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Abstract

Vascular dysfunction: develops progressively with ageing; increases the risk of cardiovascular
diseases (CVD); and is characterized by endothelial dysfunction and arterial stiffening, which

are primarily mediated by superoxide-driven oxidative stress and consequently reduced nitric
oxide (NO) bioavailability and arterial structural changes. Interventions initiated before vascular
dysfunction manifests may have more promise for reducing CVD risk than interventions

targeting established dysfunction. Gut microbiome-derived trimethylamine N-oxide (TMAO)
induces vascular dysfunction, is associated with higher CV risk, and can be suppressed by
3,3-dimethyl-1-butanol (DMB). We investigated whether DMB supplementation could prevent
age-related vascular dysfunction in C57BL/6N mice when initiated prior to development of
dysfunction. Mice received drinking water with 1% DMB or normal drinking water (control)
from midlife (18 months) until being studied at 21, 24 or 27 months of age, and were compared to
young adult (5 month) mice. Endothelial function [carotid artery endothelium-dependent dilatation
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(EDD) to acetylcholine; pressure myography] progressively declined with age in control mice,
which was fully prevented by DMB via higher NO-mediated EDD and lower superoxide-related
suppression of EDD (normalization of EDD with the superoxide dismutase mimetic TEMPOL). /n
vivo aortic stiffness (pulse wave velocity) increased progressively with age in controls, but DMB
attenuated stiffening by ~ 70%, probably due to preservation of endothelial function, as DMB

did not affect aortic intrinsic mechanical (structural) stiffness (stress—strain testing) nor adventitial
abundance of the arterial structural protein collagen. Our findings indicate that long-term DMB
supplementation prevents/attenuates age-related vascular dysfunction, and therefore has potential
for translation to humans for reducing CV risk with ageing.
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Age-related vascular dysfunction (arterial stiffening and endothelial dysfunction) contributes

to the development of cardiovascular diseases (CVD). The gut microbiome-derived metabolite
TMAO increases in circulation with age, is linked to vascular dysfunction and CVD in humans,
causes vascular dysfunction in mice, and can be suppressed by DMB. We found that long-term
supplementation with DMB prevents and delays vascular dysfunction when initiated in midlife,
prior to the development of dysfunction, and continued into late life. DMB and similar gut
microbiome-targeted interventions have potential for translation to humans for preventing/delaying
vascular dysfunction and reducing CVD risk with ageing.
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Introduction

Ageing is the primary risk factor for the development of cardiovascular diseases (CVD), the
leading cause of death worldwide (Virani et al. 2021; World Health Organization, 2021).
A key age-related change that contributes to the pathogenesis of CVD is the development

J Physiol. Author manuscript; available in PMC 2023 April 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Casso et al.

Page 3

of vascular dysfunction, which is characterized by impairments in endothelial function and
stiffening of the large elastic arteries, e.g. the aorta (Lakatta & Levy, 2003). These adverse
changes to arteries are largely driven by excess superoxide-associated oxidative stress,
which reduces bioavailability of the vasodilatory molecule nitric oxide (NO) and induces
arterial structural remodelling (e.g. increased collagen deposition) and consequent stiffening
(Bachschmid et al., 2013; Fleenor et al., 2012; van der Loo et al., 2000).

Many interventions for improving vascular function have been conducted later in life with
the goal of reversing established dysfunction (Hayashi et al., 2006; Jennings et al., 2019;
Kaplon et al., 2016; Santos-Parker et al., 2017). However, the adverse underlying cellular
and molecular processes that mediate vascular dysfunction develop progressively over the
lifespan (Gioscia-Ryan et al., 2021; Lakatta, 2003; Sohal & Weindruch, 1996; Zieman et
al., 2005). Thus, preventive interventions that target these processes before downstream
dysfunction is detectable may have greater therapeutic potential (Lloyd-Jones et al., 2010).
Conducting long-term intervention studies in humans is resource demanding and logistically
challenging. Thus, to increase the likelihood of success for such interventions in clinical
trials, conducting initial studies in relevant mouse models can provide insight into the
efficacy of interventions and potential for translation to humans, as well as the mechanisms
of action (Granger et al., 2012; Seals, 2013).

One intervention that shows promise for preventing age-related vascular dysfunction is
supplementation with 3,3-dimethyl-1-butanol (DMB). DMB suppresses gut microbiota-
dependent production of the metabolite trimethylamine N-oxide (TMAO) (Brunt et al.,
2020; Chen et al., 2019; Li et al., 2017, 2018; Wang et al., 2015), a compound that

increases in circulation with ageing (Brunt et al., 2019, 2020, 2021) and has been linked to
age-associated vascular dysfunction in humans (Brunt et al., 2020, 2021). In mice, dietary
supplementation with TMAO directly induces vascular dysfunction by increasing oxidative
stress and reducing NO bioavailability (Brunt et al., 2020; Li et al., 2017), and increases
arterial stiffness by altering the structural components of the arterial wall (Brunt et al.,
2021). These findings support observations that higher circulating levels of TMAQ increase
CV risk in humans (Tang et al., 2013; Wang et al., 2011) and induce CVD in mice (Koeth
etal., 2013; Wang et al., 2015). Importantly, DMB acts directly on certain intestinal bacteria
but is non-lethal to these microbes (Wang et al., 2015), and has no known deleterious effects
on host cells. Thus, there is strong interest in and potential for translation of long-term DMB
supplementation to humans.

Therefore, the purpose of this study was to determine, for the first time, if long-term
supplementation with DMB can preventthe development of age-related vascular dysfunction
in mice when initiated in midlife, prior to the onset of dysfunction. We hypothesized that:
(1) progressive impairments in endothelial function and increases in aortic stiffness with
ageing in control mice would be attenuated by DMB supplementation; (2) preservation

of endothelial function would be related to higher NO-mediated dilatation and lower
superoxide production and superoxide-related suppression of endothelial function; and (3)
DMB would ameliorate age-related increases in aortic stiffness by preventing age-related
structural changes in the aorta.
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Methods

Ethical approval

All procedures were approved by the University of Colorado Boulder Institutional Animal
Care and Use Committee (protocol #2539) and were conducted in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory animals and the
ethical guidelines set forth by 7he Journal of Physiology (Grundy, 2015).

Study design and experimental animals

We used a mouse model to provide a unique temporal and mechanistic assessment of

the effects of long-term DMB supplementation on preventing vascular dysfunction when
initiated in midlife and continued into late life. We conducted the study using male
C57BL/6N mice, as mice of this strain and sex are an established model of human vascular
ageing, i.e. these mice exhibit age-related impairments in endothelial function and aortic
stiffening similarly to humans (Brunt et al., 2019; Ballak et al., 2020; Fleenor et al., 2012;
Gioscia-Ryan et al., 2021), and such impairments develop progressively from late middle
age onward (Gioscia-Ryan et al., 2021). Only male mice were used in the present study
because, although human men and women develop vascular dysfunction at similar rates
(Scuteri et al., 2014; Vlachopoulos et al., 2011), the development of vascular dysfunction is
significantly delayed in female mice relative to males (DuPont et al., 2021), limiting their
utility as an appropriate translational model of vascular ageing in women.

Mice were obtained at 2 months of age (young, 7= 20 total; n= 7 for ex vivointrinsic
mechanical stiffness; 7= 11-13 for all other measures) from the Charles River Laboratories
(Wilmington, MA, USA) and at 13-17 months of age (middle-aged, n= 122) from the
National Institute on Aging colony maintained by Charles River. Of the 122 mice obtained
in middle age, 11 died prior to baseline testing and 27 (11 DMB, 16 control) died during
the intervention, which was expected due to age-related attrition (Flurkey et al., 2007). Mice
were housed in a conventional facility on a 12 h light/dark cycle and given ad libitum
access to standard rodent chow containing 1890 mg kg~! choline (Teklad 7917; Envigo,
Indianapolis, IN, USA) and normal drinking water. Mice were group housed given the long
duration of the intervention (3—9 months). All mice were acclimated to our facilities for >4
weeks prior to the intervention and/or any testing. Food and water intake were determined
and reported as average intake per day in young mice over the course of 8 weeks, and older
mice (18-27 months) over the course of the 3-9 months of intervention (described below;
averaged across each 3 month interval). Mice were removed from the analysis as they were
euthanized at each time point. As mice were group housed, food and water intake were
determined as the total intake per cage divided by the number of mice within a given cage

(Fig. 1).

Intervention.—At 18 months of age (prior to baseline testing), mice were randomly
assigned to either continue receiving normal drinking water (control) or begin receiving
water supplemented with 1% (v/v) DMB (Sigma-Aldrich Corp., St. Louis, MO, USA). This
dose and route of administration has previously been shown to be safe (i.e. no adverse
effects on lipids, glucose, or liver and kidney function) (Wang et al., 2015), well tolerated
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and to reduce circulating levels of TMAO in mice (Brunt et al., 2020; Wang et al., 2015). A
group of control mice was studied at 18 months of age (middle age, equivalent to ~55 years
in humans) to obtain baseline measurements for terminal outcomes (/7= 9), and mice in both
the control and DMB-supplemented groups were studied at the following ages: 21, 24 and
27 months (equivalent to ~60, 68 and 75 years in humans; the median lifespan in these mice
is 28 months) (Flurkey et al., 2007). In addition, a reference group of young adult control
mice was studied at 5 months of age, the age at which these mice are physically mature
(equivalent to ~25 years in humans) (Flurkey et al., 2007).

Experimental procedures

Investigators were blinded to treatment group for data collection related to endothelium-
dependent dilatation (EDD) and biochemical assessments, and for all data analyses.

Aortic pulse wave velocity (aPWV).—We assessed aortic stiffness serially /n vivo

as aPWV (Brunt et al., 2021; Fleenor et al., 2012; Gioscia-Ryan et al., 2021). Mice

were anaesthetized with 1-2.5% inhaled isoflurane in O, for a maximum of 20 min.

Blood velocity waves were detected at the transverse aortic arch and abdominal aorta

using Doppler ultrasonography (Doppler Signal Processing Workstation, Indus Instruments,
Webster, TX, USA). aPWV was calculated as the distance (cm) between the two sites
divided by the difference in time delay (s) from the ECG R-wave to the onset of the blood
velocity wave at each site.

Tissue collection.—All mice were studied for terminal outcomes in the morning and
were not fasted overnight. Mice were euthanized using an approach consistent with the
American Veterinary Medical Association guidelines (Underwood et al., 2020). Mice were
anaesthetized with inhaled isoflurane (open-drop delivery in anaesthesia box) and were
euthanized by exsanguination via cardiac puncture. Whole blood obtained from the cardiac
puncture was heparinized, and plasma was separated by centrifugation and stored at —=70°C
for later analysis of TMAQO and TMAO-related —metabolites (described below). The carotid
arteries were excised, cleaned of surrounding tissue and used to assess endothelial function
(described below). The thoracic aorta was removed and cleaned of surrounding perivascular
adipose and connective tissue and sectioned/stored as described below. Additionally, we
removed, cleaned and weighed the heart, brain, lung, liver, kidneys, spleen and visceral
(epididymal) fat.

Plasma TMAO and related metabolites.—Plasma concentrations of TMAO, choline
and betaine were assessed via liquid chromatography-tandem mass spectrometry using a
stable isotope dilution method against internal standards, as previously described (Boutagy
etal., 2015; Brunt et al., 2021; Wang et al., 2014).

Vascular endothelial function.—Vascular endothelial function was assessed in carotid
arteries, an established model of age-related endothelial dysfunction, as previously described
by our laboratory (Brunt et al., 2020; Fleenor et al., 2012; Gioscia-Ryan et al., 2021).
Carotid arteries were excised at euthanasia, cannulated onto glass pipette tips in pressure
myograph chambers (DMT, Inc., Arhaus, Denmark) in warm (37°C) physiological saline
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solution, and pressurized to 50 mmHg. Arteries were allowed to acclimate for 45 min

prior to functional assessments. Resting luminal diameters were obtained, and arteries were
preconstricted with phenylephrine (2 pmol L™1; Sigma-Aldrich Corp.) to simulate basal tone
(~ 5-10% constriction) prior to each dose response. To determine EDD, arteries were treated
with increasing doses of acetylcholine (ACh; 1 x 1079 to 1 x 104 mol L™1; Sigma-Aldrich
Corp.) forx2 min per dose, and luminal diameter was assessed at the end of each interval.
Peak EDD was determined as the maximal luminal diameter obtained at any dose.

As EDD was similar between mice at 24 and 27 months of age within groups (control vs.
DMB), the following mechanistic data are combined for these age groups where indicated.

To determine the extent to which NO contributes to the vasodilatory response to ACh (i.e.
NO-mediated dilatation), we incubated a subset of carotid arteries from young (5 months)
and older (24 and 27 months data combined) control and DMB-supplemented mice with the
NO synthase inhibitor A©-nitro-L-arginine methyl ester (L-NAME: 0.1 mmol L1; Sigma-
Aldrich Corp.) for 30 min prior to the ACh dose response. NO-mediated dilatation was
calculated as the difference in peak EDD to ACh in the presence vs. absence of L-NAME.

To determine the extent to which tonic excess superoxide-related oxidative stress impairs
the vasodilatory response to ACh, we incubated a subset of carotid arteries from young (5
months) and older (24 and 27 months data combined) control and DMB-supplemented mice
with the superoxide dismutase (SOD) mimetic 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-
oxyl (TEMPOL; 1 mmol L™1; Sigma-Aldrich Corp.) for 60 min prior to the ACh dose
response.

To determine endothelium-independent dilatation (EID; i.e. smooth muscle sensitivity to
NO), arteries were treated with increasing doses of the exogenous NO donor sodium
nitroprusside (SNP; 1 x 1079 to 1 x 1073 mol L™1) for 2 min per dose. Luminal diameter was
assessed at the end of each interval, and peak EID was determined as the maximal luminal
diameter obtained at any dose.

Finally, arteries were incubated in Ca%*-free physiological saline solution for 20 min to
ensure maximal luminal diameter was obtained. To account for anatomical differences in
vessel diameter, all dose response data are reported as a percentage of maximal luminal
diameter (Brunt et al., 2020; Fleenor et al., 2012; Gioscia-Ryan et al., 2021).

Aortic superoxide levels.—Aortic superoxide levels were assessed in a subset of young
(5 months) and older (24 and 27 months data combined) control and DMB-supplemented
mice in 1 mm segments of thoracic aorta via electron paramagnetic resonance (EPR)
spectroscopy as previously described by our laboratory (Brunt et al., 2020; Fleenor et al.,
2012; Gioscia-Ryan et al., 2021). Immediately after mice were euthanized, aortic rings were
washed in warm physiological saline solution and incubated for 60 min in deoxygenated,
via argon gas, Krebs/Hepes buffer [99 mm NaCl, 4.7 mm KCI, 1.87 mm CaCly, 1.2 mm
MgSOy, 25 mm NaHCOg3, 1.03 mm KH,PO4, 20 mm Na-Hepes, 11.1 mm glucose, 0.1

mwm diethylenetriaminepenta-acetic acid, 0.0035 mm sodium diethyldithiocarbamate and
Chelex (Sigma-Aldrich Corp.)] containing 0.5 mmol L1 of the spin probe 1-hydroxy-3-
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methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine (CMH; Enzo Life Sciences, Farmingdale,
NY, USA). Samples were analysed using an MS300 X-band EPR spectrometer (Magnettech,
Berlin, Germany). The instrument was set with the following parameters: BO-Field, 3350
G; sweep, 80 G; sweep time, 60 s; modulation, 3000 mG; MW atten, 7 dB; gain, 5 x "2,
Samples were collected and analysed in duplicate, and the values were averaged.

Aortic SOD abundance.—Protein abundance was determined in aortic lysates containing
0.4 ug pL~1 of protein via capillary electrophoresis Western detection using a WES
instrument (Protein Simple, San Jose, CA, USA). The standard reagent kits and

default settings for electrophoretic separation and immunodetection were used, except

the primary antibody incubation phase was extended to 45 min. The chemiluminescent
signal was analysed and displayed as an electro-pherogram/pseudo blot using Compass
software (Protein Simple). Primary antibodies were anti-SOD1/Cu-Zn SOD (1:500; R&D,
Minneapolis, MN, USA; Cat# AF3787), anti-SOD2/Mn-SOD (1:50; R&D; Cat# AF3419)
and anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (1:200, Cell Signaling
Technology, Danvers, MA, USA, Cat # 14C10). The relative intensity of each SOD was
normalized to the GAPDH signal. Antibodies were validated by the manufacturer.

Intrinsic mechanical stiffness.—Segments (~1 mm) of thoracic aorta were collected
from a subset of young (5 months) and older (24 and 27 months) control and DMB-
supplemented mice when they were euthanized and frozen and stored in physiological
saline solution at =70°C. Intrinsic mechanical stiffness was later assessed in duplicate by
incremental stress—strain testing using a pin (force) myograph (DMT) (Brunt et al., 2021,
Gioscia-Ryan et al., 2021), and the values were averaged. These measures were conducted in
aortic segments because our /n vivo measure of stiffness (aPWV) was also conducted in the
aorta. Aortic rings were mounted onto the pins in heated (37°C) phosphate-buffered saline
(PBS) and pre-stretched three times by displacing the pins to 1 mm. The pins were then
adjusted until a force of 1 mN was obtained. Force measurements were then recorded as the
pins were displaced by 50 pm every 3 min until the vessel reached mechanical failure (i.e.
a sudden drop in force). The pin displacement and corresponding force measurement were
used to generate a stress—strain curve in which strain and stress were defined as:

Strain(4) = Ad/d(i)

where d'is diameter and al(/) is the initial diameter, and:

Stress(t) = AL/2HD

where L is one-dimensional load, /is intima media thickness and D is vessel length.

The elastic modulus (EM) of the collagen-dominant (highest force) region of the stress—
strain curve was defined as the slope of a linear equation fit to the final four points of the
stress—strain curve. Stress—strain data for the entire curve were also fit with a seventh-order
polynomial equation (72 > 0.99; RStudio, Boston, MA, USA) and the roots of the equation
were calculated. The elastic modulus of the elastin-dominant region of the stress—strain

J Physiol. Author manuscript; available in PMC 2023 April 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Casso et al.

Page 8

curve (low force region where curvature is ~0) was defined as the slope of a linear equation
fit to the stress—strain data between the first and second roots, which were considered

the boundary between the very low-force region and the elastin-dominant region, and the
boundary between the elastin-dominant region and the onset of the collagen-dominant
region, respectively (Brunt et al., 2019; Gioscia-Ryan et al., 2018; Lammers et al., 2008).

To obtain measures of aortic intima-media thickness (IMT) and diameter, an ~1 mm segment
of thoracic aorta was collected, placed in optimal cutting temperature compound, frozen in
liquid nitrogen-cooled methylbutane and stored at —70°C. Samples were later sectioned (7
um; Leica CM1520, Leica Biosystems, Wetzlar, Germany), plated on untreated microscope
slides and imaged using a Nikon Eclipse TS100 (4 x magnification). Images were analysed
using ImageJ software (National Institutes of Health, Bethesda, MA, USA). For analysis of
IMT, the distinction between medial and adventitial layers was determined to be the point at
which the regular banding patterns (media) abruptly shift to diffuse patterning (adventitia).
Four separate images were used for analysis of each sample, and the values were averaged.

Aortic abundance of adventitial collagen.—Segments of thoracic aorta were obtained
from a subset of young (5 months) and older (27 months) control and DMB-supplemented
mice, stored, and later sectioned as described for IMT measures. Samples were plated on
poly-L-lysine-coated slides, fixed in 2% paraformaldehyde, and stored at —70°C. Slides
were later rehydrated (50 mmol L1 glycine in PBS), permeabilized (0.1% Triton X-100)
and incubated in 2.5% normal horse serum blocking buffer, with PBS washes between
each step. The samples were then incubated with an anti-collagen | primary antibody
(1:200; Abcam, Cambridge, MA, USA, Cat# ab21286; RRID:AB_446 161) for 60 min, as
collagen 1 is the primary isoform found in arteries (Xu & Shi, 2014). Following washes,
slides were then incubated with an alkaline phosphatase-conjugated secondary antibody
according to the manufacturer’s instructions (Vector Laboratories, Inc., Burlingame, CA,
USA,; Cat# MP-7714). The samples were then mounted with Gelvatol mounting medium
(The University of Queensland, n.d.) and allowed to cure overnight. The following day,
samples were imaged using a Nikon Eclipse TS100 (4 x magnification) under identical
conditions and analysed using the FIJI package on the ImageJ software (National Institutes
of Health). Protein abundance was determined as the mean adventitial intensity normalized
to the background intensity (Brunt et al., 2021; Fleenor et al., 2012).

Statistical methods

Power calculations were performed using G*power for our primary outcome variables, peak
EDD and aPWV. Preliminary data comparing old control vs. short-term DMB-supplemented
mice yielded pooled standard deviations of 17.5% and 82 cm s~ and effect sizes of 0.57
and 0.61 for peak EDD and aPWYV, respectively. /=7 mice per group was determined to

be sufficient to detect differences in peak EDD and aPWV with 90% statistical power (a =
0.05) using a two-way design. Given the long duration of the intervention and potential for
age-related attrition and taste aversion to DMB, we randomized 122 middle-aged mice to
either the control or DMB-supplemented groups, which resulted in group sizes of 7-13 at
end-intervention.
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Statistical analyses were conducted using GraphPad Prism version 9.2.0 (GraphPad
Software, Inc., San Diego, CA, USA; RRID:SCR_0 02798). Statistical significance was set
to a = 0.05. Data were assessed for outliers using the ROUT test (Q = 1%) prior to statistical
analysis, and outliers were excluded from final analyses (Motulsky & Brown, 2006). Serial
data were collected from some mice within these data sets, but non-repeated analyses were
used as groups of mice were removed from the analyses at each time point that mice were
euthanized.

Age-related changes in control mice.—To confirm expected changes in our outcomes
with advancing age in control mice, we assessed the following variables over months of

age (5, 18, 21, 24 and 27) using one-way ANOVA with Dunnett’s post hoc test: animal
characteristics, circulating TMAO and related metabolites, peak EDD, area under the curve
(AUC) of EDD and EID, aPWYV, aortic EM, aortic IMT, and water and food intake.

Effect of DMB supplementation.—To determine whether there was an effect of DMB
supplementation, we assessed the following variables between control and DMB mice at
21, 24 and 27 months of age using two-way ANOVA with Sidak’s post hoc test: animal
characteristics, circulating metabolites, peak EDD, AUC of EDD and EID, aPWV, aortic
intrinsic mechanical stiffness, aortic IMT, and water and food intake (assessed across 3
month intervals: 18-21, 21-24 and 24-27 months of age).

Carotid artery dilatory dose responses.—Differences in carotid artery dose responses
were determined across treatment groups separately for each age relative to the young
reference group using two-way mixed design ANOVA [between factor of group and repeated
factor of dose (ACh or SNP)] with Tukey’s post hoc test.

Mechanisms of carotid artery endothelial function and aortic stiffening.—
Differences in NO-mediated dilatation, aortic superoxide levels (EPR) and aortic protein
abundance were determined between groups using one-way ANOVA with Tukey’s post hoc
test. Differences in peak EDD in the presence vs. absence of TEMPOL were determined
between groups using two-way mixed design ANOVA (between factor of group and
repeated factor of ACh alone or ACh + TEMPOL) with Sidak’s post hoc test.

Animal characteristics

Water and food intake are presented in Table 1, averaged across 3 month intervals. Relative
to the reference group of young adult mice (5 months), water intake was slightly lower in
control mice aged 18-21 months (£ = 0.045) and 21-24 months (£ = 0.010) but not different
in control mice aged 24-27 months (P = 0.984). Mice supplemented with DMB in drinking
water appeared to have a mild taste aversion to the water that subsided over time. Water
intake was lowest in DMB-supplemented mice aged 18-21 months (i.e. during the first 3
months of the intervention; £< 0.001 vs. control), but then progressively increased over
months 3-9 of the intervention (mice aged 21-24 and 24-27 months both A< 0.001 vs.
mice aged 18-21 months, within the DMB group), such that water intake was only slightly
lower than control mice during the last 3 month interval. Furthermore, mice were closely
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monitored by laboratory and veterinary staff and did not exhibit any signs of dehydration
(e.g. sunken or recessed eyes, tight skin across the scapulae).

In control mice, food intake did not differ between young mice and mice aged 18-21 (P=
0.062) and 21-24 months (P = 0.215) but was lower in mice aged 24-27 months (P= 0.011
vs. young). Food intake was lower in DMB-supplemented vs. control mice aged 18-21
months (i.e. the first 3 months of the intervention; 2= 0.034), but was not different across
groups in mice aged 21-27 months (i.e. during the last 6 months of the intervention; 21-24
months: P=0.437; 24-27 months: £>0.999). As such, there was no difference in caloric
intake in older age between groups.

In control mice, body mass was highest in mice aged 18 months (i.e. middle age; 2= 0.006
vs. young) but declined over time, such that there was no difference in body mass between
young and older mice (21, 24 and 27 months vs. young: £=0.167, A= 0.837 and £=0.920,
respectively; Fig. 2). Relative to control mice, DMB-supplemented mice had lower body
mass at 21 months of age (£ 0.007; Fig. 2), possibly due to the lower water and/or food
intake in DMB-supplemented mice during this interval of the intervention. However, there
was no significant difference in body mass between groups at 24 months (£ 0.055) or 27
months (P 0.085) of age (Fig. 2).

Mass of key organs is given in Table 2. In control mice, heart (£=0.0002), brain (= 0.018)
and lung (P < 0.0001) mass were increased with age, but there were no effects of age on
liver (P=0.238), kidney (P = 0.180) or spleen mass (P = 0.159). Importantly, there were

no effects of DMB supplementation on mass of these organs (control vs. DMB within time
point, all 2= 0.283). In control mice, visceral fat mass was highest in mice aged 18 months
(i.e. middle age; A= 0.016 vs. young) and steadily declined into old age (young vs. 27
months: £=0.039). Visceral fat mass similarly declined with age in DMB mice (age effect,
P<0.001), but was lower at each age time point relative to controls (treatment effect: P

< 0.001; although no pairwise comparisons between groups reached statistical significance:
21, 24 and 27 months: £=0.096, A= 0.072 and P=0.391, respectively).

Diameters of the carotid artery and aorta are also presented in Table 2. There were no
age-related differences in resting carotid artery luminal diameter in control mice (P=0.122)
and no effect of DMB supplementation (P = 0.392). Aorta luminal diameter increased with
age (young vs. 27 months: £=0.002), but there was no effect of DMB supplementation (P=
0.374).

Circulating TMAO and TMAO-related metabolites

We have previously shown that circulating plasma levels of TMAO are higher in old vs.
young mice (Brunt et al., 2019, 2020), and we and others have found that short-term (~8
weeks) supplementation with DMB suppresses plasma TMAO (Brunt et al., 2020; Li et al.,
2017; Wang et al., 2015). Here, we observed no differences in circulating TMAO from 5

to 24 months of age in control mice (all 2> 0.999 vs. young). Consistent with previous
findings, TMAO was higher at 27 months of age (= 0.066 vs. young; Fig. 3), although the
difference did not reach the £< 0.05 level because, as a secondary outcome, the comparison
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was underpowered (actual power = 68%). Importantly, plasma TMAO was lower in the
DMB-supplemented mice vs. controls at 27 months of age (P = 0.040; Fig. 3).

Circulating levels of TMAO precursors choline and betaine are presented in Table 3.
Although L-carnitine is a key precursor of TMAQ in humans, we did not include it as mice
are vegetarians and standard rodent chow does not contain sources of L-carnitine (Teklad
7917). In control mice, plasma choline (£ < 0.0001) and betaine were lower in mice aged
18-27 months vs. young mice (P = 0.0001). DMB supplementation had no effect on plasma
choline levels (P=0.580) but plasma betaine was higher in DMB-supplemented vs. control
mice aged 27 months (£ =0.003). As DMB primarily suppresses conversion of choline

to TMA (Wang et al., 2015), these data suggest there may have been some compensatory
conversion of choline to betaine (Li & Vance, 2008)

Vascular endothelial function

Endothelial function was assessed by carotid artery EDD to increasing doses of ACh and
compared to the reference group of young mice (Fig. 4A and B). EDD was not different
from young mice in controls aged 18 (peak EDD: £=0.999; EDD AUC: £=0.999) and

21 months (peak EDD: P=0.202; EDD AUC: P=0.754). This finding is consistent with
our previous observations (Gioscia-Ryan et al., 2021) and serves to validate our intervention
study design by confirming that initiation of DMB treatment at 18 months occurred prior

to the onset of age-associated endothelial dysfunction. As expected, endothelial dysfunction
developed in control mice at 24 (peak EDD: £< 0.001; EDD AUC: P=0.002) and 27
months of age (peak EDD: P< 0.001; EDD AUC: £< 0.001) relative to young mice,

as indicated by reductions in EDD. These age-related impairments in EDD in the control
mice were fully prevented in DMB-supplemented mice, such that there were no differences
between young and DMB-supplemented mice at 24 (peak EDD: £=0.998; EDD AUC: P=
0.998) and 27 months (peak EDD: P> 0.999; EDD AUC: P= 0.995).

We next sought to determine the mechanisms underlying these functional differences. As
impairments in endothelial function were observed at 24 and 27 months of age in control
mice and declines in EDD were prevented with DMB-supplementation, the following
mechanistic data are presented for each group with data from 24 and 27 months of age
combined (old control vs. old DMB).

First, to determine if the maintenance of vasodilatory responses to ACh with ageing in the
DMB-supplemented mice were endothelium-specific, we assessed endothelium-independent
dilatation with increasing doses of the NO donor SNP, which assesses vascular smooth
muscle sensitivity to NO (Fig. 5A). There were slight differences in dilatation across groups
to submaximal doses of SNP, such that the SNP AUC was higher in DMB-supplemented vs.
old control (= 0.002) mice, but not different from young (P = 0.147). However, there were
no differences in peak dilatation to SNP (P = 0.222). Thus, we conclude that the effects of
DMB supplementation on improving EDD to ACh were largely endothelium-dependent, but
that DMB may also improve smooth muscle sensitivity to lower concentrations of NO.

Next, to determine the contribution of NO to overall EDD, we repeated dose responses
to ACh in the presence of the endothelial NO synthase inhibitor .-NAME and assessed
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NO-mediated dilatation as peak EDD in the presence vs. absence of L-NAME (Fig. 5C and
D). There was a main effect of group, such that the DMB-supplemented mice had lower
dilatation to ACh in the presence of L-NAME (P = 0.034); however, there were no pairwise
differences across groups at any of the doses of ACh (all £=0.074). NO-mediated dilatation
(difference in peak EDD in the presence vs. absence of the NO synthase inhibitor L-NAME)
was higher in old DMB wvs. old control mice (P < 0.001), indicating that DMB prevented

the development of age-related endothelial dysfunction, at least in part, by preserving NO
bioavailability.

Reductions in NO bioavailability with ageing occur primarily due to excess production of
reactive oxygen species, particularly the free radical superoxide which readily scavenges
NO, without a sufficient compensatory increase in antioxidant defences, i.e. SODs (van der
Loo et al., 2000). To determine if superoxide production was increased with ageing and
affected by DMB supplementation, we assessed superoxide levels in aorta rings using EPR
spectroscopy (Fig. 5E). Aortic superoxide levels were higher in old control relative to young
mice (P=0.031), but there was no difference between old DMB-supplemented and young
mice (P=0.971). Next, we assessed aortic abundance of SOD1/Cu-Zn SOD and SOD2/Mn-
SOD (Fig. 5F and G). Relative to young mice, SOD1 was lower in old control (P=0.022)
and old DMB-supplemented mice (£ = 0.003), but there was no difference between old
control and old DMB-supplemented mice (P= 0.451). There was no effect of age or DMB
supplementation on abundance of SOD2 (£ = 0.880). These findings demonstrate that DMB
fully prevented the age-related increase in aortic superoxide levels without having effects

on antioxidant defences; thus, DMB supplementation appears to prevent the production of
superoxide.

To determine if these differences in superoxide production had a functional effect on EDD,
we assessed peak EDD in the presence vs. absence of the superoxide dismutase mimetic
TEMPOL (Fig. 5H). Impairments in peak EDD in old control mice were normalized to
young levels with the addition of TEMPOL (£ = 0.798 vs. young), whereas TEMPOL

had no effect on peak EDD in young (P = 0.996 vs. peak EDD with Ach alone) or old
DMB-supplemented mice (P= 0.959 vs. peak EDD with ACh alone). These data indicate
that DMB improved EDD in old mice by ameliorating age-associated superoxide-driven
suppression of EDD.

Together, our results suggest that functional declines in old control mice were due to excess
tonic superoxide-associated suppression of EDD and reduced NO bioavailability, whereas
DMB supplementation fully prevented these age-related effects.

Aortic stiffness

We assessed aortic stiffness /n vivo by measuring aPWV (Fig. 6A). In control mice, aPWV
remained at levels similar to those observed in young mice at 18 (P=0.942 vs. young)

and 21 months (P= 0.641 vsyoung), likewise validation our intervention study design by
confirming that initiation of DMB treatment at 18 months occurred prior to the onset of
age-associated aortic stiffening. However, there was a progressive, age-related increase in
aPWV in control mice at 24 (P=0.005 vs. young) and 27 months (£< 0.0001 vs. young).
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In DMB-supplemented mice, there was no age-related increase in aPWV in mice at 24
months of age (P=0.999 vs. young), i.e. DMB supplementation prevented and/or delayed
the development of aortic stiffening at this time point (£=0.003 vs. 24 months control).
DMB-supplemented mice experienced a slight age-related increase in aPWV at 27 months
of age (P=0.039 vs. young). However, the magnitude of increase was attenuated by 55% in
DMB-supplemented relative to control mice (27 months: 2= 0.016).

As we observed increases in aPWV in control mice at 24 and 27 months of age and, to a
lesser extent, in DMB-supplemented mice at 27 months of age, we next sought to determine
the mechanisms underlying these functional changes. /7 vivo aortic stiffening can occur due
to both functional changes (e.g. impaired endothelial function) as well as structural (i.e.
mechanical) changes to the artery (Lakatta et al., 1987; Lakatta & Levy, 2003). Changes

in the structural component of aortic stiffness can be examined by assessing intrinsic
mechanical (wall) stiffness and elasticity via stress—strain testing in segments of thoracic
aorta. The EM of the high-force collagen-dominant region of the stress—strain curve (i.e.
mechanical stiffness) increased with age in both control (£=0.102, 27 months vs. young)
and DMB-supplemented mice (£=0.012, 27 months vs. young), and there was no difference
in the collagen region EM between groups at 24 (P= 0.641) or 27 months of age (P=0.979)
(Fig. 6B). There was an age-related decline in the EM of the low-force elastin-dominant
region of the stress—strain curve (i.e. decreased elasticity) in control mice at 24 and 27
months (both £< 0.001 vs. young), but there was no effect of DMB supplementation (P

= 0.758) (Fig. 6C). Thus, we observed expected age-related changes in intrinsic stiffness
and elasticity, but DMB supplementation did not appear to influence these measures of the
structural component of aortic stiffness.

However, when calculating stress and strain, the stress component includes aortic IMT as a
variable. Interestingly, we observed that aortic IMT increased with age in control mice (P<
0.001, 27 months vs. young), but was lower in DMB-supplemented mice at 27 months (P =
0.004 vs. controls) (Fig. 6D). A higher IMT results in a lower stress for any given amount
of strain and, consequently, a lower EM value (see calculations in Methods). As such, it is
possible that the observed lack of difference in aortic intrinsic stiffness between control and
DMB-supplemented mice, despite differences in in vivo stiffness (aPWV), could be partly
due to a greater IMT in control mice.

Increases in aortic intrinsic mechanical stiffness (collagen region EM) are primarily driven
by increased abundance of the structural protein collagen (Zieman et al., 2005). Therefore,
we measured protein abundance of type-1 collagen in the aortic adventitia via quantitative
immunohistochemistry in a subset of mice (n7=4-5 per group). We observed that aortic
collagen abundance was increased with age in control mice (P= 0.043, 27 months vs.
young), but there was no obvious effect of DMB supplementation (P = 0.948, control vs.
DMB; Fig. 6E).

Together, these data confirm that DMB supplementation did not alter the structural
component of aortic stiffness, despite mitigating age-related increases in IMT. Therefore,
attenuation of age-related aortic stiffening /n vivo with DMB was probably mediated by
functional rather than structural changes to the artery.
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Discussion

Vascular endothelial dysfunction and arterial stiffening develop progressively over the
lifespan (Gioscia-Ryan et al., 2021; Lakatta & Levy, 2003; Machin et al., 2020; Sohal

& Weindruch, 1996; Zieman et al., 2005), are key contributors to the development of

CVD (Lakatta & Levy, 2003) and independently predict risk of future CVD in humans
(Boutouyrie et al., 2002; Mattace-Raso et al., 2006; Shechter et al., 2009; Shokawa et al.,
2005; Sutton-Tyrrell et al., 2005; Yeboah et al., 2007). Strategies that target the underlying/
initiating mechanisms of these processes and therefore prevent or delay dysfunction from
manifesting may have a greater effect on reducing the risk of CVD than treating established
dysfunction. One such effective intervention could be long-term supplementation with

the gut microbiome-targeted compound DMB. In the present study, we found that DMB
supplementation initiated at midlife prevents the development of endothelial dysfunction and
both delays and attenuates /n7 vivo arterial stiffening with ageing in mice. DMB acts locally
on the gut microbiome with no known direct effects on the host (Wang et al., 2015). Thus,
there is high potential for translation of DMB or other similar gut microbiome-targeted
interventions to humans.

Primordial prevention of CVD

Much of clinical practice is focused on reducing the risk of CV events in individuals with
existing CV risk factors (primary prevention) or reducing the risk of recurrent CV events in
individuals with established disease (secondary prevention) (O’Keefe et al., 2009). Although
interventions that favourably influence CV risk factors from suboptimal to optimal reduce
the risk of CV events (primary prevention), the risk remains greater in these individuals
compared with peers who have not yet developed risk factors by midlife (Liu et al.,

2015). This elevated risk is probably due to cumulative exposure to risk factors prior to

the initiation of treatment (Liu et al., 2015; Reges et al., 2021) and may not be fully reversed
with treatment (Gioscia-Ryan et al., 2021; Lakatta & Levy, 2003; Sohal & Weindruch, 1996;
Zieman et al., 2005). Thus, preservation of a low-risk status by reducing or halting the
development of risk factors, i.e. primordial prevention, probably confers the most protection
against development of CVD (Lloyd-Jones et al., 2021; Vaduganathan et al., 2015).

Our laboratory and others have shown that male C57BL/6N mice are an appropriate model
of vascular ageing, as they develop progressive declines in vascular function in mid- to late
life through similar mechanisms to those that drive vascular dysfunction in humans, such
as excess vascular oxidative stress (Bachschmid et al., 2013; Brunt et al., 2019; Fleenor
etal., 2012; Gioscia-Ryan et al., 2021; Lakatta & Levy, 2003). Furthermore, interventions
that reverse age-related vascular dysfunction in this mouse model (Fleenor et al., 2013;
Gioscia-Ryan et al., 2014, 2018) have been successfully translated to humans to improve
vascular function (Rossman et al., 2018; Santos-Parker et al., 2017), demonstrating that this
model is in fact representative of human vascular ageing.

Thus, we combined the primordial prevention paradigm and this model of vascular

ageing to determine whether long-term supplementation with DMB could prevent vascular
dysfunction with ageing, with the goal of providing a rationale for long-term use of

DMB or other TMAO-suppressing compounds in future clinical trials. With this model,
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we were able to use unique temporal assessments to: (1) provide insight into the time
course of development of age-related vascular dysfunction in control mice; (2) confirm
that we initiated our intervention prior to the development of vascular dysfunction (i.e.
conducted primordial prevention); and (3) demonstrate that our intervention was effective
for preventing and delaying/attenuating vascular dysfunction with ageing.

DMB for preventing age-related endothelial dysfunction

In this study, we observed that, in control mice, endothelial function is maintained at young
levels in early middle age (18-19 months), consistent with our previous report (Gioscia-
Ryan et al., 2021). We did not observe consistent age-related endothelial dysfunction at 21
months of age, whereas dysfunction was apparent at 24 and 27 months of age, suggesting
endothelial dysfunction began to manifest in most mice between 21 and 24 months of

age. Our results provide novel insight regarding the temporal development of endothelial
dysfunction throughout later life in this mouse model.

The declines in EDD that we observed in control mice with ageing were fully prevented
with DMB supplementation due to lower arterial superoxide-associated suppression of
endothelial function, higher NO bioavailability, and, at least at lower concentrations of
ACh, improved smooth muscle sensitivity to NO. Our results align with previous findings
demonstrating that DMB supplementation reverses established endothelial dysfunction in
old mice by reducing superoxide-associated suppression of EDD and improving NO
bioavailability (Brunt et al., 2020; Li et al., 2017), and show for the first time that DMB
can also preventthe development of endothelial dysfunction. DMB also improves EDD
in models of chronic kidney disease and pre-eclampsia (Chen et al., 2019; Li et al.,
2018), suggesting that DMB or other TMAO-suppressing compounds may be effective
for preventing endothelial dysfunction not only in the context of ageing, but also in other
age-related diseases or diseases/conditions in which the aetiology is similar to ageing, i.e.
where endothelial dysfunction is largely mediated by excess oxidative stress.

DMB for delaying and attenuating in vivo arterial stiffening with ageing

In control mice, we observed similar progressive impairments in /n vivo aortic stiffness
(aPWV), such that there were no impairments at 18 and 21 months of age, but aPWV

was elevated in later life at 24 and 27 months of age. There is probably some variability

in the exact age of onset of /n vivo aortic stiffening, as a previous study from our
laboratory reported detectable increases in aPWV at 18 months of age (Gioscia-Ryan et al.,
2021). Regardless, aortic stiffening is a progressive phenomenon, with clearly established
dysfunction observed by 24 months of age (Chen & Sun, 2018; Gioscia-Ryan et al., 2021;
Machin et al., 2020).

Prior to this study, whether DMB has any effect on preventing or reversing arterial stiffening
was unknown — to our knowledge, no studies have investigated the effects of DMB on
arterial stiffness in any context. We observed that DMB supplementation delayed /n vivo
aortic stiffening such that aPWV remained at young levels through 24 months of age. alPWV
was increased at 27 months of age in DMB-supplemented mice, but this increase was largely
attenuated relative to control mice.
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The rate of maturation/ageing in mice versus humans is such that a delay in stiffening of

~3 months in old mice is equivalent to nearly a decade in humans (Flurkey et al., 2007).
PWV increases by ~1-2 m s~ per decade in middle-aged to older adult humans (Reference
Values for Arterial Stiffness’ Collaboration, 2010) which equates to an ~15% increase in
risk of CV events and mortality (Vlachopoulos et al., 2010). Thus, DMB supplementation
could confer a significant clinical benefit if it were similarly effective in delaying/attenuating
arterial stiffening in humans.

Increases in /n vivo aortic stiffness with ageing are mediated by both structural and
functional changes to the arteries (Lakatta et al., 1987; Lakatta & Levy, 2003). Functional
changes include impairments in endothelial function and effects on vascular tone (Lakatta &
Levy, 2003). To isolate the structural component of aortic stiffening, we measured intrinsic
mechanical stiffness, as well as elasticity, which are typically altered with ageing (increased
stiffness and reduced elasticity) and contribute to increases in aPWV (Lakatta & Levy,
2003). Given that both dietary supplementation and acute ex vivo incubation with TMAQO
induce intrinsic mechanical stiffening in mouse aortas (Brunt et al., 2021), we postulated
that attenuation of /n vivo stiffening with long-term DMB supplementation would also be
due to prevention of increases in the structural component of arterial stiffness. We observed
that elasticity was reduced in control mice at 24 and 27 months of age, and intrinsic stiffness
tended to increase at 27 months of age along with an increase in adventitial abundance of
the arterial structural protein collagen. Thus, our findings align with previous reports (Brunt
etal., 2019; Fleenor et al., 2012; Gioscia-Ryan et al., 2021) demonstrating that age-related
increases in /n vivo aortic stiffening are accompanied by structural changes to the arteries.
However, we found that DMB had no effect on intrinsic mechanical stiffness nor aortic
adventitial collagen abundance. This discrepancy could be due to lower circulating levels of
TMAO in the current study (~15 pm on average in 27-month-old control mice) relative to the
levels achieved when mice were supplemented/arteries were incubated with TMAO (~30 um
on average) (Brunt et al., 2021). In other words, the magnitude of increases in circulating
TMAO that typically occur with ageing appears to be sufficient to induce functional changes
in the arteries, but higher levels may be needed to induce structural changes. For these
reasons, we speculate that the attenuation of age-related /n vivo stiffening with DMB is
probably mediated primarily by modulating the functional component of arterial stiffness,
i.e. changes in endothelial function and effects on vascular tone.

Experimental considerations and limitations

Other studies have reported higher TMAQ in old vs. young mice or rats (Brunt et al., 2019;
Li et al., 2017). Contrary to these reports, we did not observe any age-related increase in
plasma TMAQO at 18-24 months of age and were unable to detect a statistically significant
increase at 27 months, although we were underpowered for these comparisons. In addition,
this variability and difference from previous reports could be related to the timing of our
measurements. Plasma TMAQO levels peak ~12 h after consumption of an oral choline bolus
in humans (Mddinger et al., 2019) and ~5 h after an oral gavage of phosphatidylcholine-
containing foods in mice (Gao et al., 2016). We did not control food intake in mice prior

to plasma collection and only measured plasma TMAQ levels at the time of assessing
terminal measures to not induce additional stress on the mice. Thus, it is likely that we
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did not capture peak TMAO levels in all mice. However, no mice that received DMB had
elevated TMAO levels relative to the young reference group, suggesting that DMB still
acted as expected. Moreover, DMB supplementation may have preserved vascular function
by reducing regular (daily) exposure to high postprandial levels of TMAO. Despite the
apparent efficacy of DMB in the present study, there are some more recently developed
second-generation TMA lyase inhibitors that suppress TMA production to a greater extent
and could be considered for future studies (Roberts et al., 2018).

Mice supplemented with DMB had lower food and water consumption between 18 and

21 months of age, and lower body mass at 21 months of age. Thus, it is possible that
improvements in vascular function could have been due in part to lower body mass or food
intake. However, we do not believe this is the case because we observed no functional
differences in EDD and aPWYV between control and DMB-supplemented mice at 21 months
of age, whereas functional differences were apparent at 24 and 27 months of age when there
were no group differences in food intake and body mass, suggesting that improvements in
vascular function were specific to DMB supplementation.

Conclusions

Long-term supplementation with DMB prevents age-related impairments in endothelial
function by preserving NO bioavailability and reducing excess superoxide-related
suppression of endothelial function. Additionally, DMB delays and attenuates progressive
in vivo aortic stiffening with ageing, probably due in part to preservation of endothelial
function. DMB or other TMAO-suppressing interventions have translational potential for
preventing age-related vascular dysfunction in humans and thereby for reducing the risk of
CVD.
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Translational perspective

We tested the hypothesis that long-term supplementation with the gut microbiome-
targeted compound DMB could prevent the development of age-related vascular
dysfunction when initiated in midlife, prior to the development of dysfunction. We
observed that DMB fully prevented progressive declines in vascular endothelial function
and both delayed and attenuated increases in /n vivo aortic stiffness. Interventions aimed
at preventing the development of cardiovascular (CV) risk factors have more potential
for preventing CV diseases (CVD) relative to those aimed at reversing established
dysfunction. Indeed, individuals who receive treatment to bring CV risk factors to
optimal ranges still have elevated CV risk relative to those who did not yet develop risk
factors in midlife. The gut microbiome has emerged as a promising target for preventing
the development of vascular dysfunction. As such, DMB or other TMAO-suppressing
and gut microbiome-targeted interventions initiated in midlife have potential for reducing
CVD risk in humans by preventing the development of vascular dysfunction. Future
research should explore and develop additional gut microbiome-targeted interventions
using preclinical animal models and subsequently translate the findings of the present
study and others to humans.
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Key points

Vascular dysfunction, characterized by endothelial dysfunction and arterial
stiffening, develops progressively with ageing and increases the risk of
cardiovascular diseases (CVD).

Interventions aimed at preventing the development of CV risk factors have
more potential for preventing CVD relative to those aimed at reversing
established dysfunction.

The gut microbiome-derived metabolite trimethylamine N-oxide (TMAQO)
induces vascular dysfunction, is associated with higher CV risk and can be
suppressed by supplementation with 3,3-dimethyl-1-butanol (DMB).

In mice, DMB prevented the development of endothelial dysfunction
and delayed and attenuated /n vivo arterial stiffening with ageing when
supplementation was initiated in midlife, prior to the development of
dysfunction.

DMB supplementation or other TMAO-suppressing interventions have
potential for translation to humans for reducing CV risk with ageing.
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Figure 1. Study overview
Male C57BL/6N mice were randomly assigned to receive normal drinking water (control) or

water supplemented with 1% (v/v) 3,3-dimethyl-1-butanol (DMB) beginning in middle age
(18 months) and continued into late life (up to 27 months). Mice were studied at 18, 21, 24
and 27 months of age and compared to a reference group of young adult (5 months) mice.
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Figure 2. Body mass
Body mass was highest at 18 months of age in control mice (P= 0.006 vs. young), and at

21 months of age, DMB-supplemented mice had lower body mass relative to control mice
(P=0.007). Body mass was obtained immediately prior to euthanasia. Data are mean *
SD n=7-20 per age per group. Statistics are one-way (effect of age in control mice only)
ANOVA with Dunnett’s post hoc test and two-way mixed (age x treatment group) ANOVA
with Sidak’s post hoctest. *P < 0.05 control vs. 5 month reference group. £ < 0.05 DMB
vs. control within time point.
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Figure 3. Plasma trimethylamine N-oxide (TMAO)
Plasma TMAO may increase with age in control mice (£ = 0.066) but is lower in

mice supplemented with 3,3-dimethyl-1-butanol (DMB) at 27 months of age. Plasma

was collected from mice at the time the mice were euthanized and TMAO levels were
determined via liquid chromatography-tandem mass spectrometry. Data are mean + SD =
9-22 per group. Statistics are one-way (effect of age in control mice only) ANOVA with
Dunnett’s post hoc test and two-way mixed (age x treatment group) ANOVA with Sidak’s
post hoctest. *P< 0.05 DMB vs. control within time point.
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Figure 4. Supplementation with 3,3-dimethyl-1-butanol (DMB) prevents age-related impairments
in endothelium-dependent dilatation (EDD)

A, carotid artery EDD in response to increasing doses of acetylcholine (ACh). B, EDD to
ACh area under the curve (AUC). C, peak EDD to ACh. Data are mean SD. Statistics are
two-way mixed (group x dose) ANOVA with Tukey’s post hoc test (A), or one-way (effect
of age in control mice only) ANOVA with Dunnett’s post hoc test and two-way mixed (age
x treatment group) ANOVA with Sidak’s post hoctest (Band C). *P< 0.05 control vs.
young 5 month reference group, within dose. t£< 0.05 DMB vs. control, within dose. 7=
7-14 per group.
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Figure 5. Supplementation with 3,3-dimethyl-1-butanol (DMB) improves endothelial function by
enhancing nitric oxide (NO)-mediated dilatation and reducing superoxide-related suppression of
endothelium-dependent dilatation (EDD)

A, carotid artery endothelium-independent dilatation (EID) in response to increasing doses
of the NO donor sodium nitroprusside (SNP); and B, EID area under the curve (AUC) (both
n=17-21 per group). C, EDD to acetylcholine (ACh) in the presence of the NO synthase
inhibitor AC-nitro-L-arginine methyl ester (L-NAME); and D, NO-mediated dilatation, as
assessed by the difference in peak EDD in the absence vs. presence of L-NAME (both 7

= 9-13 per group). £, superoxide production, measured in 1 mm aorta rings by electron
paramagnetic resonance (EPR) spectroscopy, with representative tracings shown above
(n=11-22 per group). Aortic abundance of superoxide dismutase (SOD) 1 (F) and 2

(G) normalized to GAPDH with representative Western blot images generated from WES
electropherograms shown above. H, peak EDD to ACh in the absence vs. presence of the
superoxide dismutase mimetic 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPOL; n
= 8-15 per group). Data are mean + SD. Data are combined for mice aged 24 and 27
months. Statistics are two-way mixed (group dose) ANOVA with Tukey’s post hoctest (A
and C), one-way ANOVA with Tukey’s post hoctest (B, D and E),xand two-way mixed
(group x ACh alone or ACh + TEMPOL) with Sidak’s post hoctest (F). *P < 0.05 control
vs. young 5 month reference group within dose/condition. T~ < 0.05 control vs. DMB
within dose/condition. "~ < 0.01 DMB vs. young 5 month reference group within dose.
Abbreviations: Y, young; OC, old control; OD, old DMB.
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Figure 6. Supplementation with 3,3-dimethyl-1-butanol (DMB) delays and attenuates age-related
increases in in vivo aortic stiffness and aortic intima-media thickness but does not alter aortic
intrinsic mechanical stiffness nor adventitial collagen abundance

A, in vivo aortic pulse wave velocity (aPWV). Band C, elastic modulus of the (B)
collagen-dominant (high force) region of the stress—strain curve and (C) elastin-dominant
(low force) region, conducted in 1-2 mm segments of thoracic aorta. D, intima-media
thickness measured in 7 um segments of thoracic aorta, with representative images

shown to the right (4x magnification). £, abundance of type-1 collagen measured via
quantitative immunohistochemistry in the adventitia of 7 um segments of thoracic aorta,
with representative images shown below (4 x magnification). Data are mean + SD. Statistics
are one-way (effect of age in control mice only) ANOVA with Dunnett’s post hoc test and/or
two-way mixed (age x treatment group; A-D) ANOVA with Sidak’s post hoc test.* P< 0.05
control vs. young 5 month reference group. T2 < 0.05 DMB vs. control within age group. "P
< 0.05 DMB vs. young 5 month reference group. n=7-21 per group.
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