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Editorial Commentary

Nitric Oxide and Cardiovascular Regulation

Beyond the Endothelium

Paul J. Fadel

See related article, pp 970-976

he importance of nitric oxide (NO) for normal cardio-

vascular regulation and health has been well established.
However, the large majority of the focus and knowledge
about NO has revolved around the endothelium and endothe-
lial derived NO. Aside from its importance for blood flow and
blood pressure via endothelium-dependent vasodilation,'?
endothelial NO synthase (eNOS) has been shown to have
numerous other vascular protective effects including, but not
limited to, inhibition of platelet aggregation and adhesion,
promotion of angiogenesis, anti-inflammation, and inhibi-
tion of the atherosclerotic process.** In addition, eNOS has
important cardiac effects. Thus, it is clear that impairments
in eNOS-derived NO can have deleterious consequences and
play a role in the disease process. Although the aforemen-
tioned functions of eNOS cannot be overstated, the synthesis
of NO via neuronal NOS (nNOS) may also be critical for car-
diovascular regulation and health. Indeed, nNOS along with
eNOS is constitutively expressed in mammalian cells, and an
emerging body of research, mainly performed in animals, has
indicated that nNOS may also be important for the regulation
of vasomotor tone and blood pressure.’ However, much less
is known about nNOS in humans.

In the current issue of Hypertension, Shabeeh et al® report
results from the first human study to systemically infuse the
selective nNOS inhibitor, S-methyl-L-thiocitrulline (SMTC).
In healthy young men, SMTC was intravenously infused in
escalating dosages with each dose administered >10 minutes.
In comparison to placebo (saline infusion), SMTC at low dos-
ages (0.1 and 0.3 pmol/kg) had no effect on blood pressure,
whereas higher dosages (1.0 and 3.0 pmol/kg) elicited dose-
dependent increases in mean arterial pressure and diastolic
blood pressure that were accompanied by reductions in heart
rate. The highest dose of SMTC was also shown to evoke a
reduction in cardiac output and an increase in systemic vascu-
lar resistance. Thus, these studies indicate that nNOS is play-
ing a role in resting blood pressure and basal vascular tone.
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These studies are predicated on the selectivity of SMTC for
nNOS inhibition. To address this, during SMTC and placebo
infusions, the authors performed measures of flow-mediated
dilation, which is an index of eNOS-dependent vasodilation.
Flow-mediated dilation measures were unaffected by the sys-
temic infusion of SMTC, indicating that eNOS was not inhib-
ited. These results are consistent with previous work by this
same group demonstrating that local brachial artery infusion
of SMTC had no effect on radial artery flow-mediated dilation
in healthy subjects.” Combined with other studies identifying
the selectivity of SMTC for nNOS over eNOS, the hemody-
namic and pressor responses elicited in the current study can
be ascribed to inhibition of nNOS.

The key question now with these results is how SMTC is
eliciting changes in systemic vascular resistance and blood
pressure (Figure). This is a challenge with a systemic infu-
sion and the presence of nNOS in the central nervous system,
autonomic and perivascular nerves, smooth muscle, skeletal
muscle, and cardiac muscle.® As alluded to by the authors,
local effects of SMTC may include inhibiting the release
of NO from perivascular nitrergic nerves or inhibiting the
release of hydrogen peroxide, a vasodilator in the microvas-
culature. Both of these mechanisms would be suggestive of
a local inhibition of nNOS in the microcirculation, which is
consistent with previous studies demonstrating a reduction
in forearm blood flow during local brachial artery infusion
of SMTC.” However, additional studies are needed to test
such effects of SMTC in humans. Likewise, given the sys-
temic infusion of SMTC used by Shabeeh et al,® an activa-
tion of the sympathetic nervous system via inhibition of NO
in the brain warrants consideration. Indeed, a growing body
of research indicates that NO is a key signaling molecule in
the tonic restraint of central sympathetic outflow.”! Plasma
norepinephrine or direct recordings of sympathetic nerve
activity during systemic infusion of SMTC would be needed
to determine whether sympathetic activation is involved. It
will also be important to consider the impact of arterial baro-
reflex activation from the SMTC-induced rise in blood pres-
sure on systemic vascular resistance. A control experiment
with a different pharmacological agent in which blood pres-
sure is elevated to a similar extent as during nNOS inhibition
would be helpful to begin to elucidate potential baroreflex
and non-baroreflex-mediated effects of SMTC. This experi-
ment would also be important in understanding the signifi-
cant reduction in heart rate (and cardiac output) observed
during SMTC infusion. As with all good studies, a funda-
mental foundation is built for which additional questions
and experiments arise. Shabeeh et al® have provided this
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Figure. Schematic representation of some of the mechanisms to
consider for peripheral vasoconstriction with systemic infusion of
S-methyl-L-thiocitrulline (SMTC). (1) The most direct effect would
be inhibition of neuronal NO synthase (nNOS) and NO release
from perivascular nitrergic nerves; (2) inhibition of the release of
hydrogen peroxide (H,0,), a vasodilator in the microvasculature;
and (3) inhibition of NO in the brain and activation of the
sympathetic nervous system and release of norepinephrine (NE).
Importantly, these effects of SMTC to induce vasoconstriction
may be offset by arterial baroreflex activation because of the
SMTC-induced rise in blood pressure (BP; 4).

foundation. Notably, the participants for the current studies
were all men so caution should be used in extrapolating these
findings to women until additional studies are performed and
potential sex differences are elucidated.

Regardless of the mechanisms involved, these exciting,
novel data force us to think beyond eNOS in terms of NO in
human health and disease. Likewise, it is important to now
reconsider previous work infusing nonselective NOS inhibi-
tors systemically and the potential contribution of nNOS to
the reported findings. Nonetheless, although it is clear that
endothelium-derived NO is critical for vascular health and
has prognostic value in terms of cardiovascular disease risk
and mortality,'"'> nNOS-derived NO may also be contributing
importantly. Indeed, an emerging body of literature is advanc-
ing a role for nNOS in the regulation of blood flow not only
in skeletal muscle but also in the cerebral, renal, and coro-
nary circulations.’ Thus, aside from its known importance for
synaptic plasticity, learning, and memory, nNOS may also be
important for a healthy vasculature to prevent hypertension
and atherosclerosis.®!* In summary, the NO story continues,
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and by performing the first systemic infusion of SMTC in
humans, Shabeeh et al® provide novel data that further call
for thinking beyond eNOS-derived NO production in human
health and disease.

Disclosures
None.

References

1. Shesely EG, Maeda N, Kim HS, Desai KM, Krege JH, Laubach VE,
Sherman PA, Sessa WC, Smithies O. Elevated blood pressures in mice
lacking endothelial nitric oxide synthase. Proc Natl Acad Sci USA.
1996;93:13176-13181.

2. Stauss HM, Godecke A, Mrowka R, Schrader J, Persson PB. Enhanced
blood pressure variability in eNOS knockout mice. Hypertension.
1999;33:1359-1363.

3. Kuhlencordt PJ, Gyurko R, Han F, Scherrer-Crosbie M, Aretz TH,
Hajjar R, Picard MH, Huang PL. Accelerated atherosclerosis, aortic
aneurysm formation, and ischemic heart disease in apolipoprotein E/
endothelial nitric oxide synthase double-knockout mice. Circulation.
2001;104:448-454.

4. Kuhlencordt PJ, PadmapriyaP, Riitzel S, SchodelJ, Hu K, Schifer A, Huang
PL, Ertl G, Bauersachs J. Ezetimibe potently reduces vascular inflamma-
tion and arteriosclerosis in eNOS-deficient ApoE ko mice. Atherosclerosis.
2009;202:48-57. doi: 10.1016/j.atherosclerosis.2008.03.021.

5. Costa ED, Rezende BA, Cortes SF, Lemos VS. Neuronal nitric oxide syn-
thase in vascular physiology and diseases. Front Physiol. 2016;7:206. doi:
10.3389/fphys.2016.00206.

6. Shabeeh H, Khan S, Jiang B, Brett S, Melikian N, Casadei B,
Chowienczyk PJ, Shah AM. Blood pressure in healthy humans is regu-
lated by neuronal NO synthase. Hypertension. 2017;69:970-976. doi:
10.1161/HYPERTENSIONAHA.116.08792.

7. Seddon M, Melikian N, Dworakowski R, Shabeeh H, Jiang B,
Byrne J, Casadei B, Chowienczyk P, Shah AM. Effects of neuro-
nal nitric oxide synthase on human coronary artery diameter and
blood flow in vivo. Circulation. 2009;119:2656-2662. doi: 10.1161/
CIRCULATIONAHA.108.822205.

8. Melikian N, Seddon MD, Casadei B, Chowienczyk PJ, Shah AM.
Neuronal nitric oxide synthase and human vascular regulation. Trends
Cardiovasc Med. 2009;19:256-262. doi: 10.1016/j.tcm.2010.02.007.

9. Zanzinger J, Czachurski J, Seller H. Inhibition of basal and reflex-medi-
ated sympathetic activity in the RVLM by nitric oxide. Am J Physiol.
1995;268(4 pt 2):R958-R962.

10. Fisher JP, Young CN, Fadel PJ. Central sympathetic overactivity: mala-
dies and mechanisms. Auton Neurosci. 2009;148:5-15. doi: 10.1016/j.
autneu.2009.02.003.

11. Shechter M, Issachar A, Marai I, Koren-Morag N, Freinark D, Shahar
Y, Shechter A, Feinberg MS. Long-term association of brachial artery
flow-mediated vasodilation and cardiovascular events in middle-aged
subjects with no apparent heart disease. Int J Cardiol. 2009;134:52-58.
doi: 10.1016/j.ijcard.2008.01.021.

12. Green DJ, Jones H, Thijssen D, Cable NT, Atkinson G. Flow-
mediated dilation and cardiovascular event prediction: does nitric
oxide matter? Hypertension. 2011;57:363-369. doi: 10.1161/
HYPERTENSIONAHA.110.167015.

13. Zhou L, Zhu DY. Neuronal nitric oxide synthase: structure, subcel-
lular localization, regulation, and clinical implications. Nitric Oxide.
2009;20:223-230. doi: 10.1016/j.ni0x.2009.03.001.





