weeks prior to baseline
testing (antibiotic experiments) or from 8-10 weeks
of age (gut microbiome sequencing). For antibiotic
experiments, mice were euthanized prior to terminal
measures by exsanguination via cardiac puncture during
maintained inhaled isoflurane anaesthesia. Mice used
for gut microbiome sequencing were not euthanized and
were used for other studies.

Antibiotic intervention

To investigate whether the gut microbiome modulates
arterial function with ageing, young (5-6 months) and
old (26-27 months) C57BL/6N male mice were treated
without (control) or with a cocktail of broad-spectrum,
poorly-absorbed antibiotics in drinking water (1.0 g L™
ampicillin, 1.0 gL™! neomycin sulphate, 1.0 gL'
metronidazoleand 0.5 g L~! vancomycin) to suppress end-
ogenous gut microbes. This antibiotic cocktail has been
shown to substantially deplete all detectable commensal
bacteria (Rakoff-Nahoum et al. 2004; Carvalho et al.
2012; Battson et al. 2017). Group abbreviations are:
young control (YC) (n = 15); young antibiotic-treated
(YA) (n = 11); old control (OC) (n = 11); and old
antibiotic-treated (OA) (N = 10).

To confirm suppression of the microbiome, fresh faecal
samples were collected at baseline and after 3—4 weeks
of antibiotics or normal drinking water. All samples
were collected immediately upon excretion, were quickly
sealed in air-tight containers (within 20 s after excretion),
frozen as soon as possible and stored at —80°C until
analysis. DNA was extracted (PureLink Microbiome DNA
Purification Kit, A29790; Invitrogen, Carlsbad, CA, USA)
and a quantitative PCR was used to determine total micro-
bial DNA counts (reactions optimized for 16s rRNA gene),
as described previously (Battson et al. 2017).

To determine which taxa remained after antibiotic
treatment, 16S rRNA genes were PCR amplified at
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the V4 region and subjected to multiplex Illumina
sequencing and data processing, as described in Stull
et al. (2018). Briefly, paired-end sequence reads were
concatenated and all combined 16S sequences were
filtered, trimmed and processed using the default pipeline
in DADA2 (R bioconductor package, myPhyloDB, version
1.2.1) (Callahan et al. 2016). Each sequence variant
identified in DADA?2 was classified to the closest reference
sequence contained in the Greengenes reference database,
version 13.5.99 (http://greengenes.secondgenome.com)
using the usearch_global option (minimum identity of
97%) contained in the open source program VSEARCH
(Rognes et al. 2016). Effects of age and treatment on
relative abundance of microbial phyla and families were
determined by analysis of covariance (ANCOVA) in
myPhyloDB (Manter et al. 2016).

Vascular endothelial function

After 3-4 weeks of the intervention, vascular end-
othelial function was assessed by ex vivo carotid artery
endothelium-dependent dilatation (EDD) in response
to increasing doses of ACh, as described previously
(Rippe et al. 2010). Briefly, after preconstriction with
phenylephrine (2 umol L™'; Sigma-Aldrich Corp., St
Louis, MO, USA), EDD was assessed by measuring the
increase in luminal diameter in response to increasing
concentrations of ACh (1 x 107 to 1 x 10 *moll™};
Sigma-Aldrich Corp.), first in the absence and then
in the presence of the nitric oxide synthase (NOS)
inhibitor N®-nitro-L-arginine methyl ester (L-NAME;
0.1 mmoll~!, 30 min pre-incubation; Sigma-Aldrich
Corp.). NO-mediated dilatation was calculated as the
difference between peak dilatation to ACh alone and
in the presence of .-NAME. Endothelium independent
dilatation (EID) was measured as dilatation in response
to increasing doses of the exogenous NO donor sodium
nitroprusside (SNP) (1 x 1071 to 1 x 10~*moll™;
Sigma-Aldrich Corp.). To account for baseline differences
in vessel diameter, all dose response data are reported as a
percentage of maximal dilatation.

In vivo large elastic artery stiffness and arterial blood
pressure

Aortic pulse wave velocity (PWV), the gold standard
measure of large elastic artery stiffness, was measured
at baseline and after the intervention using Doppler
ultrasonography under anaesthesia (2% isoflurane with
oxygen adjusted to maintain heart rate between
400-500 beats min™'), as described previously (Fleenor
et al. 2012). PWV was calculated as the distance between
probes divided by the difference in pre-ejection times
(time between ECG R-wave and foot of the Doppler
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signal) of the thoracic and abdominal aortic regions. To
examine the potential contribution of changes in arterial
blood pressure to any treatment-related differences in
aortic PWYV, systolic and diastolic blood pressure were
assessed using a CODA non-invasive tail-cuff system (Kent
Scientific, Torrington, CT, USA), as described previously
(Fleenor et al. 2012).

Ex vivo intrinsic mechanical stiffness

Intrinsic mechanical stiffness was assessed in 1-2 mm
segments of thoracic aorta via wire myography, as
described previously (Fleenor et al. 2012; Gioscia-Ryan
et al. 2018). The thoracic aorta was dissected free of
surrounding tissue and sectioned into rings 1 mm
in length. After pre-stretching, the ring diameter was
increased to achieve a force of 1 mN force and then
incrementally stretched by ~10% every 3 min until failure.
The force corresponding to each stretching interval was
recorded and used to calculate stress and strain, and to
generate a stress—strain curve:

Strain (A) = Ad/d (i)
where D is diameter and d(7) is the initial diameter.
Stress (t) = AL/2HD

where L is one-dimensional load, H is wall thickness and
D is vessel length.

The elastic modulus of the collagen-dominant (highest
force) region of the stress—strain curve was determined as
the slope of a linear equation fit to the final four points of
the stress—strain curve (Fleenor et al. 2012; Gioscia-Ryan
et al. 2018). The boundaries of the elastin-dominant
region (low force region where curvature is ~0) of
the stress—strain curve were determined by fitting a
seventh-order polynomial equation to the data (r* > 0.99;
RStudio, Boston, MA, USA) and then calculating the
roots of the equation; the first root was considered
the boundary between the very low-force region and
the elastin region, and the second root was considered
the boundary between the elastin region and the onset
of collagen fibre engagement (Lammers et al. 2008;
Gioscia-Ryan et al. 2018). The elastic modulus of the
elastin region was then determined as the slope of a linear
equation fit to the stress-strain data between the two roots.

Aortic superoxide production

Superoxide production was measured in 1 mm segments
of thoracic aorta using electron paramagnetic resonance
spectroscopy with the superoxide-specific spin probe
1-hydroxy-3methoxycarbonyl-2,2,5,5-tetramethylpyrrol-
idine (0.5 mMm) (Enzo Life Sciences Inc., Farmington, NY,
USA), as described previously (Rippe et al. 2010).

© 2019 The Authors. The Journal of Physiology © 2019 The Physiological Society
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NOS activity assay

Activity of NOS was determined in aortic lysates
using the Ultrasensitive Colorimetric Assay for Nitric
Oxide Synthase (Oxford Biomedical Research, Rochester
Hills, MI, USA) in accordance with the manufacturer’s
instructions. Values were normalized to the protein
content of each sample and expressed as umol NO ug™
aortic protein.

Aortic and liver protein expression

Protein expression was determined in thoracic aorta
and liver lysates, loading 20 wg and 2 ug of
protein, respectively (larger amounts of liver protein
resulted in overexposure of bands), using standard
western immunoblotting procedures, as described pre-
viously (Rippe et al. 2010; Gioscia-Ryan et al. 2018).
Primary antibodies used for aortic protein were
a-elastin (dilution 1:200; Abcam, Cambridge, MA,
USA; catalogue no. ab21607, RRID:AB_446421), collagen
type-1 (dilution 1:1000; EMD Millipore, Burlington,
MA, USA; catalogue no. AB765P, RRID:AB_92259),
nitrotyrosine (HM.11) (dilution 1:1000; Abcam; catalogue
no. ab7048, RRID:AB_305725), extracellular superoxide
dismutase (ecSOD; dilution 1:2000; Sigma-Aldrich Corp.;
catalogue no. S4946, RRID:AB_532286), manganese
SOD (MnSOD; dilution 1:1000; Enzo Life Sciences;
catalogue no. ADI-SOD-110, RRID: AB_10616816) and
copper/zinc SOD (Cu/ZnSOD; dilution 1:2000; Enzo
Life Sciences; catalogue no. ADI-SOD-100, RRID:
AB_10616253). Primary antibodies used for liver protein
were flavin-containing monoxygenase 3 (EPR6968)
(FMO3; dilution 1:5000; Abcam; catalogue no. 126711,
RRID: AB_11129340). Relative intensity of bands was
normalized to intensity of glyceraldehyde-3-phosphate
dehydrogenase (14C10) (GAPDH; dilution 1:1000; Cell
Signaling Technology, Inc., Beverly, MA, USA; catalogue
no. 2118, RRID: AB_561053).

Aortic inflammation

Concentrations of aortic inflammatory cytokines
interleukin (IL)-6, tumor necrosis factor (TNF)-«
and interferon (IFN)-y were measured using a
commercially-available multiplex enzyme-linked
immunosorbent assay kit (Ciraplex® Mouse Cytokine
Array 1; Aushon BioSystems, Inc., Billerica, MA, USA),
using 10-20 ug of thoracic aortic lysate.

Age-related changes in the gut microbiome

Mice obtained at 8-10 weeks of age were housed in
individual cages in the same vivarium room for the
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remainder of their lifespan. Serial faecal samples were
collected from young (n = 8) and older (n = 17) mice
at 8 and 10 months of age and 15, 18 and 24 months of
age, respectively. Mice from young and older groups were
housed at overlapping times and were fed the same batch of
standard rodent chow. Thus, environmental factors were
controlled as tightly as possible. Microbiome diversity and
relative abundance of major microbial phyla remained
stable over time within age groups (i.e. from 8-10 months
and 15-24 months) and thus all data have been included
as separate data points, increasing the samples sizes pre-
sented per age group to n = 14 (young) and n = 37
(older).

Bacterial DNA was isolated from faeces using the MO
BIO PowerSoil DNA extraction kit (Qiagen, Valencia, CA,
USA) and 16S rRNA genes were PCR amplified at the V4
region and subjected to multiplex Illumina sequencing
(Caporaso et al. 2011). Raw sequences were deposited
in EBI-ENA (ERP107189), uploaded to Qiita (Study ID:
2248) (Gonzalez et al. 2018) and processed in Qiita using
default parameters via the deblur pipeline. In brief, we
demultiplexed and quality control sequenced, as defined
by Bokulich ef al. 2013. Remaining sequences were
denoized via deblur (Amir et al. 2017). Sequences then
were inserted in the Greengenes tree using SEPP (Mirarab
et al. 2012; Janssen et al. 2018). The resulting files were
processed via QIIME2 (Caporaso et al. 2010). Deblurred
sequences were assigned a taxonomic classification using
the feature-classifier/classify-sklearn plugin in QIIME2
using default parameters. For alpha and beta diversity,
tables were rarefied at 5000 sequences per sample
(Kuczynski et al. 2010). An analysis of composition
of microbiomes (ANCOM) was used to determine
differential abundance of taxa (Mandal et al. 2015)
between young and old mice. This analysis generates a W
score, which is the count of the number of subhypotheses
that have passed for a given taxon. No rarefaction was
performed for this analysis, although samples with less
than 5000 sequences were removed.

Plasma TMAO analysis

To investigate a potential link between suppression of
the gut microbiome and improved arterial function,
levels of TMAO, TMA and L-carnitine were quantified
in heparinized plasma by isocratic ultra-performance
liquid chromatography-tandem mass spectroscopy using
a stable isotope dilution method against internal
standards (Wang et al. 2014; Boutagy et al. 2015a,
2015b).

Statistical analysis
Statistical analyses were conducted in R, version 3.4.1
(mixed design analyses) (R Foundation for Statistical
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Table 1. Body mass, water and food intake, artery characteristics and blood pressure

YC YA ocC OA

Body mass (g) 313+ 14 25.9 + 1.0% 27.1+1.3 289+ 1.0
Water intake (mL day~")

First week 3.8 +£0.1 0.9 +0.1* 42405 2.1 4+ 0.4+

Second week 3.7+£0.2 26+04 43404 3.6 + 0.5

Last week 3.7+ 0.1 2.8 +0.1 4.4 +0.5 4.0+ 0.5
Food intake (kcal day~")

First week 13.0+ 0.4 8.4 + 0.6* 12.7 £ 0.7 7.7 £ 0.5+

Second week 124+ 0.4 11.0+ 1.0 12.7 £ 0.8 11.0+ 0.9

Last week 1234+ 0.5 13.24+0.5 11.8 £ 0.7 12.0 +0.9
Carotid

Resting diameter (xm) 359 +7 350 + 10 371 £ 1 388 + 11

Maximal diameter (.m) 401 £ 7 419 + 12 435 £ 9% 443 4+ 8*
Aorta

Diameter (um) 674 + 20 619 + 19 662 + 24 708 + 26

Intima media thickness (..m) 33+ 1 32+1 42 + 2% 43 4 2*
Systolic blood pressure (mmHg)

Pre 103 + 3 102 + 3 96 + 3 93 +3

Post 101 £2 99 4+ 2 95+ 3 98 +£3
Diastolic blood pressure (mmHg)

Pre 77 £ 3 76 + 3 69 +4 69 + 2

Post 75+2 70 + 3% 66 + 2* 66 + 2*

Data are the mean + SEM. *P < 0.05 vs. YC. {P < 0.05 vs. OC. P < 0.05 vs. pre-intervention within group. Data were averaged across left
and right carotid arteries per mouse. Carotid maximal diameter determined as dilatation to sodium nitroprusside and/or calcium-free
media. Non-invasive in vivo arterial blood pressure measured via tail cuff method. YC, young control; YA, young antibiotic-treated;

0OC, old control; OA, old antibiotic-treated.

Computing, Vienna, Austria) and Prism, version 7 (all
other analyses) (GraphPad Software, Inc., La Jolla, CA,
USA). Data were first assessed for outliers (ROUT method,
Q = 1%) and normality (Shapiro—Wilk normality test,
P > 0.05) within groups. Differences in PWV, blood
pressure (systolic blood pressure, diastolic blood pressure,
mean arterial pressure) and carotid artery dose responses
were assessed using two-way mixed design ANOVA with a
between factor of group and repeated factor of either time
(PWV and blood pressures, pre- vs. post-intervention)
or dose (carotid artery EDD and EID). Differences
across animal groups in morphological and artery
characteristics, water intake, food intake, faecal DNA
copies, NO-mediated dilatation, NOS activity, superoxide
production, inflammatory cytokines, and TMAO and
related metabolites were assessed using one-way ANOVA.
When significant main effects were detected, pairwise
comparisons were made using the Holm-Sidak post hoc
test. Differences in western blot protein markers and
elastin and collagen elastic moduli were assessed using
Student’s unpaired ¢ test with the comparisons: YC vs.
OC, YC vs. OA and OC vs. OA. Significance was set to
a = 0.05. Unless otherwise noted, data are presented as
the mean + SEM.

Results
Animal characteristics

Body mass at death and water and food intake across the
intervention are presented in Table 1. Both young and old
mice had an initial aversion to the taste of the antibiotic
water resulting in a temporary reduction in daily water
intake, which has also been reported in previous studies
(Reikvam et al. 2011; Battson et al. 2017). However, all mice
resumed normal drinking behaviour (i.e. >1.5 mL day ™)
in9.1 £ 1.1 days (YA) and 4.7 £ 0.9 days (OA, P < 0.01 vs.
YA) and were drinking regularly for at least 3 weeks prior
to death and terminal measurements. Food intake was also
lower in antibiotic-treated mice during the first week of
the intervention, although this normalized such that there
were no differences in food intake across groups by the
second week (P=0.23). In old mice, body weight at death
(P = 0.57), daily water intake during the second and last
weeks of the intervention (P = 0.56), and daily food intake
during the last week of the intervention (P=0.97) were not
different between antibiotic-treated and control animals.
Although young antibiotic-treated mice drank regularly,
average daily intake still tended to be less than control mice
(second week: P=0.12 vs. YC; last week: P=0.21 vs. YC).

© 2019 The Authors. The Journal of Physiology © 2019 The Physiological Society
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As such, YA mice did not fully recover the loss in body
weight associated with dehydration that occurred in the
first week and body mass at death was significantly lower
than YC mice (P = 0.02).

Aorta and carotid artery characteristics are presented
in Table 1. Relative to young control animals, old mice
had greater maximal carotid artery diameter and intima
medial aortic wall thickness (see also Fig. 3G), although
there were no effects of antibiotics on these characteristics
in either young or old mice.

Antibiotic-mediated suppression of the gut
microbiome

Antibiotic treatment was sufficient to suppress the micro-
biome, as indicated by significantly lower number of faecal
DNA copies in both young (P < 0.001 vs. YC) and old
(P = 0.04 vs. OC) antibiotic-treated mice (Fig. 1A). To
confirm the suppressive effects of antibiotics, baseline
faeces (i.e. before antibiotic treatment was initiated) were
also analysed in a subset of mice, indicating that anti-
biotic treatment reduced the number of faecal DNA copies
within mice (pre-to-post treatment: YA, P = 0.001; OA,
P =0.04) (Fig. 1B).

To determine which microbial taxa remained after anti-
biotic treatment, we performed 16S rRNA sequencing.
Relative abundance of most major phyla was significantly
lower in antibiotic-treated mice, including Firmicutes
(ANCOVA treatment effect: P < 0.001), Bacteroidetes
(P = 0.02), Deferribacteres (P = 0.001) and Tenericutes
(P = 0.02); however, relative abundance of the phylum
Proteobacteria was significantly higher (P < 0.0001)
(Fig. 1C). This increase was almost entirely attributable
to increased relative abundance of unclassified species
within the family Enterobacteriaceae (P < 0.0001), which
accounted for 85 £ 11% (YA) and 86 & 33% (OA) of
microbes that remained after treatment with antibiotics
(Fig. 1D).

Vascular endothelial function

EDD was significantly impaired in old vs. young control
mice (area-under-the-curve EDD: YC, 345 4 16% vs. OC,
220 4 34%, P < 0.01) (Fig. 2A). The age-related decline in
EDD was mediated by reduced NO-mediated dilatation,
as indicated by a lesser reduction in EDD induced by
pre-incubation with the NOS inhibitor L-NAME (YC
vs. OC: P = 0.03) (Fig. 2B). Antibiotic treatment in old
mice restored both EDD (area-under-the-curve EDD,
OA: 334 £ 15%, P < 0.01 vs. OC, P = 0.98 vs. YC) and
NO-mediated dilatation (P = 0.87 vs. YC) back to young
control levels, whereas no effects of antibiotic treatment
were observed in young mice (area-under-the-curve
EDD, YA: 340 & 25%, P = 0.98 vs. YC; NO-mediated
dilatation: P = 0.92 vs. YC). Importantly, these effects
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Figure 1. Antibiotic treatment suppresses the gut microbiome
A, number of DNA copies measured by qPCR in faecal samples
collected after 3—4 weeks on the intervention. Samples were run in
duplicate and these data were confirmed and averaged across two
separate gPCR runs. No batch effects were detected (P > 0.05 across
batches, within animals, for all groups); n = 10-14 per group. B,
number of DNA copies in faecal samples collected pre- and 3-4
weeks post-antibiotic treatment; n = 4-6 per group. Data are the
mean £ SEM. *P < 0.05 vs. YC. P < 0.05 vs. OC. P < 0.05 vs.
pre-intervention within groups. C and D, average relative abundance
of all detected microbial phyla (C) and microbial families within the
phylum Proteobacteria (D). *Significant effect (P < 0.05) of
treatment (control vs. antibiotics) on ANCOVA.
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were endothelium-dependent because smooth muscle
sensitivity to NO was not different across groups, as
assessed by dilatation to increasing doses of the NO
donor SNP (main effect of group on SNP dose response:
P=0.52) (Fig. 20).

The total activity of NOS, the enzyme that produces
NO, was lower in old vs. young mice (YC: 0.22 £ 0.02 vs.
OC: 0.16 & 0.04 ug NO g™ total protein, P = 0.04).
However, there were no effects of antibiotic treatment
on NOS activity in either young (YA: 0.21 £ 0.02 ug
NO pg™! total protein, P= 0.86 vs. YC) or old mice (OA:
0.13 £ 0.06 ug NO ug™ total protein, P = 0.33). This
finding indicates that improvements in NO bioavailability
in old antibiotic-treated mice were probably mediated by
other mechanisms, such as reduced superoxide production
and therefore reduced scavenging of NO.

Aortic stiffness

In vivo stiffness: aortic pulse wave velocity. Data are
presented in Fig. 3A. At baseline, old mice had stiffer
arteries than young mice, as indicated by higher aortic
PWV (P < 0.01 for OC and OA vs. YC). In young
mice, we observed a slight but significant increase
in aortic PWV across the intervention (P = 0.003),
which was prevented in young antibiotic-treated mice
(P = 0.78 vs. pre-intervention). In old mice, antibiotic
treatment reversed age-related increases in aortic PWV
(P = 0.03 vs. pre-intervention) to levels that were not
significantly different from young mice (P = 0.32 vs. YC
pre-intervention). The effects of antibiotics on aortic PWV
were accompanied by slight reductions in diastolic blood
pressure in young mice, as measured non-invasively in vivo
using the tail cuff method; however, antibiotic treatment
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did not influence systolic blood pressure in either young
nor old animals (Table 1).

Ex vivo intrinsic wall stiffness. To investigate whether
reductions in aortic PWV with antibiotic treatment in old
mice were associated with structural changes to the arterial
wall, we measured the intrinsic mechanical stiffness of
the aorta and aortic expression of the major structural
proteins, elastin and collagen, via western blotting.
Figure 3B shows a representative stress—strain curve with
the collagen and elastin regions of the curve indicated.
The elastic modulus of the elastin region of the
stress-strain curve was lower in old vs. young control
mice (P < 0.01). Antibiotic treatment in old mice was
associated with a partial improvement back towards young
levels (P = 0.047 vs. OC) (Fig. 3C). Aortic elastin protein
expression was lower in old vs. young control mice
(P=0.02) but was restored in old mice treated with anti-
biotics back to young levels (P = 0.65 vs. YC, P = 0.10 vs.
OC) (Fig. 3E). By contrast, although the elastic modulus of
the collagen portion of the stress—strain curve (P=0.04 vs.
YC) and collagen-1 protein expression (P = 0.02 vs.
YC) were or tended to be increased in old control mice,
neither were affected by antibiotic treatment (collagen EM:
P=10.710Cvs. OA, P < 0.01 YC vs. OA; collagen-1 protein
expression: P=10.76 OC vs. OA) (Fig. 3D and F). Antibiotic
treatment in young mice had no effect on aortic structural
properties, nor elastin or collagen protein expression.

Vascular superoxide production and oxidative stress

Aortic superoxide production was greater in old control
mice compared to young mice (P = 0.02 vs. YC)
and this was normalized in old mice after antibiotic

C
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Figure 2. Antibiotic treatment restores vascular endothelial function in old mice via improved NO

bioavailability

A, dose-response endothelium-dependent dilatation (EDD) to acetylcholine (ACh). B, peak NO-mediated dilatation
to ACh, assessed as the difference between peak EDD in the absence vs. presence of the NO synthase inhibitor
.-NAME. C, dose—response endothelium independent dilatation to the NO donor SNP. Data are the mean 4 SEM.
*P < 0.05 vs. YC. YC, young control; YA, young antibiotic-treated; OC, old control; OA, old antibiotic-treated.
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treatment (P = 0.73 vs. YC) (Fig. 4A). Similarly, aortic
expression of nitrotyrosine, a marker of cellular oxidative
stress-mediated protein modification, was higher in old
control mice compared to young mice (P < 0.01 vs. YC) but
attenuated close to young levels in old antibiotic-treated
mice (Fig. 4B).

To determine whether reductions in vascular oxidative
stress were associated with upregulation of antioxidant
enzymes, we measured aortic protein expression of the
three isoforms of superoxide dismutase (SOD) via western
blotting. Age-related differences in Cu/ZnSOD (intra-
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cellular isoform; YC: 1.0 & 0.1 vs. OC: 0.7 &+ 0.1 AU,
P = 0.03) and MnSOD (mitochondrial isoform; YC:
6.5+ 1.2vs.0C:4.0 £ 0.7 AU, P=0.045), were unaffected
by antibiotic treatment (Cu/ZnSOD, YA: 1.1 £ 0.2 AU,
P = 0.73 vs. YC, OA: 0.85 = 0.2 AU, P = 0.40 wvs.
OC; MnSOD, YA: 6.4 + 0.9 AU, P = 0.92 vs. YC; OA:
45 £ 1.3 AU, P = 0.74 vs. OC). By contrast, despite
no age-related difference in the expression of ecSOD in
control mice, ecSOD expression was markedly higher in
old antibiotic-treated mice (P = 0.04 vs. YC, P = 0.06 vs.
OC) (Fig. 4C). Antibiotic treatment in young mice had
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Figure 3. Antibiotic treatment reverses age-related arterial stiffening

A, aortic pulse wave velocity pre- and post-intervention; n = 9-15 per group. B, representative stress-strain curve
of an aortic ring from OC and OA mice for determination of ex vivo intrinsic mechanical stiffness. C and D, elastic
modulus of the elastin (C) and collagen (D) portions of the stress-strain curve in aortic rings; n = 8-10 per group.
E and F, aortic protein expression of elastin (E) and mature-type collagen-1 (F) normalized to GAPDH (loading
control), with representative western blot images included below; n = 8-10 per group. G, intima media thickness
of the aorta, with representative images of whole aortic sections (bottom) and enlargements of the same sections
(top) included below the mean data; n = 8-10 per group. Data are the mean & SEM. *P < 0.05 vs. YC. {P < 0.05 vs.
OC. P < 0.05 pre- vs. post-intervention within groups. YC, young control; YA, young antibiotic-treated; OC, old
control; OA, old antibiotic-treated. [Colour figure can be viewed at wileyonlinelibrary.com]
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no effect on aortic markers of oxidative stress, nor aortic
antioxidant protein expression.

Vascular inflammation

We measured aortic pro-inflammatory cytokines because
vascular inflammation is a key mechanism underlying
arterial ageing that may be influenced by the gut micro-
biome. Aortic concentrations of IL-6, TNF-« and IFN-y
were or tended to be higher in old vs. young control
mice (Fig. 4D-F). Most importantly, antibiotic treatment
reversed aortic inflammation in the old mice, such that
aortic concentrations of all pro-inflammatory cytokines
were lower in the old antibiotic-treated mice compared to
the old control animals (P < 0.05) and were not different
from the young groups.

Effects of ageing on the gut microbiome

Principal co-ordinate analysis based on 16S rRNA
amplicon unweighted UniFrac distances (Lozupone &
Knight, 2005) demonstrated distinct clustering of faecal
samples from young and older mice housed in individual
cages in the same vivarium room from 8-10 weeks
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of age (Fig. 5A). Furthermore, alpha diversity (Faith’s
phylogenetic diversity) (Faith, 1992), a measure of the
number of taxa present within each sample, was increased
in older mice (P < 0.0005) (Fig. 5B).

At the phyla level, an ANCOM revealed differential
abundance in old vs. young mice in Proteobacteria (W=9)
and the candidate division TM7 (W = 10) (Fig. 5C),
both of which have been associated with gut dysbiosis
(Kuehbacher et al. 2008; Ooi et al. 2013), as well as
in Verrucomicrobia (W = 9). No significant differences
in the abundance of the other phyla analysed were
observed (Fig. 5D and Table 2). Genera that were altered
by ageing are summarized in Fig. 5E and Table 2. Of
note, ageing was associated with differential abundance
of the pro-inflammatory and TMA-producing genus
Desulfovibrio (W = 155).

TMAO and associated metabolites

Plasma TMAO levels were ~3-fold higher in old control
animals compared to young animals (P < 0.001) (Fig. 6A),
although there was no effect of age on plasma levels of
TMA, the precursor to TMAO (P = 0.88) (Table 3).
However, hepatic protein expression of FMO3 was
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Figure 4. Antibiotic treatment normalizes oxidative stress and inflammation in old mice

A, whole-cell superoxide production in aortic segments. Representative electron paramagnetic resonance spectra
are shown below. Protein expression of nitrotyrosine (NT) (B) and ecSOD (C). Representative western blot images for
NT (data are sum of the two bands), ecSOD and GAPDH (loading control) are shown below. D-F, concentrations of
pro-inflammatory cytokines in aortic lysates: IL-6 (D), TNF-« () and IFN-y (F). Data are the mean & SEM; n = 7-11
per group. *P < 0.05 vs. YC. §P < 0.05 vs. OC. YC, young control; YA, young antibiotic-treated; OC, old control;

OA, old antibiotic-treated.
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significantly higher in old animals (P = 0.03) (Fig. 6B),
indicating a greater capacity to convert TMA into
TMAO.

As expected, antibiotic treatment suppressed plasma
levels of TMA and TMAO in both young and old
animals (P < 0.05 vs. YC or OC for both TMA and

Axis 2 (5.3%)

Role of the gut microbiome in arterial ageing

2371

TMAO). Interestingly, antibiotic treatment increased liver
FMO3 protein expression in old (P < 0.001 OA vs.
OC) but not young (P = 0.82 YA vs. YC) animals.
There were no differences in plasma levels of L-carnitine
(main effect, P = 0.14) (Table 3), a precursor for
TMA.
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Figure 5. Ageing alters the mouse gut microbiome
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k__Bacteriap__Fusobacteria

A, principal co-ordinate analysis plot of 16S rRNA-based gut microbial profiling with unweighted UniFrac from
young (8-10 months) and older (15-24 months) mice fed a standard diet. B, alpha diversity [Faith's phylogenetic
diversity (PD)] in young and older mice. Data are box-and-whisker plot. *P < 0.05 vs. young. C, average relative
abundance (mean = SE) of bacterial phyla significantly altered by ageing. *P < 0.05 vs. young. D, relative abundance
of bacterial phyla across individual samples from older and young mice. E, centred log ratio (CLR) mean differences
(F statistic) in differentially abundant bacterial genera between older vs. young mice, as determined by ANCOM
analysis. ‘p’, phylum; ‘f', family; ‘g’, genus. ‘g__" and the next highest known order are given for operational
taxonomic units that do not have a specific genus name. *Statistical significance.
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Table 2. Relative abundance of microbial phyla and genera
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Abundance (%)

Centred log ratio
mean difference F

Young Older W score statistic
Phyla altered by ageing
Proteobacteria 0.02 (0.01, 0.05) 0.78 (0.38, 1.58) O 2.569
Verrucomicrobia 0.01 (0.01, 0.01) 0.22 (0.13, 0.97) 9* 2.377
™7 Not detected 0.08 (0.03, 0.12) 10* 0.971
Phyla not significantly altered by ageing
Bacteroidetes 42.3 (32.8, 56.7) 49.1 (43.1, 57.8) 3 -0.663
Firmicutes 46.5 (41.3, 53.2) 40.8 (33.1, 54.8) 3 -0.884
Tenericutes 0.75 (0.50, 1.34) 1.17 (0.75, 2.47) 3 -0.423
Deferribacteres 0.31(0.11, 0.78) 0.11 (0.04, 0.38) 3 -1.602
Actinobacteria 0.15 (0.10, 0.20) 0.25 (0.12, 0.38) 3 -0.160
Cyanobacteria Not detected 0.01 (0.01, 0.01) 4 -0.185
Fusobacteria Not detected 0.01 (0.01, 0.01) 3 -0.704
Unknown 0.78 (0.60, 0.96) 0.41 (0.28, 0.83) 5 -1.298
Genera altered by ageing
p-Bacteroidetes; g_Bacteroides 0.01 (0.01, 0.01) 3.16 (2.38, 4.88) 164* 5.413
p_Verrucomicrobia; g_Akkermansia 0.01 (0.01, 0.01) 0.22 (0.13, 0.97) 159* 3.030
p-Proteobacteria; g_-Desulfovibrio 0.01 (0.01, 0.01) 0.35 (0.15, 1.16) 155* 2.734
p-Firmicutes; g_Turicibacter 3.99 (0.78, 5.83) 0.01 (0.01, 0.05) 163* -4.352
p-Firmicutues; f_Clostridiaceae; g- 3.21(0.01, 5.86) 0.01 (0.01, 0.01) 160* -3.328
p-Bacteroidetes; g_Parabacteroides 4.16 (1.81, 8.33) 0.24 (0.16, 0.57) 160* -2.727
p_Firmicutes; ; ; ; _ 1.80 (0.05, 9.17) 0.06 (0.03, 0.09) 153* -2.508
Genera with a non-significant trend in difference between young and old mice
p-TM7; f_F16; g- Not detected 0.08 (0.03, 0.12) 137 1.623
p-Bacteroidetes; f_Rikenellaceae; g- 0.39 (0.01, 3.04) 2.52 (0.96, 3.53) 131 1.958
p-Proteobacteria; g_Bilophila Not detected 0.06 (0.01, 0.14) 119 1.458
p-Firmicutes; g_Lactobacillus 2.39 (1.22, 4.67) 8.34 (4.21, 11.40) 97 1.139

Median relative abundance (% of total microbes) and analysis W scores determined using ANCOM (old vs. young) of all major microbial
phyla and microbial genera with differential abundance between young and old mice. Abundance data are the 50th (25th, 75th)
percentiles. The W score indicates the number of statistical subhypotheses that have passed for a given taxon. *Statistical significance.
‘p’, phylum; ‘f', family; ‘g’, genus. ‘g-_’ and the next highest known order are given for operational taxonomic units that do not have

a specific genus name.

Discussion

Although there is accumulating evidence that the gut
microbiome is altered with ageing, the effects of these
changes on the vasculature are largely unknown. In
the present study, we first established proof-of-concept
evidence that the gut microbiome is involved in
mediating arterial dysfunction with primary ageing
because suppression of the gut microbiome (faecal DNA to
<30% ofbaseline) with broad-spectrum, poorly-absorbed
antibiotics restored arterial function in old mice to levels
observed in young animals and also normalized oxidative
stress and inflammation. Second, to provide initial insight
into changes in the gut microbiome with ageing that
could contribute to arterial dysfunction, we sequenced
faecal samples from young and old mice housed in our
vivarium for the majority of their lifespan and observed
an altered abundance in microbial taxa associated with gut
dysbiosis.

Suppression of the gut microbiome reverses
age-related arterial dysfunction

To our knowledge, the present study is the first
to demonstrate that the gut microbiome is also an
important modulator of arterial function with ageing.
Our observations are consistent with and extend previous
findings showing that experimental manipulation of the
gut microbiome, either with antibiotics (Vikram et al.
2016; Battson et al. 2017), transfer of microbiota (Karbach
et al. 2016) or targeted dietary interventions (Catry ef al.
2018), can mitigate the adverse effects of a high-fat diet on
arterial function in young animals.

The improvements we observed in endothelial function
(i.e. EDD) after antibiotic treatment were related to
enhanced NO bioavailability. Impaired NO bioavailability
is a key underlying cause of endothelial dysfunction
with ageing (Seals et al. 2011; Assar et al. 2012). In the
present study, impaired endothelial function in the old

© 2019 The Authors. The Journal of Physiology © 2019 The Physiological Society
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control mice was associated with an age-related reduction
in NOS activity, which was unaffected by antibiotic
treatment. This observation suggests improvements in
NO bioavailability were a result of other mechanisms,
probably reduced superoxide production and consequent
NO scavenging (reduced oxidative stress) vs. direct effects
on NO production, as discussed further below.

In the present study, arterial (aortic) stiffness, as assessed
by aortic PWYV, was increased with ageing and normalized
in old mice after antibiotic treatment. Consistent with
previous findings from our laboratory in mice (Fleenor
et al. 2013; Gioscia-Ryan et al. 2018), this age-related
aortic stiffening was associated with increased collagen
deposition and degradation of elastin fibres. Antibiotic
treatment in old mice restored elastin protein expression,
such that levels in arteries of old antibiotic-treated mice
were not significantly different from young mice and
partially preserved the elastic modulus of the elastin region
of the stress-strain curve, although they had no effects
on collagen. It is possible that the effects of antibiotic
treatment in reversing aortic stiffening in the old mice may
have been the result of a combination of these structural
modifications involving elastin, as well as ‘functional’
changes associated with reduced vascular smooth muscle
tone because of enhanced NO bioavailability and end-
othelial function (Zieman et al. 2005).

We and others have shown that oxidative stress is a major
mechanism mediating arterial ageing (Seals et al. 2011;
Assar et al. 2012). Accordingly, we aimed to determine
whether the amelioration of arterial dysfunction with
antibiotic treatment in old mice was associated with a
reduction in vascular oxidative stress. Antibiotic treatment
in old mice reduced aortic oxidative stress as indicated
by a decrease in nitrotyrosine, a well-established marker
of oxidant modification of proteins. This reduction
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Figure 6. Ageing is associated with increased TMAO

A, plasma concentrations of TMAO were higher in old mice and
suppressed by antibiotic treatment. B, both ageing and antibiotic
treatment increased protein expression of the TMA-converting
enzyme FMO3 in the liver. Data are the mean + SEM. *P < 0.05 vs.
YC. 1P < 0.05 vs. OC. YC, young control; YA, young
antibiotic-treated; OC, old control; OA, old antibiotic-treated.
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in oxidative stress was, in turn, associated with both
a decrease in superoxide (reactive oxygen species)
production and evidence of greater antioxidant defences.
Concerning the latter, we observed a robust increase
in aortic protein expression of the antioxidant enzyme
ecSOD in old antibiotic-treated mice. Because we observed
no effect of antibiotic treatment on ecSOD protein
expression in young mice, the upregulation of ecSOD
in old mice with antibiotic treatment may have been
secondary to effects on gut-derived factors/metabolites
that are specifically upregulated by ageing.

Another key mechanism of arterial ageing is vascular
inflammation (Seals et al. 2011). We observed increased
levels of pro-inflammatory cytokines in old control
animals, consistent with previous reports from our
laboratory (Rippe et al. 2010; Gioscia-Ryan et al. 2018),
which were reversed by short-term antibiotic treatment.
These results, combined with those showing that oxidative
stress was reduced by antibiotic treatment, suggest that
age-related gut dysbiosis impairs arterial function via a
combination of superoxide-driven oxidative stress and
inflammation.

Changes in the gut microbiome and related
metabolites with ageing

Our second goal was to explore, under controlled
environmental conditions, changes in the gut micro-
biome with primary ageing. We found that ageing was
associated with greater alpha diversity (i.e. a measure
of the number of species present). To our knowledge,
only one other study has reported alpha diversity with
ageing in mice, also reporting an increase (Scott et al.
2017), whereas, studies in humans have been inconsistent
(Mariat et al. 2009; Claesson et al. 2011). We also observed
altered abundance of several microbial taxa, including
taxa associated with gut dysbiosis such as the phylum
Proteobacteria, its genus Desulfovibrio, and the candidate
division TM7 (Kuehbacher et al. 2008; Mukhopadhya
etal. 2012). Our observations are consistent with previous
reports in mice of a higher abundance of Desulfovibrio
(Scott etal. 2017) and TM7 (Fransen et al. 2017; Scott et al.
2017) with ageing. Taken together, our results indicate that
old mice demonstrated several bacterial markers of gut
dysbiosis and/or inflammation.

To explore potential signalling metabolites that
might transduce the effects of changes in bacterial
taxa with ageing, we measured circulating levels of
TMAO, a gut microbe-derived factor with known
pro-oxidant/pro-inflammatory (Seldin et al. 2016) and
pro-atherosclerotic (Wang et al. 2015) properties. TMAO
production is dependent on synthesis of its precursor
TMA by certain gut microbes, including species within
the pro-inflammatory genus Desulfovibrio (Craciun &
Balskus, 2012). In old compared to young mice, we
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Table 3. TMAO-related metabolites
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YC YA ocC OA
TMA (umol L) 73 + 1.3 0.3 + 0.1* 83 + 2.6 0.5 + 0.2*f
L-carnitine (umol L~) 20.7 £ 1.0 26.8 + 3.2 23.8 + 1.7 20.5 £+ 0.7

Plasma concentrations of TMA and L-carnitine, measured by liquid chromatography-mass spectrometry. Data are the mean + SEM.
*P < 0.05 vs. YC within time point. P < 0.05 vs. OC. YC, young control; YA, young antibiotic-treated; OC, old control; OA, old

antibiotic-treated.

observed higher abundance of the genus Desulfovibrio,
as well as greater hepatic protein expression of FMO3,
indicating a greater capacity for conversion of TMA into
TMAO. Taken together, these differences were associated
with an ~3-fold age-related increase in circulating plasma
TMAO levels. In both young and old mice, antibiotic
treatment suppressed TMA and TMAO levels, consistent
with other reports (al-Waiz et al. 1992; Koeth et al.
2013). Interestingly, liver FMO3 protein expression was
greater in antibiotic-treated mice, indicating that the
lower circulating TMAO levels observed after antibiotic
treatment were secondary to effects on the gut micro-
biome and associated suppression of gut microbial TMA
synthesis rather than downregulation of FMO3. Over-
all, these, as well as other recent observations (Li et al.
2017), identify increased circulating concentrations of
TMAO associated with changes in the gut microbiome
as a possible mechanism contributing to arterial oxidative
stress, inflammation and dysfunction with ageing, which
should be explored in future investigations.

Limitations

It is important to consider whether the effects that we
observed were caused by the direct effects of the anti-
biotics on the vasculature rather than solely being a
result of suppression of the gut microbiome, in that
some classes of antibiotic drugs have been shown to
influence NO bioavailability and/or have anti-oxidative
effects (Mitsuyama et al. 1998; Al-Banna et al. 2013).
However, to our knowledge, such effects have not been
reported with any of the four antibiotics that we used,
which were chosen because they are poorly absorbed
into circulation (Kunin et al. 1960; Rao et al. 2011).
Furthermore, long-term administration of vancomycin
actually impairs endothelial cell function in mice (Dong
et al. 2017). Thus, if anything, it is possible that the anti-
biotic cocktail used may have exerted adverse direct effects
on arterial function that countered the beneficial effects
of gut microbiome suppression. Furthermore, because we
observed no effects of antibiotic treatment in young mice,
our antibiotic cocktail probably did not directly influence
the vasculature.

YA mice drank significantly less water than other
groups, resulting in progressive body weight loss over

the course of the intervention. However, the amount
of antibiotic-treated water consumed was sufficient to
suppress the microbiome to a similar extent as OA mice.
Although the loss in body mass may have caused some of
the changes that we observed in YA mice (e.g. lower organ
weights and possibly the reduction in blood pressure),
endothelial and smooth muscle function in YA mice was
not different from YC mice. Importantly, water intake and
body weight were not different between OC and OA mice,
suggesting that the differences in vascular function and
oxidative stress observed between these groups were a
result of the suppression of gut microbes.

Our antibiotic cocktail was sufficient to suppress faecal
DNA to <30% of baseline. Importantly, all microbial taxa
that we reported to be altered by ageing were considerably
suppressed by antibiotic treatment. The majority (~85%
on average) of microbes that remained after antibiotic
treatment belonged to the family Enterobacteriaceae. These
antibiotic-resistant bacteria are typically considered to
be pro-inflammatory and/or disease causing (Zeng et al.
2017). However, despite the continued presence of these
microbes, we observed a reduction in age-related vascular
inflammation. Thus, we do not consider these microbes
to have impacted our results.

Lastly, one inconsistency between our data related to
the effects of primary ageing on the gut microbiome and
previous reports in mice (Thevaranjan et al. 2017) is that
we observed an altered abundance of Verrucomicrobia and
its genus Akkermansia. Because these taxa are typically
reported to be health beneficial and anti-inflammatory
(Derrien et al. 2017), future studies are needed to further
explore these differing findings.

Conclusion and perspectives

In the present study, we show for the first time that
suppression of the gut microbiome with broad-spectrum
poorly-absorbed antibiotics in old mice reversed
age-related endothelial dysfunction and aortic stiffening
to levels observed in young mice. This amelioration of
vascular ageing was associated with restoration of NO
bioavailability and normalization of arterial oxidative
stress and inflammation. Second, we show that gut
microbiome composition is altered by primary ageing in
mice, including changes in microbial taxa associated with

© 2019 The Authors. The Journal of Physiology © 2019 The Physiological Society
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gut dysbiosis and pro-inflammatory signalling. Finally, we
demonstrate that ageing was associated with an increase
in circulating levels of the gut microbe-dependent
metabolite TMAO, which can promote vascular oxidative
stress and inflammation.

Taken together, these results suggest that age-related
gut dysbiosis contributes to the development of oxidative
stress and inflammation that underlie age-related
arterial dysfunction. As such, our findings support
the development of gut microbiome-targeted agents
and interventions aiming to treat/prevent arterial
dysfunction with ageing. Because arterial dysfunction
is the key antecedent to CVD, as well as a major
contributor to other age-associated disorders, including
cognitive impairment/dementia, chronic kidney disease
and exercise intolerance, such efforts would have the
potential to broadly improve public health and reduce
the risk of chronic diseases with human ageing.
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