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Abstract

Trimethylamine (TMA), formed by intestinal microbiota, and its Flavin-Monooxygenase 3
(FMO3) product Trimethylamine-N-Oxide (TMAO), are potential modulators of host
cardiometabolic phenotypes. High circulating levels of TMAO are associated with increased risk
for cardiovascular diseases. We hypothesized that TMA/TMAQO could directly change the vascular
tone. Perivascular adipose tissue (PVVAT) helps to regulate vascular homeostasis and may also
possess FMO3. Thoracic aorta with(+) or without(=) PVAT, also + or — the endothelium (E), of
male Sprague Dawley rats were isolated for measurement of isometric tone in response to TMA/
TMAO (1nM-0.5 M). Immunohistochemistry (IHC) studies were done to identify the presence of
FMO3. TMA and TMAQO elicited concentration-dependent arterial contraction. However, at a
maximally achievable concentration (0.2 M), contraction stimulated by TMA was of a greater
magnitude (141.5+£16% of maximum phenylephrine contraction) than that elicited by TMAO
(19.1+4.03%) with PVAT and endothelium intact. When PVAT was preserved, TMAO-induced
contraction was extensively reduced the presence (19.1+4.03%) versus absence of E
(147.2+20.5%), indicating that the endothelium plays a protective role against TMAO-induced
contraction. FMO3 enzyme was present in aortic PVAT, but the FMO3 inhibitor methimazole did
not affect contraction stimulated by TMA in aorta + PVAT. However, the L-type calcium channel
blocker nifedipine reduced TMA-induced contraction by ~50% compared to the vehicle. Though a
high concentration of these compounds was needed to achieve contraction, the findings that TMA-
induced contraction was independent of PVAT and E and mediated by nifedipine-sensitive calcium
channels suggest metabolite-induced contraction may be physiologically important.
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1. Introduction

Cardiovascular diseases (CVD) are the leading cause of death and morbidity worldwide [1].
It is likely that the gut microbiota substantially contributes to the global epidemic of CVD
[2-10] and cardiometabolic risk [11]. Clinical studies worldwide have identified
trimethylamine N-oxide (TMAO), a molecule derived from gut microbiota products, to be
independently associated with risk for CVD, predicting incident risks for myocardial
infarction, stroke, and death [12-15]. In animal studies, TMAQ administration promotes
vascular inflammation [16,17] and atherosclerotic formations [12].

Trimethylamine (TMA\) is an intermediate product derived from nutrients by the action of
host gut microbiota [18,19] and is converted to TMAO mainly in the liver [20] by flavin-
dependent monooxygenases. Dietary TMA containing compounds include choline, lecithin,
and carnitine, which are found in meats and dairy products. Of the five functional flavin-
dependent monooxygenases (FMOs 1-5) of humans, only FMO3, a key rate-limiting enzyme
primarily expressed in the liver [21] but also prominently found in adipose tissue [22],
effectively catalyzes the conversion of TMA to TMAQO [23].

TMA and TMAO are found in high amounts in the systemic circulation, particularly in
patients with CVD disease. In healthy patients, TMA plasma levels (0.5-1.2 uM) are lower
than TMAO. In disease patients, variable results have been observed. TMA plasma
concentration was reported as both decreased [24] or elevated [25] vs. controls.

TMAQO plasma levels from healthy adults vary from 3.5 uM [26] to approximately 40 uM
[25]. By contrast, patients with diseases, such as chronic kidney disease (CKD), present 40-
fold elevated TMAQ levels compared with control subjects [27,28]. TMAO, ata 3 mM
concentration, acutely augments myocardial contractile force ex-vivo in both murine and
human cardiac tissue [29], which is proposed to contribute to cardiac dysfunction during
CKD. Rodents, the model used presently, are similar to humans in that they possess
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relatively similar levels of circulating TMA and TMAQ to the human (TMA 2.5 uM and
TMAO 10-15 uM in mice [12,26]). Three-month-old Sprague-Dawley rats were
demonstrated to present 64.3 UM and 7.3 uM in plasma levels of TMA and TMAO,
respectively [30].

Besides being associated with both prevalent atherosclerotic heart disease and adverse
cardiac events [12-14;31-35], increased blood levels of TMAQ is a risk factor for the
development of hypertension and endothelial dysfunction in humans [36]. Aging is
associated with increased plasma TMA in rats. There is a significant increase in TMA
plasma levels in 18 months-old compared with 3-month-old rats [37]. TMA leads to
degradation of the protein structure of lactate dehydrogenase and albumin, which is
associated with deleterious actions on rats’ vascular smooth muscle and cardiac cells, also
with increase arterial blood pressure [37,38]. No studies have investigated the direct vascular
response to TMA or TMAQO, nor whether these metabolites influence the function of PVAT
and endothelium, key-players of vascular tone.

Dysfunctional PVAT or endothelium, such as observed in obesity or aging, are associated
with abnormal changes in the vascular tone [39]. The existence of PVAT is critical to the
maintenance of the vasculature in normal functional status [39,40], partially through
paracrine factors. PVAT is also a site for metabolism [41]. Substances synthesized by PVAT,
such as cytokines, are involved in atherosclerosis plaques development [42] and vascular
alterations associated with hypertension, diabetes mellitus and obesity [43]. On the other
hand, nitric oxide (NO) produced both by the endothelium cells and by PVAT promotes an
anti-atherogenic effect via platelet aggregation inhibition and vascular smooth muscle
relaxation and reduced mitogenesis/migration [44,45].

There are strong links between the TMA/FMO3/TMAO pathway and adipose tissue function
[22], as well as links between PVAT and the tone of vessels from different vascular beds
[41,46,47]. The inflammatory mediators highly expressed in PVAT (mainly white-like
([43]), are similar to those associated with vascular inflammation promoted by increased
systemic levels of TMAOQ [17, 40]. Considering common features connecting TMA/TMAO
and PVAT, such as inflammatory processes, perhaps these gut microbiota metabolites are
feasible factors to be considered in modifying vascular tone.

To our knowledge, few studies have examined the ability of TMA and TMAQ to change
vascular tone directly [29], let alone whether PVAT or the endothelium modifies a TMA- or
TMAO-induced response. Thus, we hypothesize that TMA and TMAQO are vasoactive
compounds whose effects are modulated by FMO3 that is expressed in PVAT.

2. Materials and Methods

2.1. Chemicals.

All chemicals were purchased from Sigma-Aldrich (Saint Louis, MO USA). Phenylephrine
(PE), acetylcholine (ACh), trimethylamine (TMA), trimethylamine-N-oxide (TMAO) and
the FMO3 inhibitor methimazole (MTMZ) were solubilized and diluted in water. The L type
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calcium channel inhibitor nifedipine (NIF), was first diluted in DMSO (10 mM), then
diluted in water to achieve a stock 100uM solution.

2.2. Animals and tissue preparation.

Male Sprague-Dawley rats with 10+1 week old (225-275 grams, Charles River, Indianapolis,
IN USA) were used. All protocols were approved by the MSU Institutional Animal Care and
Use Committee and follow the “Guide for the Care and Use of Laboratory Animals,” 8th
edition (2011) and ARRIVE guidelines. Rats were anesthetized with sodium pentobarbital
(60-80 mg/kg, IP). Deep anesthesia was verified by a lack of paw pinch and eye-blink
reflexes. Death was assured by pneumothorax and exsanguination, and tissues were removed
for one of the following protocols. Thoracic aorta was removed and placed in a Silastic®
filled dish and kept under physiological salt solution [PSS in mM; NaCl 130; KCI 4.7;
KH,PO4 1.18; MgSQOy4-7H,0 1.17; NaHCOg3 14.8; dextrose 5.5; CaNa,EDTA 0.03, CaCl,
1.6 (pH 7.2)] during dissection.

Rat thoracic aorta rings (4 mm) were employed in vascular studies in different conditions:
free of perivascular adipose tissue (— PVVAT) or with adipose tissue intact (+ PVAT), in the
presence (E +) or absence (E -) of the endothelium. To keep the aortic rings + PVAT, this
adipose tissue was cleaned of blood clots while minimally handling the PVAT itself. For
those protocols performed in the absence of endothelium (E -), the vascular endothelium
was mechanically removed by gentle rubbing. In order to remove the E in vessel ring
without damaging the PVAT, the aortic ring was held from the lumen in two stainless steel
hooks and turned around itself from inside, always keeping it in the Petri dish containing
PSS solution. The endothelium removal was completed when the ring was suspended in the
organ bath chamber containing PSS before adding basal tension, in which the rings were
loosely hung between the hook passing through their lumen, and the bubbles
(95%02/5%C02 gas) gently turned the aortic rings around the two hooks during 30 seconds
for one side and more 30 seconds for the other side. When this procedure was completed,
before adding tension, the PSS solution was changed.

For the immunohistochemical studies, unmodified aortic rings were immediately formalin-
fixed and processed by MSU Investigative Pathology Services to create paraffin-embedded
sections.

2.3. Immunohistochemistry protocol

Slides with 8 micron thick sections of rat liver (positive control; Zyagen, San Diego CA
USA) or dissected thoracic aorta were submerged twice in HistoChoice Clearing Agent
(catalog no. H103; Amresco, Solon, OH, USA), four times in 100% isopropanol, and twice
in dH,0, for 3 min each. Slides were submerged and microwaved in a 1% antigen
unmasking solution (catalog no. H-330; Vector Laboratories, Burlingame, CA, USA) for
antigen retrieval and rinsed in dH,O. Sections were incubated with the FMO3-specific
antibody 1:100 (catalog no. ARP44434 P050; AVIVA Systems Biology, San Diego CA) or
no primary antibody overnight at 4°C in a humidified chamber. After washes, slides were
incubated with the appropriate secondary antibody, washed and developed using 3, 3-
diaminobenzidine (catalog no. SK-4100; Vector) for 2 min. Hematoxylin QS (catalog no.
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H-3404; Vector) was added for 30 s as a counterstain. Coverslips were mounted using
Vectamount (catalog no. H-5000; Vector). Images were photographed on a Nikon TE2000
inverted microscope using MMI Cellcut Software (MMI, Haslett, MI).

2.4. Vascular reactivity protocols

Four preparations (4 mm rings) made from each thoracic aorta were mounted individually in
tissue baths (30mL) for isometric tension recordings using Grass FT03 transducers. Data
were acquired using a PowerLab Data Acquisitions unit (ADInstruments, Colorado Springs,
CO, USA). Baths contained warmed (37°C), oxygenated PSS (95% 05/5% CO>). After one
hour equilibrating under optimum resting tension [4 grams], with washes every 15 min,
tissues were tested with an initial concentration of 10 pM PE. Tissues were then washed
repeatedly. The presence of an intact endothelial cell layer was confirmed by acetylcholine
(ACh, 1 uM) inducing at least 90% relaxation in half-maximal PE-induced contraction (PE
ECs) tissues. The absence of the endothelium was confirmed by less than a 5% relaxation
to ACh after the contraction with PE ECsp. Tissues were washed again until tone returned to
baseline before starting the specific protocols. The four different experiment groups
(+PVAT/E+; —-PVAT/E+; +PVAT/E-; -PVAT/E-) were randomized to the four different
tissue baths daily. At the end of each experiment, tissues were washed and stimulated with
10 UM PE to test their viability.

Before and after experiments, samples of the PSS were collected from the organ bath to
measure the pH, which revealed to be stable.

2.4.1. Effect of TMA and TMAO on vascular contraction—Cumulative responses
were performed to TMA or TMAQO (1 nM - 0.5 M), added at baseline tone. Approximately
2-3 minutes were allowed between cumulative additions. When contractions were observed,
the time necessary to achieve a contractile plateau was allowed before the next addition.

2.4.2. Effect of inhibitors on the vascular contraction induced by TMA—
Tissues incubated with either the appropriate vehicle, 100 UM MTMZ, or 0.1 pM NIF for
one hour without washing. Cumulative curves for TMA (1 nM - 0.5 M) were then
generated.

2.5. Data processing and statistical analysis

For immunohistochemical images, all images taken were modified for brightness and
contrast as a whole, never in part. For contractility, data are reported as means = SEM for the
number of animals indicated by N. Statistical analyses were performed with GraphPad Prism
7.0 (GraphPad Software, Inc., La Jolla, CA). Data for contraction studies are expressed as a
percentage of the maximum contraction induced by 10 uM PE at the beginning of the
respective protocol. Potency is defined as the —log ECsg [M] of agonist, and values were
calculated using GraphPad Prism 7.0. Data were analyzed by unpaired Student t-test or Two-
way ANOVA followed by the Bonferroni method for postfioc comparisons (equal variances
validated by Bartlett’s test). P < 0.05 was considered statistically significant.
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3. Results:

3.1 FMO3 protein is present in aortic PVAT

To determine if a metabolic pathway to convert TMA into TMAO was present in aortic
PVAT, immunohistochemical sections of the aorta + PVAT were incubated with an antibody
directed against FMO3. Hepatic tissue was used as a control since FMO3 is highly
expressed in the liver. The antibody used produced a strong positive signal in liver sections
(compare figures 1C and 1D). FMO3 protein was clearly expressed in PVAT, with an evident
loss of signal in sequential sections of aorta + PVAT incubated without the primary antibody.
FMO3 is also expressed in the smooth muscle and the endothelium layers (compare figures
1A and 1B). This knowledge was important for interpreting some of the following studies.

3.2. Aorta vascular reactivity

3.2.1. Both metabolites induce arterial contraction, but TMA was more
potent than TMAO.—TMA and TMAO induced contraction of all experimental groups in
a cumulative fashion (figure 2A-D). The magnitude of the initial challenge of PE is reported
in the figure legend, validating that the contractile potential of each of these four groups was
similar. In all these experiments, potency could only be estimated because a maximum
contraction was not always acquired; we could achieve no higher concentration of the
metabolites in the tissue bath. Independent of E and/or PVAT, the potency of TMA was of a
higher magnitude than the potency of TMAQ. However, when the endothelium and PVAT
were simultaneously intact (+PVAT/E+), not only potency but also the efficacy of the
contraction stimulated by TMA was higher than by TMAO (figure 2A). In this same
experimental group (+ PVAT / E+), TMAO-induced maximum contraction was lower than in
any other group (figure 2A). Table 1 shares the values of TMA and TMAQ’s efficacy
(maximum effect), and estimated potency (-log ECsg) for curves shared in figure 2.

In the presence of PVAT (+PVAT), both potency and efficacy of TMAO-induced contraction
were reduced in aortic rings with intact endothelium (E+) vs. without (E-). When PVAT was
removed (—-PVAT), there were no differences either between —logECsqy or Max contractile
responses stimulated by TMAO in E+ vs. E- (table 1).

In aorta with PVAT (+PVAT), E+ vs. E- did not result in differences for either potency or
efficacy parameters for TMA-stimulated contraction. Similarly, in rings without PVAT
(-PVAT), the efficacy of TMA contraction was not affected by the presence or absence of
endothelium (E+ vs. E-). Potency, however, was lower when the endothelium was removed

(E-).

3.2.2. TMA-induced contraction is not dependent on FMO3—IHC studies
revealed FMO3 in aortic PVAT, with FMO3, the enzyme that converts the more potent TMA
into a less potent TMAO. We tested whether this occurred functionally in the PVAT, using
aortic rings E+ and E-, by examining the ability of the FMO3 inhibitor methimazole
(MTM2Z) to the leftward shift the cumulative contractile-response curves to TMA,; this
would happen if TMA was actively metabolized by FMO3. In tissues with PVAT, FMO3
inhibition did not alter the contractile stimulated by TMA (figure 3). There were no
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statistical differences (P>0.05) between maximum contraction stimulated with TMA after
incubation with MTMZ or with its vehicle in aortic rings + PVAT in both E + (Max. Effect
+MTMZ= 167.9+ 14.4%; Max. Effect + vehicle= 187.2 + 29%; figure 3A) or E — (Max.
Effect +tMTMZ= 92.0 £+ 12.6%; Max. Effect + vehicle= 104.2.0 + 6.7%; figure 3B).

3.2.3. TMA-induced contraction was partially dependent on the Ca2* influx
via L-type channels—Given that cytoplasmic Ca?* is critical for smooth muscle
contraction, we evaluated if CaZ* influx was important for TMA-induced contraction. This
experiment was done in both the presence and absence of PVAT. The L-type Ca2* channel
blocker nifedipine (NIF) reduced TMA-induced contraction in aorta E+ compared to the
vehicle, independently of the presence of PVAT (figure 4). In aortic rings + PVAT incubated
with vehicle, TMA caused 149.8 + 18% of maximum PE-induced contraction; NIF reduced
the maximum contraction by half [73 = 9% (P<0.001; figure 4A)]. Similarly, TMA elicited
111.8 + 9% of maximum contraction in vehicle-exposed rings —PVAT, while incubation with
NIF reduced contraction to 63 + 6.7% (P<0.001; figure 4B). Thus, in both experiments, NIF
significantly reduced contraction caused by TMA.

4. Discussion:

The present study aimed to investigate the ability of the microbial metabolites TMA and
TMAO to cause vascular contraction under the paracrine influence of PVAT and
endothelium. We determined that TMA and TMAO do cause constriction, with significant
PVAT and endothelium effects on TMAO-induced contraction. These findings are novel
because they describe a hereto unknown functional interaction between PVAT and the TMA/
FMO3/TMAQO pathway in aortic-contractility.

TMA and TMAO caused contraction in the aorta

Our present focus was to determine whether these metabolites caused contraction and
perform initial studies into mechanisms of how contraction would occur. At high
concentrations, both TMA and TMAQO stimulate arterial contraction. Because elevated
plasma levels of TMAQ are observed with progression of cardiovascular diseases [12,24—26]
these compounds may have a direct effect on increasing vascular tone. Oakley et al [29]
published a study to which we can directly compare our results. The highest concentration of
TMAO used was 300 uM in the isolated rat thoracic aorta [29]. Our findings are consistent
with theirs in that, at this concentration, we did not observe direct contraction stimulated by
TMAO.

PVAT opposes TMAO-induced contraction in the aorta with preserved endothelium

When PVAT was preserved, efficacy and potency of the TMAQO-induced contraction were
extensively reduced in the presence versus absence of endothelium, indicating that the
endothelium plays a protective role against TMAO-induced contraction. Without PVAT, the
presence or absence of endothelial cells did not affect either the potency or efficacy of
contractions to TMAQ (figure 5).

Pharmacol Res. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Restini et al.

Page 8

Soltis and Cassis [48] were the first to demonstrate that PVAT significantly reduced NE-
induced contraction in rat aorta. Many subsequent studies confirmed that, in healthy
animals, PVAT exerts a largely anti-contractile function [49,50] playing an essential role in
regulating and modulating vascular function by releasing relaxant molecules, including
nitric oxide [45, 51-55]. Our data support that PVAT exerts anti-contractile effects on
TMAO-induced contractions, but only when the endothelium is present. Explanations for
this could include: (1) TMAO enhances a cross-talk between endothelium and PVAT in a
manner that relaxing factors released by both structural vascular layers are increased; (2) as
a contractile agent, TMAQ is not potent/efficacious enough to counteract the additive
relaxant actions from endothelium plus PVAT.

These findings could be important, for example, in diseases in which the endothelium is
damaged (such as atherosclerosis). The anti-contractile effect of PVAT to stimulation by
TMAO would be diminished, leading to an increased vascular tone, consequently
aggravating associated co-morbidities. By contrast, the anti-contractile action of PVAT in the
presence of endothelium observed to TMAO-induced contractions did not occur when the
agonist was its substrate, TMA.

PVAT exerts contractile actions to TMA-induced contraction in the aorta with preserved
endothelium.

TMA caused more potent contractions than TMAQ in all the four experimental scenarios:
presence (+) or the absence (=) of PVAT or endothelium (E+ or E-). A significantly higher
efficacy was obtained by stimulation with TMA than TMAO, but only when in the presence
of +PVAT with intact E. We conclude PVAT is directly modulating the endothelium to affect
TMA-induced contraction. The high contractions to TMA when the endothelium and PVAT
are simultaneously preserved is intriguing (figure 5). TMA-induced contractions are due, at
least in part, through direct mechanisms located in the vessel. Whether FMQ3 is active or
not, we demonstrated that independent of the endothelium, TMA-induced contraction was
not reliant on local FMO3.

Besides its anti-contractile effects, PVAT, as a source of endothelium-derived contracting
factors (EDCF), madifies contraction to other agonists through releasing NE and activation
of alpha-adrenergic receptors [41, 56]. In this sense, we suggest there are synergic or
additive mechanisms between PVAT and TMA. In addition, PVVAT may enhance contraction
to TMA, and endothelial relaxing factors cannot counteract it. It is interesting PVAT acts in
opposite ways on TMAO- and TMA-induced vascular contraction, and that these different
effects are dependent on the presence of endothelium. A reduced action of nitric oxide (NO)
could explain this, since there is an alternative route involving TMA metabolization to
dimethylamine (DMA), which leads to negative feedback in the NO production/releasing
[57-59].

Because TMA caused a more potent and efficacious contraction than TMAO in normal
vessels, we further investigated the mechanism of TMA-induced contraction.
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Mechanism of TMA-induced contractions

Importantly, nifedipine reduced TMA contractions by 50% in rat aorta. These data indicate
there is contractile machinery activated by TMA in the aortic ring + PVAT / E+, which is
significantly dependent on Ca2* influx through L-type channels. Increased intracellular Ca2*
concentration stimulated by TMA has been reported in neuron of snails [60]. TMA-induced
intracellular Ca?* mobilization from endoplasmic reticulum (ER) stores contributes towards
cellular stress [61] associated with cardiometabolic dysfunctions such as obesity and
diabetes [62]. Although the TMA-induced contraction was significantly reduced, it was not
abolished by nifedipine 100nM. At this concentration, nifedipine maximally inhibits KCI-
induced contraction in the isolated rat thoracic aorta [63]. In this sense, it is reasonable that
other pathways for Ca2* influx or even Ca2* released from intracellular stores are involved
in the TMA-induced contraction. The substantial contraction independent of voltage-
operated calcium channels may be due to store and/or receptor-operated contraction
mechanisms and are worthy of investigation.

TMA is a full agonist at human G-protein coupled receptor trace amine-associated receptor
5 (TAARS) [64-67]; TAARS does not recognize TMAO [68]. TMA might mediate
contraction by activating TAARS located in the aorta. Calling into play receptor activation is
logical given that concentration-dependent contraction to TMA, sometimes saturable, was
observed. However, while TAARS is highly expressed in the central nervous system as
chemosensory receptors [69], its presence in the vasculature is not known. To date,
Timberol® is the only available TAARS antagonist as a candidate for studying receptors
involved in the olfactory perception of TMA. Timberol®, an amber-woody fragrance, is not
validated for scientific protocols such as reactivity studies in isolated organs [70, 71]. There
are two other compounds, which property as TAARS antagonists are under investigation, but
similarly to Timberol®, they are not validated for use in experiments outside of the olfactory
system [72]. As such, experimental approaches to identify receptors for TMA in vascular
beds make it an attractive candidate molecule for investigating the role of the microbiota in
regulating vascular tone in health and disease.

5. Limitations

First, we did not examine for the presence of microbiota (as a source of TMA) in aortic
components, including PVAT. Is it possible that it is from here that TMA or TMAO could
come from, or must they be systemic? Second, the concentrations of TMA/TMAOQO we used
are high and may not be physiologically relevant unless considered in a local fashion in
which high concentrations could be achieved. Third, FMO3 enzymatic activity in rat aorta
and particularly in its PVAT, is needed to confirm TMA’s conversion to TMAQ. Fourth,
studies of the effects of TMA in other vascular beds and/or other species are necessary.
Preliminary investigations showed that TMA stimulated contractions in the superior
mesenteric artery (SMA\) isolated from rats (results are shown as supplemental material).
Fifth, the same concentrations of neither TMAQO nor the FMO3 substrate TMA caused aortic
relaxation when compared to that caused by time-course with vehicle (water) (supplemental
material); this is also consistent with work by Oakley et al. [29]. To be more thorough in the
investigations on the relaxation mediated by TMA and TMAO, a set concentration of TMA
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or TMAQ could be tested for its ability to rightward shift contraction to a vascular agonist
such as PE, one interpretation of which could be reducing vascular tone. However, the
outcome of this experiment would be difficult to interpret without the ability to prove direct
relaxation. It is also likely that the concentration of TMA and TMAQO that would be
necessary alone would also cause contraction, also making interpretation difficult. Finally,
the involvement of TAARS in the TMA-induced contraction in the aorta remains to be
investigated.

6. Conclusion

The microbial metabolites TMA and TMAO direct stimulate vascular contraction in the rat
aorta. TMA was more potent than TMAO. The TMA-induced contraction was mediated by
Ca?* influx through voltage-gated L-type channels. PVAT exerted anti-contractile actions
when TMAO was the agonist and contractile actions when TMA was the agonist. This
different modulation by PVAT depends on the presence of endothelium, which plays a
protective role against the increased contraction stimulated by TMAO, but not by TMA.

The present findings suggest that endogenous TMA and TMAQO may contribute to
cardiovascular diseases via direct and indirect actions on vascular smooth muscle. Our
results emphasize the importance of understanding the relationship between TMA/TMAQO
and PVAT in modulating vascular tone in cardiometabolic diseases, particularly in those
associated with impaired endothelium or phenotypic changes in PVAT as seen in
hypertension, atherosclerosis, or inflammatory diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Immunohistochemical staining of Flavin-Mono-Oxidase-3 (FMO3) in the rat thoracic aorta

(left) and rat liver (right) as a positive control for FMO3 expression. Section incubated
without (panels A and C) and with primary FMO3-specific antibody (B and D). Images
(magnification 20x) depict representative of a minimum of four separate animals.
Adjustments in brightness and contrast were made to the whole panel of a photograph, not a
portion. Arrows indicate the presence of staining for FMO3. Representative of five (5)
separate animals.
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Figure 2.
Contractile concentration-response curves to TMA and TMAQ in the thoracic aortic rings +

and — PVAT, and + and - the endothelium (A-D). Points represent means + SEM obtained as
a percentage of the maximum contraction induced by 10 uM PE for the number (N) of
animals indicated in the graphs. *p<0.05 (unpaired Students’ t-test) denotes difference
between the efficacy (maximum effect) stimulated by TMA vs TMAOQO for + PVAT; E+
variable. #p<0.05 (unpaired Students’ t-test) denotes the difference between the potencies of
TMA vs. TMAO for all the variables. Values of Max effects and potencies (-Log ECsg) are
reported in table 1.

Magnitude of 10 UM PE-induced contraction: +PVVAT/E+: 1414+117mg; -PVAT/E+:
1515+85mg; +PVAT/E- :1350+101mg; -PVAT/E-: 1870£112mg (p>0.05 by Two-way
ANOVA).
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Figure 3.
Contractile concentration-response curves to TMA in the thoracic aortic rings + PVAT / E +

(A) and +PVAT / E- (B) after 1-hour incubation with vehicle or methimazole (MTMZ 100
UM). Points represent means + SEM obtained as a percentage of the maximum contraction
induced by 10 uM PE for the number (N) of animals indicated in the graphs.
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Figure 4.
Contractile concentration-response curves to TMA in the thoracic aortic rings with intact

endothelium (E+) in +PVAT (A) and — PVAT (B) after 1-hour incubation with vehicle or
nifedipine (NIF 0.1 uM). Points represent means + SEM obtained as a percentage of the
maximum contraction induced by 10 uM PE for the number (N) of animals indicated in the
graphs. *p<0.05, Two-way ANOVA.
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Figure 5:
Graphical abstract of results and conclusions supported by the data in this manuscript. “+”

indicates the intensity of the maximum contraction stimulated by TMA (upper panel) and
TMAQO (lower panel) under different experimental conditions. PVAT= perivascular adipose

tissue. VSMC= vascular smooth muscle cells. EC= endothelial cells.
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Table 1.

Potency (-Log ECsgq in [M]) and efficacy (Max Eff - % of initial maximum PE contraction) of TMA and

TMAO in the thoracic aorta.

+PVAT

-PVAT

TMA TMAO

TMA TMAO

Max. Eff. (%) -LogECsy Max. Eff.(%) -Log ECsyg

Max. Eff.(%) -LogECsqy Max. Eff. (%) -Log ECsg

E+ 141.5+16.0 1.2+0.04
E- 133.0+13.4 1.3+0.1

19.1+4.03 2.2+0.4
147.2420.5 0.8+0.06

107.7+24.1 3.6+1.2
103.745.6 0.9+0.04

114.845.4 1.1+0.07
110.8+4.5 1.6+0.1

Values are expressed as means + SEM of the magnitude of 10 uM PE induced maximum contraction. Potency (-Log EC50 [M]) or efficacy (Max

Eff - %) of contractions stimulated by each of the agents in aortic rings + PVAT and — PVAT were analyzed through Two-way ANOVA comparing
the responses obtained in vessels E+ and E—. Symbols (*, #, /) denote significant difference (P<0.05). * indicates the difference between the

efficacy (maximum effect) stimulated by TMAO E+ vs. TMAO E-. # indicates the difference between the potency (-Log ECg() stimulated by

TMAO E+ vs. TMAO E-. findicates the difference between the potency (-Log EC5() stimulated by TMA E+ vs TMA E-.

Pharmacol Res. Author manuscript; available in PMC 2022 January 01.



	Abstract
	Graphical abstract
	Introduction
	Materials and Methods
	Chemicals.
	Animals and tissue preparation.
	Immunohistochemistry protocol
	Vascular reactivity protocols
	Effect of TMA and TMAO on vascular contraction
	Effect of inhibitors on the vascular contraction induced by TMA

	Data processing and statistical analysis

	Results:
	FMO3 protein is present in aortic PVAT
	Aorta vascular reactivity
	Both metabolites induce arterial contraction, but TMA was more potent than TMAO.
	TMA-induced contraction is not dependent on FMO3
	TMA-induced contraction was partially dependent on the Ca2+ influx via L-type channels


	Discussion:
	TMA and TMAO caused contraction in the aorta
	PVAT opposes TMAO-induced contraction in the aorta with preserved endothelium
	PVAT exerts contractile actions to TMA-induced contraction in the aorta with preserved endothelium.
	Mechanism of TMA-induced contractions

	Limitations
	Conclusion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5:
	Table 1.

