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Trimethylamine N-oxide (TMAO) is a gut-derived circulating metabolite produced from the
conversion of the dietary precursors L-carnitine and choline into trimethylamine (TMA) by
intestinal microbiota. TMA is released into the portal circulation and then converted to
TMAO in the liver by flavin-containing monooxygenase (FMQ) enzymes. Elevated plasma
TMAO concentrations are linked to the development of atherosclerosis in preclinical models
and cardiovascular disease (CVD) events in humans, and portends higher mortality in other
age-related disorders such as chronic kidney disease, diabetes and heart failurel: 2, and is
associated with age-related cognitive decline in preclinical and human studies.3
Furthermore, aortic stiffness, measured by carotid-femoral pulse wave velocity (PWV),
increases with advancing age and is a robust predictor of development of CVD and target
organ damage to high blood flow, low resistance organs such as the brain and kidney in
middle-aged/older adults. Although several studies demonstrate that plasma TMAO
concentrations are elevated with aging* 5, to date there have been no studies linking elevated
TMAO with higher aortic stiffness.

In this issue of Hypertension, Brunt and colleagues® performed a clever set of translational
experiments to investigate the hypothesis that circulating TMAQO contributes to the age-
related increase in aortic stiffness and blood pressure (BP) with aging. First, they confirmed
that circulating TMAO was elevated in older compared with younger adults, and that higher
TMAO was correlated with higher carotid-femoral PWV. Importantly, the correlation
remained significant after adjusting for standard CVD risk factors including BP, but the
association was lost when age was included in the model. Similarly, elevated TMAO was
associated with higher systolic BP and the association was also abolished with the
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adjustment for age. Together, these findings in humans represent the first link between the
age-related increase in circulating TMAO with higher aortic stiffness and BP. However,
given both aortic stiffness and BP are strong correlates of age, there remained the possibility
that both outcomes were not, in fact, causally associated with TMAOQ. To address this
limitation in the human study, complementary preclinical /n vivo and ex vivo experiments
were performed to determine whether there is indeed a mechanistic link between elevated
TMAO and increased aortic stiffness. First, dietary supplementation of TMAQ in young
mice for 6 months and old mice for 3 months raised TMAO plasma concentrations in both
groups of mice albeit higher in the old than the young. After early resistance to change at 3
months, TMAQO supplementation in young mice resulted in ~70% higher aortic PWV
compared with control low-choline fed mice after 6 months. In old mice, TMAQO
supplementation exacerbated the baseline higher aortic PWV only after 3 months indicating
that increased stiffness occurred in one-half the TMAO exposure time with aged mice but
with higher TMAO plasma concentrations than the young. If such findings translate to
humans, this suggests there might be an opportunity for the prevention of premature aortic
stiffening in younger adults with elevated TMAO, and that lowering TMAQ in older adults
might be a novel therapeutic strategy to attenuate aortic stiffness in middle-aged/older adults
but this has not been tested in humans.

In addition to the increase in /n vivo aortic PWW, the authors also tested ex vivo intrinsic
aortic wall stiffness, assessed by the stress/strain relation, which quantifies the elastic
modulus of the collagen-dominant region of stress-strain curve, i.e., where the stiffer
collagen fibers bear the higher force. This is important because the increase in /in vivo aortic
PWYV after 6 months in young mice and 3 months in older mice was accompanied by a
parallel elevation in systolic BP, thus making it difficult to interpret whether the PWV
changes were driven by increases in arterial distending pressure, or true alterations in
intrinsic aortic wall stiffness. Indeed, the authors found an increased in elastic modulus of
the collagen region in aortas from TMAQO-supplemented young mice, and these changes
occurred in the absence of changes in elastin (low-force) region of the stress/strain curve, or
alterations in wall thickness and diameter. Finally, aortas from TMAQO-supplemented young
mice demonstrated an increase in advanced glycation end products (AGES) accumulation,
which form from non-enzymatic glycation of proteins and lipids and can mediate cross-
linking of structural extracellular matrix proteins such as collagen-I, in the medial and
adventitial layers. Interestingly, elevated AGEs occurred in the absence of alterations in total
collagen-1 or elastin, suggesting that AGE-related cross-linking of collagen, rather than an
increase abundance of either extracellular matrix protein, may be one mechanism driving the
greater TMAO-induced aortic stiffening.

Lastly, to test direct effects of TMAO on aortic wall stiffening, aortic rings from young mice
that were incubated ex vivo with TMAQO concentrations similar to /n7 vivo supplemented
concentrations, demonstrated an increase in intrinsic wall stiffness. Consistent with the idea
that AGEs are a key mechanism involved, the TMAQ-associated increase in aortic intrinsic
stiffness was abolished with co-incubation of the pharmacological cross-link breaker
alagebrium. Furthermore, given that previous studies found that TMAQ is associated with
vascular oxidative stress®, in separate experiments aortic rings were co-treated with the
reactive oxygen species (e.g., superoxide anion) scavenger TEMPOL. TEMPOL abrogated
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the TMAO- associated increase in aortic stiffness, however, TEMPOL had no effect on
aortic AGEs accumulation. As such, these data suggest that superoxide was mediating, at
least in part, the TMAO-associated increase in aortic stiffness, but independently of AGE-
associated cross-linking. Because it is known that AGESs binds to its specific receptor for
AGESs (RAGE) resulting in an increase in NADPH-oxidase induced vascular oxidative
stress’, it is plausible that AGEs could modulate aortic wall stiffness through RAGE-
dependent oxidative stress without altering cross-links. Although this might be induced from
circulating AGEs binding to transmembrane bound RAGEs, rather than AGEs in the arterial
media and adventitia but circulating AGEs were not measured in the current study.
Nevertheless, this study has identified the gut-derived metabolite TMAO as a possible novel
mechanistic link between the gut microbiota and age-related aortic stiffness- henceforth
called the “gut-arterial stiffness axis” (Figure).

This results of this interesting study provide insight into a potential new therapeutic target
(i.e., TMAQ) for attenuating age-related aortic stiffness, a strong risk factor for the
development of CVD events and age-related target organ damage to high flow organs, such
as the brain and kidney. Previous studies by this group3 ® and others* have reported that
circulating TMAO is elevated in older adults, but how TMAO is elevated with advancing age
is not entirely clear. However, in plasma of older mice, microbiota-derived TMA is not
elevated, but liver expression of FMO3, the isoform of the FMO enzyme that converts TMA
to TMAO is higher suggesting a greater hepatic capacity to convert TMA to TMAQ occurs
with aging.8 In addition, Brunt et al. (2020)° reported that higher TMAQ is associated with
age-related vascular endothelial dysfunction, an important risk factor in the development and
progression of CVD, through an oxidative stress-mediated reduction in NO bioavailability.
Because NO-mediated endothelial function contributes in part to functional changes in
arterial stiffness, vascular smooth muscle tone may be another mechanism modulating
TMAO-associated aortic stiffness (Figure). As mentioned, the authors found higher
abundance of AGEs in aortic rings incubated ex vivowith TMAO for 72 hours that resulted
in increased intrinsic aortic stiffness. The cross-link breaker alagebrium prevented the
increase in the TMAO-induced intrinsic aortic stiffness, but the short time-course of ex vivo
incubation makes the finding surprising if AGEs- associated cross-linking is the underlying
mechanism. However, there is little evidence that alagebrium disrupts cross-linked proteins
and the authors did not provide evidence this occurred. Alternatively, there is some evidence
that alagebrium itself has antioxidant properties® so perhaps the beneficial effect of
alagebrium on aortic stiffness in these short-term ex vivo experiments was from its
antioxidant properties rather than disruption of cross-links. Taken together, oxidative stress
appears to be an important mechanism contributing to this short-term increase in TMAO-
induced aortic stiffness with a possible independent role of AGEs and cross-linking of
structural proteins, while cross-linking structural proteins and/or other mechanisms may be
involved in aortic stiffening from longer exposure to high TMAQO with aging.

Perhaps the most obvious question generated from these new findings is whether TMAO is a
viable therapeutic target to prevent the development of, or reverse, aortic stiffness in older
adults. Brunt et al. (2019) previously demonstrated that suppression of circulating TMAQ
with broad spectrum antibiotics in old mice was associated with reversal of aortic stiffness
(both aortic PWV and intrinsic wall stiffness) and endothelial dysfunction back to levels of
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young mice.8 However, broad spectrum, chronic antibiotic treatment in humans for CVD
prevention is not a feasible strategy because of the risk of the development of antibiotic
resistance and clinical trials of antibiotic treatment for CVD in humans have been negative.l
Alternatively, the authors mention several promising dietary strategies that could have more
selective effects gut microbiota or TMA lyase on lowering circulating TMAQO such as high
soluble fiber, vegetarian/vegan diets (removing red meat/saturated fat from diet), and
supplementation with some probiotics (Figure).l ¢ In addition, Erickson et al.10 found that
12 weeks of moderate/vigorous aerobic exercise (5 days/week) plus hypocaloric diet (-500
kcal/day) in middle-aged/older adults with obesity, resulted in greater percent reduction in
TMAO compared with exercise plus eucaloric diet (Figure). However, whether the TMAO
changes in the exercise + hypocaloric group were related to reductions in TMAO-dietary
precursors or the negative energy balance could not be determined in this small study. Larger
randomized, controlled trials featuring lifestyle interventions are needed to confirm and
extend these findings.

Finally, small molecule inhibitors of gut-derived metabolites are being explored as a novel
therapeutic strategy to prevent or treat cardiometabolic diseases.? For example, the
compound 3,3-dimethyl-1-butanol (DMB), a structural analog of choline that inhibits
microbial TMA lyase enzyme activity resulting in reductions in TMA and TMAO, has
shown initial promise in preclinical studies (Figure). In apolipoprotein knock-out mice on a
choline- or carnitine- supplemented diet, treatment with DMB resulted in reduced
circulating TMAO and attenuated macrophage foam cell formation and atherosclerosis
development.11 In another study, DMB treatment of older mice for 8-10 weeks restored NO-
mediated endothelium-dependent dilation by reversing vascular oxidative stress.®
Furthermore, exciting work in this area includes the recent development of next generation
choline TMA lyase inhibitors, such as fluoromethylcholine, that are more potent than DMB
and have limited systemic exposure in the host, but these have not been tested in human
trials to date.! In conclusion, elevated TMAO appears to be novel mechanism contributing to
aortic stiffness that deserves further study. In addition to dietary and lifestyle strategies that
should be explored further, more studies are needed to determine whether small molecule
inhibitors of select gut-derived metabolites such as TMAQO hold promise as a potential
pharmacological strategy in the prevention of the development CVD with aging.
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Figure.
The gut-arterial axis stiffness with aging. Consumption of foods that contain choline and L-

carnitine (e.g., red meat, high saturated fat dairy products) are converted to trimethylamine
(TMA) by the enzyme TMA lyase by gut microbiota. TMA is released into the portal
circulation where it is taken up by the liver and converted to trimethylamine N-oxide
(TMAO) by the flavin containing monooxygenase (FMO) enzymes. In particular, FMO3
isoform expression is elevated in preclinical models with aging suggesting augmented
conversion of TMA to TMAO. TMAQO is then released from the liver into the systemic
circulation where it is elevated in aged humans and increases superoxide anion-associated
oxidative stress in the arterial wall leading to reductions in nitric oxide (NO)-mediated
endothelial function and increases in vascular tone. TMAO-associated increased arterial
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oxidative stress and advanced glycation end products (AGESs) are associated with formation
of cross-links between collagen and other structural proteins in the aortic wall. TMAO-
related aortic stiffness is also associated with increases in blood pressure, but the causal
direction of the relation is likely bidirectional. Aortic stiffness and endothelial dysfunction
are associated with clinical cardiovascular disease (CVD) events in humans, and with the
development of chronic kidney disease (CKD) and cognitive dysfunction with aging.
Possible treatments to prevent or treat downstream effects of elevated TMAO include
strategies that alter gut microbiota production of TMA including select probiotics, dietary
fiber, decreased red meat/saturated fat consumption, exercise plus hypocaloric diet and novel
small molecule inhibitors of gut-derived metabolites such as 3,3,-dimethyl-1-butanol
(DMB).
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