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Abstract

Aging is associated with stiffening of the large elastic arteries and consequent increases in systolic
blood pressure (SBP), which together increase cardiovascular disease risk; however, the upstream
mechanisms are incompletely understood. Using complementary translational approaches in mice
and humans, we investigated the role of the gut microbiome-derived metabolite trimethylamine N-
oxide (TMAQ) in age-related aortic stiffening and increased SBP. Aortic stiffness was measured
using carotid-femoral (c-f) or aortic (a) pulse wave velocity (PWV) in humans and mice,
respectively. Study 1. Plasma TMAO concentrations were elevated (p<0.001) in healthy middle-
aged to older (6.3+5.8 uM) vs. young (1.8+1.4 uM) humans and positively related to c-f PWV
(r?=0.15, p<0.0001) and SBP (r2=0.09, p<0.001), independent of traditional cardiovascular risk
factors. Study 2: Dietary supplementation with TMAO increased aPWYV in young mice and
exacerbated the already elevated aPWV of old mice, accompanied by increases in SBP of ~10
mmHg in both groups. TMAO-supplemented vs. control-fed mice also had higher intrinsic
mechanical stiffness of the aorta (stress-strain testing) associated with higher aortic abundance of
advanced glycation end-products (AGEs), which form crosslinks between structural proteins to
promote aortic stiffening. Study 3: Ex vivo incubation of aortic rings with TMAQ increased
intrinsic stiffness, which was attenuated by the AGEs crosslink breaker alagebrium and prevented
by inhibition of superoxide signaling. TMAQ induces aortic stiffening and increases SBP via
formation of AGEs and superoxide-stimulated oxidative stress, which together increase intrinsic
wall stiffness. Increases in circulating TMAO with aging represent a novel therapeutic target for
reducing risk of aortic stiffening-related clinical disorders.
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1. INTRODUCTION

Advancing age is the primary risk factor for cardiovascular diseases (CVD), which is in
large part due to age-related stiffening of the large elastic arteries (i.e., the aorta and carotid
arteries)12. Indeed, aortic stiffening, measured in humans by carotid-femoral pulse wave
velocity (c-f PWV), is an established, independent predictor of future CVD-related
mortality34. Aortic stiffening also contributes to increases in systolic blood pressure (BP)
with aging, which further increases risk of CVD®. Together, these age-related changes in
vascular health not only considerably increase CVD risk, but are also key risk factors for
other major clinical disorders such as stroke and chronic kidney disease, and are implicated
in cognitive declines with aging and risk of dementia/Alzheimer’s disease8-8. Age-related
aortic stiffening occurs primarily due to structural changes in the arteries, in particular,
fragmentation and degradation of elastin fibers and increased deposition of collagen®. In
addition, there is greater accumulation of advanced glycation end-products (AGEs) that form
crosslinks between these structural proteins to further increase stiffness'?. However, the
upstream mechanisms that drive these processes are incompletely understood.

Recent findings from our laboratory indicate that the gut microbiome plays a critical role in
mediating aortic stiffening and increased systolic BP with aging!?, possibly through altered
production of metabolites that can enter the circulation and thereby influence host
physiology. One such metabolite is trimethylamine N-oxide (TMAQO), which is produced via
gut microbe-dependent conversion of ingested precursors (e.g., choline and L-carnitine) into
trimethylamine (TMA) that is subsequently converted in the liver to TMAO2. We and
others have previously reported that plasma concentrations of TMAO increase with aging in
mice and humans113.14, TMAO has been causally linked to the development of CVD in
mice and humans!®:16 and plasma levels of TMAO are predictive of CVD risk in
humans!”:18, Moreover, we recently demonstrated that increased plasma levels of TMAO
promote vascular endothelial dysfunction — a determinant of aortic stiffness — with aging in
mice and humans?3. Thus, it follows that TMAO may also contribute to aortic stiffening and
subsequent increases in systolic BP with aging; however, this possibility has not been
addressed.

Here, we investigated whether elevated plasma TMAQ contributes to age-related aortic
stiffening. First, we showed that higher plasma concentrations of TMAOQ are positively
related to aortic stiffness and systolic BP in healthy young and middle-aged to older (MA/O)
adult humans, independent of traditional CVD risk factors. To better isolate effects of
TMAO, we next used a mouse model to show that dietary supplementation with TMAQO
induces ‘aging-like” aortic stiffening and increases in BP in young mice and exacerbates
these age-related changes in old mice. Finally, because aortic stiffening appears to be the
primary event leading to increases in systolic BP with aging920, we then investigated the
mechanisms mediating TMAO-induced increases in aortic stiffness. In aorta rings from
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young mice, we then demonstrated that both dietary supplementation and ex vivo incubation
with TMAO increase intrinsic mechanical stiffness of the aorta via stimulating the formation
of AGEs. Overall, we have identified a novel upstream mechanism of age-related aortic
stiffening that could have implications for the prevention of CVD, chronic Kidney disease
and cognitive disorders of aging.

METHODS
The data that support the findings of this study are available from the correspond author
upon reasonable request.
Human Subjects Experiments

The Institutional Review Board at the University of Colorado Boulder approved all
procedures involving human subjects, which adhered to the ethical principles defined in the
Declaration of Helsinki. Written informed consent was obtained from all subjects prior to
participation. A total of 21 young (18-27 years) and 101 middle-aged to older (MA/O; 45-79
years) adults who were enrolled in previously conducted studies?1-25 were included in this
retrospective analysis. All study participants were non-smokers and free from overt clinical
disease, including CVD, as determined by medical history, physical examination by a
physician, and graded exercise testing with simultaneous ECG and BP monitoring.
Premenopausal women were studied during menses or in the low hormone phase if taking
hormonal contraceptives. Body mass index was calculated via anthropometric measures of
body mass and height. Peak oxygen consumption (VO,max) was measured on a separate
day during incremental treadmill testing (Balke protocol).

Prior to vascular testing, all subjects had abstained from food for 8 to 12 hours, alcohol,
caffeine or vigorous exercise for >20 hours, and dietary supplements or over-the-counter
medications for >48 hours. Triplicate measures of casual brachial artery BP were obtained in
a seated position with the arm supported at heart level using a semiautomated device
(Dinamap XL, Johnson & Johnson, New Brunswick, NJ). Aortic stiffness was assessed in a
subset of subjects (14 young, 83 MA/O) by carotid-femoral pulse wave velocity (c-f PWV)
per American Heart Association guidelines?® using applanation tonometry (NIHem,
Cardiovascular Engineering Inc., Norwood, MA). Blood samples were obtained for analysis
of blood lipid and lipoprotein concentrations and fasting blood glucose by Boulder
Community Hospital Clinical Laboratory (Boulder, CO; a Clinical Laboratory Improvement
Amendments [CLIA]-certified laboratory) and analysis of inflammatory markers C-reactive
protein (CRP) and interleukin-6 (IL-6) by commercial ELISA by the CU Anschutz Medical
Campus Clinical Translational Research Center Core Laboratory. A separate plasma sample
was obtained and stored at —80°C for later analysis of TMAQ, choline, betaine, and L-
carnitine using a stable isotope dilation liquid chromatography-tandem mass spectrometry
(LC-MS) method against internal standards, as previously described4:27:28, Coefficients of
variation for all analytes and representative mass spectrometry tracings are provided in
Supplemental Table S1 and Supplemental Figure S2. Investigators were blinded to subject
age and health status for plasma analyses. Further details on all procedures are included in
the Online Supplemental Methods.
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2.2. Animal Experiments

All animal protocols were approved by the University of Colorado Boulder Institutional
Animal Care and Use Committee and adhered to the National Institutes of Health Guide for
the Care and Use of Laboratory Animals. Young male C57BI/6N mice were obtained from
Charles River (at 2 months of age), and old male C57BI/6N mice were obtained from the
National Institute on Aging colony maintained by Charles River (at 18-19 months of age).
Male, but not female, C57BI/6 mice are an established model of human vascular aging and
develop age-related aortic stiffening comparably to their human counterparts?9:30, All mice
acclimated to our facility for a minimum of 4 weeks prior to any testing. Mice were single
housed (to avoid effects of group housing on the gut microbiome as mice are coprophagic)
in a conventional facility on a 12-hour light/dark cycle and given ad /ibitum access to rodent
chow and drinking water. Further details on animal numbers, including power calculations
and attrition, are provided in the Online Supplemental Methods.

2.3. TMAO Dietary Supplementation in Mice

2.4. TMAO

For the intervention, all mice were fed a defined low-choline diet (0.07%; to control for
TMAO precursors, but still sufficient to avoid choline deficiency) and randomly assigned to
receive chow that was either not supplemented (Control) or supplemented with 0.12%
TMAQO (customized diets from Envigo, Madison, WI; TMAO, Sigma-Aldrich Corp., St.
Louis, MO), as established previously2:31. Young mice (12 months at sacrifice; equivalent
to ~35 human years) received the intervention for 6 months, whereas old mice (24 months at
sacrifice; ~70 human years) received the intervention for 3 months due to a higher rate of
mortality observed in old TMAQO-supplemented vs. Control mice.

Aortic stiffness was assessed /17 vivo at baseline and following 3 and 6 months (young mice
only) of TMAQ dietary supplementation using aortic pulse wave velocity (aPWV), as
previously described30-32, /n vivo BP was measured at baseline and each month throughout
the intervention on three consecutive days using a non-invasive tail-cuff method (CODA,;
Kent Scientific, Torrington, CT), as previously described30.

All mice were euthanized by exsanguination via cardiac puncture while anesthetized with
inhaled isoflurane (>5%), immediately followed by removal of the carotid arteries and heart.
Heparinized plasma was frozen and stored at —80°C until later analysis of TMAOQ, choline,
betaine, L-carnitine, and jy-butyrobetaine by LC-MS, as described above. The thoracic
aortas from young mice were excised, dissected free of surrounding tissue, and segmented
and stored appropriately for later stress-strain testing to determine aortic intrinsic
mechanical stiffness and elasticity33:34 and for assessment of abundance of structural
proteins (type-1 collagen, elastin) and AGEs by Western immunoblotting and
immunohistochemistry (IHC). Investigators were blinded to treatment group for data
collection and plasma and biochemical analyses. Detailed descriptions of all procedures are
provided in the Online Supplemental Methods.

Incubations in Mouse Aortic Rings

To determine if TMAOQO directly affects aortic stiffness, segments (~1 mm) of thoracic aorta
were obtained as described above from a separate cohort (N=18) of young (3-5 months)
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male C57BL/6N mice obtained from Charles River. Aortic segments were incubated under
standard conditions (37°C, 5% CO,, 20% O, humidified) for 72 hours in culture medium
alone (Vehicle; Dulbecco’s Modified Eagle’s Medium [DMEM] supplemented with 10%
fetal calf serum and 1% Penicillin-Streptomycin) or with the addition of 30 yM TMAO
(Sigma-Aldrich Corp.), the average concentration measured in plasma from the dietary
supplementation intervention. Vehicle- and TMAO-treated segments from a subset of mice
were also treated with the AGEs inhibitor alagebrium3°-37 (N=5; 2 mM; AstaTech, Inc.,
Bristol, PA) or the superoxide dismutase mimetic 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-
oxyl (TEMPOL; N=5 mice; 100 pM; Sigma-Aldrich, Corp) to suppress reactive oxygen
species (ROS) production. Following the incubation, stress-strain testing was performed to
assess intrinsic mechanical stiffness. Lastly, to determine if TMAQ directly increases AGEs
abundance and whether this may occur via ROS production, segments of thoracic aorta (~4
mm) from 4 additional young mice were incubated for 72 hours in culture medium alone,
with the addition of 30 uM TMAQO, or with 30 pM TMAO + 100 pM TEMPOL, and AGEs
abundance was determined via Western immunoblotting. Detailed descriptions of all
procedures, antibodies, and Kits used are provided in the Online Supplemental Methods.

2.5. Statistical Analyses

Detailed descriptions of all statistical analyses performed are provided in the Online
Supplemental Methods. Data are presented as mean + S.E.M. in text, figures, and tables,
unless specified otherwise. Statistical significance was set to a=0.05. All statistical analyses
were performed using Prism, version 8 (GraphPad Software, Inc., La Jolla, CA) or R,
version 1.2.5033 (The R Foundation, Vienna, Austria).

3. RESULTS

3.1.

Plasma TMAO concentrations are positively related to aortic stiffness and systolic

BP in healthy young and middle-aged to older (MA/O) adults

Casual (resting) BP and fasted plasma concentrations of TMAO and related metabolites
were measured in healthy young (age 18-27; N=21) and middle-aged to older (MA/O; age
45-79; N=101) adults. Aortic stiffness was assessed in a subset of these subjects (young:
N=14; MA/O: N=83) by the gold standard measure, carotid-femoral pulse wave velocity (c-f
PWV). A histogram of the age distribution is provided in Supplemental Figure S3; age was
normally distributed among MA/O adults (Shapiro-Wilk test: p=0.40). Subject
characteristics, circulating inflammatory markers, and prescription medications are provided
in Supplemental Table S2 and are also published elsewherel3. Compared to young adults,
MAV/O subjects had lower cardiorespiratory fitness (VO,max), higher serum total and LDL
cholesterol, higher fasted blood glucose, and lower estimated glomerular filtration rate
(eGFR) (all p<0.0005), whereas body mass index was comparable between the groups
(p=0.22). MA/O adults tended to have higher circulating concentrations of inflammatory
markers C-reactive protein (CRP; p=0.13) and interleukin-6 (IL-6; p=0.07), but these did not
reach statistical significance. Within each age group, there were no differences in any
characteristics between the whole cohort and the subset of subjects with c-f PWV
measurements. The types and number of subjects taking each type of medication were
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typical for healthy young and MA/O adults (subjects abstained from all medications the
morning of testing).

Circulating (plasma) concentrations of TMAQO were higher in MA/O compared to young
adults (Figure 1A; p=0.0007), as we have previously reported!3. Plasma concentrations of
the TMAO precursor choline were also higher in MA/O vs. young adults (p<0.0001), but
there were no age group differences in concentrations of other TMAO precursors betaine or
L-carnitine (both p=0.21) (Supplemental Table S2). Circulating TMAO (log-transformed to
account for skewness) was inversely associated with eGFR (r2=0.07, p=0.003), a marker of
kidney function, and positively associated with serum concentrations of the inflammatory
marker CRP (r2=0.06, p=0.008). However, these relations were no longer significant when
adjusted for age (eGFR: partial r2 of TMAO = 0.006, p=0.43; CRP: TMAO partial r2=0.02,
p=0.12). There was no relation between TMAO and IL-6 (r2=0.03, p=0.08; partial r2 of
TMAO when adjusted for age = 0.002, p=0.70).

MAV/O adults had higher c-f PWV (p<0.0001), systolic BP (p=0.0004), and diastolic BP
(p=0.007) compared to young adults (Figure 1B), typical of vascular aging. Pulse pressure
was also higher in MA/O (50 + 11 mmHg) vs. young (44 = 4 mmHg, p=0.01) adults.

We performed multiple linear regression analyses to determine relations between circulating
concentrations of TMAO and c-f PWYV, systolic BP and diastolic BP. Full regression results
are provided in Supplemental Table S3. For all analyses, both plasma TMAO and c-f PWV
were log-transformed to account for skewness, whereas non-transformed values were used
for systolic and diastolic BP as both were normally distributed (Shapiro-Wilk test for non-
transformed data, TMAQ: p<0.0001; c-f PWV: p=0.003; systolic BP: p=0.25; diastolic BP:
p=0.21).

In unadjusted linear regression models, plasma TMAQ was positively related to c-f PWV
(r?=0.17, p<0.0001; Figure 1C) and systolic BP (r2=0.09, p=0.0008; Figure 1D), but was not
related to diastolic BP (r2=0.02, p=0.11). Relations between TMAO and c-f PWV remained
significant when analyses were conducted separately for each age group (young: r2=0.44,
p=0.01: MA/O: r2=0.07, p=0.02). TMAQ was positively related to systolic BP within MA/O
adults only (r=0.06, p=0.02), but not within young adults only r?=0.16, p=0.07).

When linear regression models were adjusted for traditional CVD risk factors (sex, body
mass index, cardiorespiratory fitness, total and LDL cholesterol, and glucose), the
independent effects of TMAO on c-f PWV (TMAO partial r2=0.09, p=0.004) and systolic
BP (TMAO partial r2=0.05, p=0.02) remained significant, indicating that TMAQ is
associated with aortic stiffness and systolic BP independent of CVD risk factors. However,
when linear regression models were further adjusted for age (in addition to traditional CVD
risk factors), there were no longer significant independent effects of TMAO (for both c-f
PWV and systolic BP, TMAO partial r2<0.01, p=0.46), suggesting that the effect of TMAO
on aortic stiffness and systolic BP in humans is concomitant with that of aging. We
additionally ran statistical models for c-f PWV with mean arterial pressure (MAP) included
as a covariate, as MAP represents the distending pressure that can augment c-f PWV. The
effect of TMAO on c-f PWV remained significant when MAP was included as the only
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covariate (TMAO partial r2=0.15, p=0.0001) or along with CVD risk factors (TMAO partial
r2=0.07, p=0.01), and disappeared, as before, when age was added to CVD risk factors and
MAP (TMAO partial r2=0.004, p=0.57). Lastly, as a small number of MA/O subjects (14 out
of 101) were taking anti-hypertensive medications, we also ran models with the number of
anti-hypertensive medications included as a factor, but there was no significant effect of
medication use on the relation between TMAO and systolic BP (p=0.08) nor c-f PWV
(p=0.20). As such, these subjects were kept in the analyses.

Overall, these findings suggest that increases in plasma concentrations of TMAO with aging
are associated with aortic stiffening and increases in systolic BP in adults free of clinical
disease, independent of traditional CVD risk factors.

3.2. Chronic dietary supplementation with TMAO induces aortic stiffening and increases

BP in mice

As it is difficult to isolate effects of TMAQ in free-living humans, we next investigated
whether dietary supplementation of TMAO induces and/or exacerbates age-related increases
in aortic stiffness and systolic BP in male C57BL/6N mice. Male, but not female, mice of
this strain demonstrate aortic stiffening with aging comparably to humans3932. Young adult
(12 months at sacrifice; equivalent to ~35 human years) and old (24 months at sacrifice; ~70
human years) mice were fed a defined-choline diet (0.07%; to control for TMAQ precursors)
that was either not supplemented (Control) or supplemented with 0.12% TMAO for either 6
months (young mice) or 3 months (old mice; shortened due to higher rate of mortality in
TMAO-supplemented mice). Plasma TMAO concentrations did not differ between young
and old Control mice (p>0.99), presumably due to the low-choline diet, but dietary
supplementation of TMAO increased plasma TMAO concentrations vs. controls in both
young adult (p=0.002) and old (p<0.0001) mice (Figure 2A). Plasma concentrations of
TMAO-related metabolites and mouse characteristics are presented in Supplemental Table
S4. Old mice had higher plasma concentrations of choline than young mice, consistent with
our findings in humans and presumably due to differences in clearance of choline via the
kidneys with aging; however, TMAO supplementation had no further effect on choline
concentrations in either age group (both p>0.99), and there were no group differences in
plasma levels of any other precursors of TMAQO (all p>0.77). Old mice had lower body mass,
liver mass, and visceral fat mass than young mice (all p<0.02), but there were no differences
between Control and TMAO-supplemented mice within either age group. There were no
differences in food intake or mass of other key organs (e.g., kidneys, heart) across age or
treatment groups (all p=0.44).

Auortic stiffness was assessed /77 vivo and non-invasively using the gold standard measure,
aortic pulse wave velocity (aPWV), at baseline and following 3 (young and old mice) and 6
months (young mice only) of the intervention. Results are summarized in Figure 2B-C. In
young adult mice, aPWV tended to increase across the 6-month intervention in Control mice
(baseline vs. 6 mo: p=0.06). TMAO supplementation had no effect on aPWYV after 3 months
of the intervention (p=0.96 vs. Control) but induced a clear increase in aPWV by 6 months
(p=0.0007, baseline vs. 6 months within TMAQO group; p=0.04, Control vs. TMAQ at 6
months), such that the increase in aPWV observed across the 6-month intervention was
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~70% greater in TMAO-supplemented mice vs. Controls. At baseline, old mice had higher
aPWV than young mice (330 = 20 cm/sec vs. 273 + 16 cm/sec, p=0.03). TMAO
supplementation also exacerbated aortic stiffening in old mice (p=0.0005 vs. baseline;
p=0.08 vs. Control at 3 months), but within half the time as was observed in young mice.

BP was measured /n vivo and non-invasively by the tail cuff method on three consecutive
days once per month throughout the interventions. Results are summarized in Figure 2D-E
(systolic BP) and Supplemental Figure S4 (diastolic BP). Because of slight differences in tail
cuff-assessed BP at baseline between the young (95 £ 2 /67 £ 1 mmHg) and old (89 + 2/ 62
+ 2 mmHg; both p=0.02) mice, all BP data are presented as a change from baseline within
individual mice. There were no changes in either systolic or diastolic BP across the
interventions in Control mice in both age groups. In young adult mice, both systolic and
diastolic BP remained stable and comparable to Control mice through 4 months on the
intervention but increased thereafter such that systolic and diastolic BP were, on average, 10
and 9 mmHg higher, respectively, in TMAO-supplemented vs. Control mice at 6 months
(both p<0.02 vs. baseline within TMAQ mice and vs. Control at 6 months). In old mice,
TMAO-induced increases in both systolic and diastolic BP were evident by 1 month into the
intervention (both p=0.04 vs. baseline).

Overall, these data indicate that, although young mice had some initial resistance, dietary
TMAO supplementation increases aortic stiffening and BP in both young adult and old mice.
The temporal pattern of changes in aortic stiffness and BP, particularly in young mice
followed over 6 months, suggest that these events may be linked as observed previously19:20,

Mechanisms of TMAO-induced aortic stiffening

We observed that dietary supplementation with TMAO induced aortic stiffening and
increased BP in both young adult and old mice. Because aorta stiffening can precede and
therefore contribute to increases in BP1920, we next focused on discerning potential
mechanisms of TMAQO-induced aortic stiffening. To separate effects of TMAO from effects
of aging, we performed mechanistic assessments in aortas from young adult mice that were
either supplemented with TMAQ in chow or not supplemented (Control).

3.3.1. Intrinsic properties.—We measured aortic intrinsic mechanical stiffness and
elasticity by conducting stress-strain testing in segments of thoracic aorta (see Supplemental
Figure S1 for a representative tracing). The elastic modulus (EM) of the high-force region of
the stress-strain curve, which is primarily dependent on collagen, was higher in young mice
supplemented with TMAQ (p=0.03 vs. Control; Figure 3A left), indicating greater intrinsic
stiffness. However, there were no effects of TMAO supplementation on the EM of the
elastin-dominant region of the stress-strain curve (low-force region where curvature is
essentially zero) (p=0.87; Figure 3A right), a measure of elasticity. These data indicate that
the TMAO-induced stiffening that we observed 7 vivowas due, at least in part, to increased
intrinsic mechanical stiffness of the aorta but not accompanied by any changes in elasticity.
This increase in stiffness was observed without any effects of TMAQO supplementation on
aortic intima-media thickness (p=0.77; Figure 3B) or diameter (YC: 0.66 + 0.02 vs. YT:
0.65 £ 0.02 mm; p=0.79).
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3.3.2. Abundance of structural proteins and AGEs.—Next, we measured aortic
abundance of major arterial structural proteins and AGEs using both Western
immunoblotting and IHC, which allows for discernment of protein abundance across
vascular layers. Interestingly, we observed no effect of TMAO on whole aorta protein
abundance of type-1 collagen (the major arterial isoform; p=0.82; Figure 3C), although we
did observe a trend towards slightly higher type-1 collagen in the adventitia using IHC
(p=0.09; Figure 3D). Abundance of AGES, which increase aortic stiffness by forming
crosslinks in structural proteins, was higher in aortas from TMAO-supplemented mice in the
whole aorta (Western blot; p=0.04), and in both the adventitia and medial layers (IHC; both
p<0.001) (Figure 3E). Together, these data suggest that TMAQO supplementation increased
intrinsic stiffness in part by increasing AGEs crosslinking of collagen fibers. Lastly,
consistent with the lack of effect of TMAO supplementation on the EM of the elastin-
dominant region of the stress-strain curve, there was no difference in whole aorta elastin
abundance between Control and TMAO-supplemented mice (p=0.87; Figure 3F).

Incubation of aortic rings with TMAO directly induces aortic stiffening via AGEs

crosslinking and oxidative stress

To determine whether TMAO induces aortic stiffening via direct effects on the arteries, we
cultured matched aortic rings from young mice (aged 3-5 months) with 30 uyM TMAO
(average concentration measured in plasma from the dietary intervention) or with culture
media only (vehicle condition), and then performed stress-strain testing to assess intrinsic
mechanical stiffness. TMAO increased the EM of the collagen-dominant region of the
stress-strain curve (p=0.04; Figure 4A), indicating greater intrinsic stiffness, by a similar
magnitude as observed with dietary TMAQ supplementation.

TMAO supplementation induced higher AGEs abundance, which increase aortic stiffness by
crosslinking arterial structural proteinsi®, We have also shown that both dietary
supplementation and ex vivo incubation with TMAQ promote vascular oxidative stress!2,
which has been linked to AGEs in the context of aging38 and shown to promote stiffening
independent of AGEs through various other pathways340, Thus, we tested whether TMAO
increases aortic intrinsic mechanical stiffness via AGEs crosslinking and/or ROS signaling.

Matched aortic rings from a subset of the young mice were concomitantly incubated with
TMAO or vehicle + alagebrium, which specifically lowers or prevents AGES formation and
therefore crosslinking of structural proteins caused by AGEs3>36, TMAO alone increased
EM of the collagen-dominant region of the stress-strain curve, but the addition of
alagebrium abolished this effect of TMAQ (vehicle+Alg vs. TMAO+AIg: p>0.99) (Figure
4B).

Next, to determine whether TMAO-induced stiffening was mediated by greater ROS
production, matched aortic rings from another subset of the young mice were concomitantly
incubated with TMAQ or vehicle + the superoxide dismutase mimetic TEMPOL. Again,
TMAQO alone increased the collagen-dominant region EM (vehicle vs. TMAO in the absence
of TEMPOL [media only]: p=0.05), and the addition of TEMPOL fully prevented this effect
(TMAO vs. TMAO+TEMPOL.: p=0.04; Figure 4C).
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Lastly, to assess potential interactions between TMAO-induced AGEs accumulation and
ROS production, we assessed AGEs abundance in aortic rings following incubation with
TMAO in the absence or presence of TEMPOL. Abundance of AGEs was ~2-fold higher
after incubation with TMAO vs. vehicle, but TEMPOL had no effect on TMAO-induced
AGEs formation (Figure 4D). These data suggest that TMAO-induced ROS production
occurs either downstream or independently of AGEs accumulation. These results also
establish that the effects of TEMPOL on TMAO-induced intrinsic stiffness were unrelated to
non-specific effects of the drug on AGEs.

4. DISCUSSION

Aortic stiffening is a key antecedent to the development of clinical CVD, including
hypertension and atherosclerosis, and other age-related diseases, yet the upstream
mechanisms driving this process are incompletely understood. In the present study, we show
across multiple translational models that higher circulating concentrations of the gut
microbiome-derived metabolite TMAQ with aging are linked to aortic stiffening and
increases in systolic BP. Specifically, our major findings are that: a) increases in plasma
concentrations of TMAO with age are positively associated with aortic stiffness and systolic
BP in healthy adult humans; b) dietary supplementation of TMAO in mice induces (in young
adult mice) or exacerbates (in old mice) aortic stiffening and increases in BP; and c¢) both
dietary supplementation with TMAO and incubation of aortic rings with TMAQ increases
the intrinsic stiffness of the aorta; and d) accumulation of AGEs and superoxide-stimulated
oxidative stress contribute to TMAO-induced increases in intrinsic wall stiffness. Overall,
these findings provide strong translational evidence that TMAQ is an important upstream
modulator of aortic stiffening with aging and offer novel insight into how TMAO may
increase risk of CVD.

We have previously shown that, compared with young adult controls, plasma concentrations
of TMAO are elevated in older humans!® and micell despite no differences in dietary intake
of precursors of TMAO, including L-carnitine and choline, across age groups. Based on our
data, age-related increases in circulating TMAOQ appear to be due to greater abundance of
TMA-producing gut microbiota and/or the liver enzyme FMQO3 that converts TMA to
TMAO1L, Expanding evidence implicates TMAQ in the development of CVD18:31,
particularly atherosclerosis215.16: however, to our knowledge, this is the first study to
establish a link between TMAO and the development of arterial stiffness. As aortic stiffening
and augmentation of systolic BP are key precipitating events in the development of clinical
cvD4L it is possible that TMAO-related aortic stiffening is a primary contributor to later
development of CVD.

In humans, TMAO predicted PWV and systolic BP independently of traditional CVD risk
factors (e.g., cholesterol and blood glucose), but the relations between circulating TMAO
and both aortic stiffness and systolic BP were closely linked to age. As such, we used an
established mouse model of human vascular aging to isolate an independent role of TMAQO
in mediating aortic stiffening and increased BP. Young adult mice were initially resistant to
TMAO supplementation, consistent with previous reports that young mice are inherently less
responsive to stressors than older mice and humans#243, but ultimately, both young adult
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and older mice exhibited aortic stiffening and increases in BP in response to directly
supplementing TMAQ in chow. Our combined data in humans and mice suggest a
pathophysiological sequence of events whereby aging leads to increases in circulating
TMAQO, which then promote aortic stiffening and increases in systolic BP. By this notion, it
is possible that intervening in mid-life (i.e., before the onset of aortic stiffening) to prevent
increases in circulating TMAO with aging could also prevent, or at least attenuate, age-
related aortic stiffening and increased systolic BP.

Mechanistically, we observed that dietary supplementation with TMAQ induced greater
intrinsic mechanical stiffness of the aorta that was accompanied by increased abundance of
AGEs in the absence of changes in the major structural proteins collagen and elastin.
Abundance of AGEs was also increased following incubation of aortic rings with TMAO.
Consistent with our results, Tahara et a/4* found an independent relation between
circulating levels of TMAO and the ratio of AGEs to soluble receptor for AGEs in healthy
middle-aged and older humans. These authors attributed their findings to foods that promote
TMAO (e.g., red meat) also having greater AGESs content. However, our data in mice
indicate a direct effect of TMAQO in promoting AGEs accumulation. To then establish a role
of TMAO-induced AGEs accumulation in aortic stiffening, we co-incubated aortic rings
with TMAO and the AGEs inhibitor alagebrium and found that the TMAO-induced increase
in intrinsic stiffness was reduced by >50%, thus confirming an important role of AGEs-
associated crosslinking of structural proteins in mediating TMAO-induced aortic wall
stiffness.

In the present study, we also found that suppression of ROS production with TEMPOL
prevented increases in intrinsic wall stiffness in response to TMAO. Greater ROS production
can modulate arterial structure through various pathways*°. However, in our TMAO dietary
supplementation study, we found no evidence that TMAQ increased aortic stiffness by
increasing collagen deposition, degrading elastin or increasing intima-media wall thickness.
A possible mechanism by which greater ROS production with TMAO may have increased
stiffening is via upregulation of transglutaminase 2, which causes non-AGEs-dependent
crosslinking of structural proteins#®. Transglutaminase 2 activity is inhibited by the
vasoprotective molecule nitric oxide?8, and we have previously shown that exposure to
TMAO reduces vascular nitric oxide bioavailability by stimulating ROS production?3.
Furthermore, genetic knockdown*’ or pharmacological inhibition*8 of transglutaminase 2
lowers BP and improves vascular endothelium-dependent dilation in old rodents, and,
although the evidence is mixed4’, may attenuate age-related increases in aortic stiffness*®.
Thus, although we were unable to assess transglutaminase activity due to limited availability
of aortic lysate, this remains a potential mechanism of interest moving forward.

Lastly, TEMPOL had no effect on TMAO-induced increases in AGEs abundance, suggesting
independent effects of ROS (superoxide) and AGEs in promoting aortic stiffening in
response to TMAQO. Alternatively, it is possible that TMAO evokes an accumulation of
AGEs, which, in turn, stimulate ROS production. This latter possibility seems unlikely in
our ex vivo model because AGESs appear to increase vascular oxidative stress via activation
of surface receptors on endothelial and vascular smooth muscle cells®®, and it is unclear if
AGEs crosslinking structural proteins in the extracellular matrix of the aorta could elicit
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such effects. However, in vivo, TMAO may also increase free AGEs** (e.g., circulating
and/or interstitial), which could increase aortic stiffness via oxidative stress-related
pathways.

Experimental Considerations and Limitations

The plasma concentrations of TMAQ achieved following dietary supplementation in mice
(~30 uM in young adult mice) were higher than the average plasma concentrations in MA/O
humans. However, we observed a wide range of TMAO concentrations in humans (from ~1
to 45 uM). Therefore, the plasma TMAO concentrations achieved in mice were still within a
physiological range for healthy aging.

We chose to use 30 uM TMAQ in aortic ring experiments to match the average plasma
TMAO concentrations observed in young adult mice following 6 months of dietary
supplementation with TMAOQ. Although incubations were only 72 hours, we observed a
similar magnitude increase in intrinsic mechanical stiffness (~30%) as following dietary
supplementation, and our laboratory has previously shown that this duration of incubation is
sufficient to alter stiffness in response to diverse stimuli®1, It is possible that aortic
stiffness can be altered more quickly ex vivo due to the absence of counter-regulatory
functional (non-structural) factors that can influence PWV in vivo, including blood pressure,
vascular tone, and/or sympathetic nervous system activity. Such influences may initially
compensate for TMAO-induced changes in the extracellular matrix, thus delaying detectable
differences in aortic PWV. Furthermore, it is possible the mechanisms of aortic stiffening
may be slightly different between the chronic /n vivo and short-term ex vivo conditions. For
example, crosslinking of structural proteins by AGEs (i.e., a typically longer-term process)
may have contributed to stiffening to a greater extent with dietary supplementation vs. ex
vivo incubation, and interactions between AGEs and ROS production may have been
somewhat different across models. Regardless, we show a clear role of TMAO-induced
AGEs crosslinking in mediating aortic stiffening across our reverse translational experiments
in mice.

The young adult control mice in our TMAQO supplementation study exhibited some increases
in aortic PWV over the 6-month intervention and had higher intrinsic mechanical stiffness
than we have previously reported in young micel132, The long duration of the intervention,
the defined (low) choline diet, and/or weight gain over the intervention all may have
contributed to this increase in PWV. However, as all of these factors were matched across
control and TMAO-treated mice, our study design still should isolate the effects of TMAO
on aortic stiffening and the underlying mechanisms.

Only male mice were used in this study, as female mice do not exhibit increases in aortic
stiffness until much later in life than male mice®2 (and unpublished findings from our
laboratory), likely due to differing sex hormone patterns across the lifespan. As such, female
mice are not an appropriate model of vascular aging in women. We observed no sex
differences in plasma TMAQO concentrations in our human subjects and, thus, we believe our
findings here in male mice are likely relevant to both men and women. That said, the
absence of a biologically relevant mouse model for estrogen-deficient postmenopausal
women is a limitation of our study.
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Lastly, previous findings support the possibility that age-related aortic stiffening may
precede increases in systolic BP19:20, In the present study, we observed largely parallel time
courses for the respective increases in aPWV and systolic BP with dietary TMAO
supplementation in mice, suggesting that those responses are temporally associated.
However, neither these longitudinal observations in mice nor our cross-sectional
comparisons in humans allow us to infer cause and effect. In all likelihood, the nature of the
casual link between these events is bidirectional.

4.2. Conclusion

In the present study, we demonstrate a consistent and independent association between
elevated circulating concentrations of TMAO and both aortic stiffening and increases in
systolic BP with aging across both mice and humans. To our knowledge, this is the first
study linking TMAQO to arterial stiffening, as well as to BP in the context of aging. We also
identify TMAO-induced accumulation of AGEs and consequent crosslinking of arterial
structural proteins, as well as superoxide-related oxidative stress, as key mechanisms by
which TMAO increases aortic stiffness.

5. PERSPECTIVES

Taken together, our results indicate that gut-targeted interventions to prevent the over-
production of TMAO with aging may attenuate the development of aortic stiffening and
increases in systolic BP with advancing age. Because aortic stiffness and above-normal
systolic BP with aging are major risk factors for C\VD and other age-related disorders,
including cognitive dysfunction, Alzheimer’s disease, and chronic kidney disease,
interventions aimed at reducing or preventing increases in circulating TMAQ with aging
may have the potential to reduce risk of CVD and other chronic conditions, thereby
increasing human healthspan.

Certain dietary strategies may hold promise for reducing production of TMA by the gut
microbiota, thus potentially minimizing increases in circulating TMAO concentrations with
advancing age. For example, short-term feeding studies have shown that diets high in soluble
fiber decrease plasma TMAQ®3, as does supplementation with specific probiotics®#5°,
Although the evidence is mixed on whether red meat and high saturated fat consumption
increases TMAO levels®6-58 humans adhering to a vegetarian/vegan diet have lower chronic
urine concentrations of TMAQ5? and exhibit a lesser rise in plasma TMAQ following an oral
carnitine challenge relative to omnivorous counterparts®0. Therefore, such dietary-based
strategies may help to suppress TMAO production in MA/O adults and thereby mitigate
aortic stiffening and increases in systolic BP.
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NOVELTY AND SIGNIFICANCE

What is new?

We demonstrate a consistent association between higher circulating levels of
the gut microbiome-derived metabolite TMAO in age-related arterial
stiffening and augmentation of systolic BP in both mice and healthy humans.

We also identify accumulation of AGEs and consequent crosslinking of
arterial structural proteins, as well as superoxide-related oxidative stress, as
novel mechanisms mediating TMAO-induced arterial stiffening.

What is relevant?

Summary

Age-related arterial stiffening and augmentation of systolic BP are major
antecedents to the development of CVD and other disorders of aging.

Emerging evidence suggests that age-related changes in the gut microbiome
can influence the cardiovascular system.

This study identifies a novel upstream mechanism — higher circulating levels
of TMAO - that contributes to age-related arterial stiffening and
augmentation of systolic BP that could be targeted to improve vascular health
with aging.

Using multiple complementary in vitro, ex vivoand in vivo translational
models, we show that higher circulating levels of TMAO promote age-related
arterial stiffening and increases in systolic BP by promoting accumulation of
AGEs and excessive superoxide-related oxidative stress.

Hypertension. Author manuscript; available in PMC 2022 August 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Brunt et al.

Plasma TMAO (uM) >
2 B 8 8

o

Page 19

* B * —
o 164 * S 160 8 o 1007 *
© 141 ®0© E % 000
o D 42]
° *-E :i g £ 8]
> 8 0 120 &
25 == :
e 4 o S 100 = _l_ 0%
0 w
O 21 g ©
0 . . » go . . o 40 . .
Young MA/O Young MAJ/O Young MA/O Young MAJ/O

D
m =)
® I
@ £
E E
o
S &
a L
E G °
o - 80
e 151 %% © p<0.0001 3 © Young|  p<0.001
- ® N=97 (7] { le_MAIO N=122
4 0 1 2 3 4 4 0 1 2 3 4
Ln Plasma TMAO (¢M) Ln Plasma TMAO (vM)

Figure 1. Higher plasma concentrations of trimethylamine N-oxide (TMAQO) with aging are
related to increased arterial stiffness and systolic blood pressure (BP).

A) Plasma TMAQO and B) arterial stiffness (assessed as carotid-femoral pulse wave velocity
[c-f PWV]) and casual (resting) systolic and diastolic BP in young (N=14-21) and middle-
aged to older (MA/O; N=83-101) adults. Data are mean + S.E.M. *p<0.05 vs. young adults.
C-D) Higher plasma concentrations of TMAQ are positively related to c-f PWV (C) and
casual SBP (D) in unadjusted linear regression models, with 95% confidence intervals
(dashed lines).
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Figure 2. Chronic trimethylamine N-oxide (TMAOQ) supplementation increases plasma TMAO
concentrations, aortic stiffness, and systolic blood pressure (BP) in young and old mice.

In young adult (6-12 months of age) and old (21-24 months) mice supplemented without
(Control; YC, OC) or with 0.12% TMAO (YT, OT) for 3-6 months: A) Plasma
concentrations of TMAO; B-C) /n vivo aortic pulse wave velocity (aPWV); and D-E) /in vivo
tail cuff systolic BP. All data are mean + S.E.M. N=7-11/group. *p<0.05 vs. Control, within
time point/age group. Tp<0.05 vs. baseline (0 months on intervention), within group.

$p<0.05 OT vs. YC.
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Figure 3. Chronic trimethylamine N-oxide (TMAO) supplementation increases aortic intrinsic
mechanical stiffness and abundance of advanced glycation end-products.

In young adult mice (12 months at sacrifice) supplemented without (Control/YC) or with
0.12% TMAO (YT) for 6 months: A) Elastic modulus of the high-force collagen-dominant
region (left) and the low-force elastin-dominant region (right) of the stress-strain curve,
conducted in 1-2mm segments of thoracic aorta. B) Intima-media thickness measured in 7
UM segments of thoracic aorta, with representative images shown to the right. C-D) Protein
abundance of mature type-1 collagen assessed by Western immunoblotting in aortic lysates,
with representative Western blot images generated from WES electropherograms shown to
the right (C), and assessed across vascular layers by immunohistochemistry in 7um aorta
sections, with representative images shown to the right (D). Arrows denote the medial-
adventitial border. E) Protein abundance of advanced glycation end-products (AGEs)
assessed by Western immunoblotting in aorta lysates (left) and across vascular layers by
immunohistochemistry in 7 UM aorta sections (right), with representative blots/images
below/to the right of the graphs. F) Protein abundance of elastin assessed by Western
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immunoblotting in aorta lysates, with representative Western blot images generated from
WES electropherograms. All data are mean = S.E.M. N=8-10/group for stress-strain testing.
N=4-7/group for Western blotting and immunochistochemistry. *p<0.05 vs. Control. $p<0.10
vs. Control. AU, arbitrary units.
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Figure 4. Acute ex vivo incubation with TMAQO increases intrinsic mechanical stiffness via
crosslinking of advanced glycation end-products (AGEs) and reactive oxygen species.

A-C) Elastic modulus of the high-force collagen-dominant region of the stress-strain curve
(i.e., intrinsic mechanical stiffness) in multiple segments of thoracic aorta from the same
young mice incubated for 72 h in control media (Vehicle) or media supplemented with 30
UM TMAO (A; N=18), with or without the addition of either the AGEs crosslink inhibitor
alagebrium (B; N=5) or the superoxide dismutase mimetic TEMPOL (C; N=5). D)
Abundance of AGEs in aorta rings from 4 additional young mice following 72 h incubation
in control media (Vehicle) or media supplemented with 30 pM TMAO = the superoxide
dismutase mimetic TEMPOL. Data are mean £ S.E.M. *p<0.05 vs. Vehicle (media only).
tp<0.05 vs. TMAO (media only).
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