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Nitrogen: The unsung hero
of vascular physiology
In day-to-day medical practice, the seventh element 

on the periodic table—nitrogen—may not come to 
mind often. But it is more exciting than you might 
think. In fact, there is an entire nitrogen cycle that you 
probably learned but forgot about to make room for the 
much more popular carbon and water cycles.

Associate Editor Adam Brown, MD, discusses an angle 
related to the article “Should I start anticoagulation in 
my patient newly diagnosed with pulmonary hyperten-
sion?” on page 339.

Nitrogen is all around us. It makes up 80% of our 
atmosphere, and we have learned to extract it from the 
air and inject it into our soil (known as nitrogen fi xation) to 
grow crops. Nitrogen is a component of amino acids and 
of DNA and RNA, and it’s crucial for protein synthesis. 
Inhaling certain forms of nitrogen leads to a stumbling 
gait and fi ts of laughter, yet nitrogen in another form is 
a common explosive.

What may not be appreciated is the importance of the 
nitrogen compound nitric oxide in vascular physiology. 
An article in this issue of the Journal presents a question 
about starting a patient newly diagnosed with pulmonary 
hypertension on anticoagulants, but therapeutic options 
can also include medications that manipulate a tissue’s 
response to nitric oxide.1 The journey to understand 
nitric oxide’s role in vasodilation, and how it could be 
used therapeutically, had many stumbling blocks along 
the way, but a combination of discoveries eventually led 
to breakthroughs in treating angina, erectile dysfunction, 
and pulmonary arterial hypertension.

 ■ THE NERVES AND VESSELS

Our nitric oxide journey must start with understanding 
the link between nerves and blood vessels. In the 19th 

century, the French physiologist Dr. Claude Bernard2 
performed experiments by severing the cervical sympa-
thetic ganglion in rabbits, which resulted in increased 
“calorifi cation” (heat production) and vasodilation 
(widening of visible vessels in the thin skin of an 
albino rabbit’s ear). This was the fi rst clear demon-
stration of neural regulation of blood vessel physiology.3 
Decades would pass, during which there was much 
controversy and arguing among neurologists, before 
we understood how the nerves infl uence vasodilation 
or vasoconstriction—was it electricity or some kind of 
neurotransmitter? 

The hormone adrenaline was discovered in 1894 
and found to mimic the sympathetic nervous system, 
triggering vasoconstriction and elevating blood pres-
sure.4 Acetylcholine, a neurotransmitter, was later dis-
covered to be a potent vasodilator, but the mystery of 
its full involvement in physiology took much longer to 
unravel because acetylcholine was diffi cult to detect in 
tissues. Acetylcholine is tightly regulated, so it is rapidly 
broken down by acetylcholinesterase on release from 
the nerve. The breakthrough came by using eserine, an 
extract from the Calabar bean and a known neurotoxin, 
which inhibited acetylcholinesterase and prevented 
acetylcholine from breaking down.4 Once acetylcho-
line could be measured, its function as a key mediator 
of the parasympathetic nervous system, including 
lowering blood pressure by vasodilation, was quickly 
recognized.

 ■ NITRIC OXIDE’S LINK TO ACETYLCHOLINE

In 1976, Furchgott and Zawadzski5 used a bioassay and 
tissue culture to understand the mechanism of how 
acetylcholine interacts with vascular smooth muscle 
to cause relaxation. Metal probes inserted into the 
lumen of a rabbit aorta measured the force exerted 
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from the smooth muscle contracting or dilating against 
the probes when the aorta was exposed to various sub-
stances such as histamine, serotonin, angiotensin, and 
acetylcholine. The 2 doctors recognized a problem: 
when the isolated rabbit aorta was exposed to ace-
tylcholine, no relaxation occurred. In the process of 
preparing the tissue, fi lter paper was used to rub the 
endothelial cells off the lumen of the aorta to allow 
acetylcholine direct access to the smooth muscle. They 
repeated the experiment multiple times until fi nally 
trying the experiment without rubbing away the endo-
thelial lining, and voilà! The rabbit aorta dilated on 
contact with acetylcholine.5 

The discovery that endothelial cells were important 
to vasodilation was critical. It would later be found that 
acetylcholine activates the formation of nitric oxide, 
as a gas, within endothelial cells, which is then dif-
fused out of the cells and into the neighboring smooth 
muscle, triggering additional second messengers (eg, 
cyclic guanosine monophosphate and cyclic adenosine 
monophosphate) and smooth muscle relaxation.6 This 
was a major achievement in understanding vascular 
physiology.

 ■ THERAPEUTIC USE OF NITROGEN AND TROUBLE 
WITH TACHYPHYLAXIS

As our understanding of nitric oxide’s role in vaso-
dilation evolved, treatment of hypertension was the 
obvious medical application, but there was a catch. 
Nitrogen-based compounds were used therapeutically 
long before we knew the role nitric oxide played in 
vasodilation. In the middle 19th century, nitroglycerin 
(which gets broken down to nitric oxide) began to 
be used in patients with anginal chest pain.7 It’s not 
clear why nitroglycerin was chosen to treat angina, 
but it’s possibly because nitroglycerin ingestion caused 
tachycardia and thus had a clear physiologic effect on 
the heart.6 However, a major limitation of therapeu-
tic nitrogen was recognized very early: tachyphylaxis. 
In the early days of treating angina, a doctor noted 
his patient’s chest pain responded to inhaling 5 to 
10 drops of nitrite from a cloth, but effi cacy waned with 
continued use, and the patient required increased doses 
to have the same response.7 It became clear that, if 
nitrogen compounds were given continuously, patients 
rapidly developed a tolerance.

At the dawn of the 20th century, workers in 
trinitrotoluene factories were also aware that constant 
exposure to nitrate-containing compounds led to tachy-
phylaxis.7 Workers often complained of headaches and 
a racing heart on Monday, and their symptoms would 

slowly resolve over the course of the week. Nitrate 
tolerance is short-lived, so after a day or 2 off on the 
weekends, symptoms would start again on Monday. 
This phenomenon was referred to as Monday disease.7 It 
became practice for some workers to take home pieces 
of nitrate over the weekend to rub on their skin until 
returning to work on Monday, continuing the exposure 
and preventing the headaches they experienced when 
returning to work.7–9

 ■ CIRCUMVENTING TACHYPHYLAXIS 
AND THE BREAKTHROUGH

Like most things in medicine, overcoming nitrogen 
tolerance is complicated because nitric oxide doesn’t 
act alone. Nitric oxide stimulates smooth muscle relax-
ation and vasodilation, but a series of second messen-
gers are also triggered once nitric oxide diffuses into the 
smooth muscle cell, leading to decreased calcium levels 
and smooth muscle relaxation.6 Given that tachyphy-
laxis develops in response to exogenous nitric oxide, 
could the second messengers, instead of nitric oxide, 
be manipulated to increase vasodilation and bypass 
tachyphylaxis? 

In the middle 1980s, Pfi zer’s cardiovascular research 
division was looking for a novel target to treat hyper-
tension and chose phosphodiesterase type 5 (PDE5).6 
PDE5 breaks down the second messengers responding 
to nitric oxide, decreasing the vasodilatory response. 
The goal was to inhibit PDE5, thus allowing the continua-
tion of smooth muscle response to nitric oxide. Sildenafi l 
was developed with hopes of treating hypertension and 
angina through PDE5 inhibition. The results of the 
initial trials are widely known in the medical world—
men on the PDE5 inhibitor noted the development of 
erections.6 The pursuit of sildenafi l as a treatment for 
angina or hypertension was sidelined, and it became a 
blockbuster medication to treat erectile dysfunction.

 ■ THE PULMONARY ARTERIAL HYPERTENSION 
CONNECTION

Research on sildenafi l provided evidence that not all 
vascular physiology is the same. The effect of PDE5 
inhibitors on lowering peripheral blood pressure was 
modest, but certain tissues, such as the corpus caverno-
sum of the penis, have a profound response to the drug.6 
Further research explored the role of PDE5 in vascular 
territories throughout the body. Using a combination 
of animal models and human tissue, a particularly high 
expression of PDE5 was found in lung tissue.6,10 Nitric 
oxide turns out to be an important regulator of oxygen-
ation and blood fl ow (ventilation-perfusion matching) 
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in the pulmonary vessels. As alveoli are aerated and 
expand, vascular endothelial cells are stretched and 
release nitric oxide, leading to vasodilation and 
increased blood fl ow to the well-oxygenated alveoli.9 
With a clearer sense of the roles nitric oxide and PDE5 
play in pulmonary physiology, attention turned once 
again to treating pulmonary arterial hypertension with 
sildenafi l. 

Experiments with a chronically hypoxic rodent 
model demonstrated that treatment with a PDE5 
inhibitor protected the mice from developing pulmo-
nary hypertension.6 Soon, multiple case reports were 
published on the effi cacy of PDE5 inhibition in patients 
with pulmonary arterial hypertension, resulting in the 
SUPER-1 (Sildenafi l Use in Pulmonary Hypertension) 
trial in 200211 that showed improvements in the 
6-minute walk as well as pulmonary hemodynamics. 
Based on these favorable outcomes, the US Food and 
Drug Administration approved sildenafi l in 2005 for 
the treatment of pulmonary arterial hypertension. Mul-
tiple medications are now approved to treat pulmonary 
arterial hypertension, including 2 PDE5 inhibitors.

 ■ CONCLUSION

Any farmer will proclaim the benefi ts of nitrogen in 
soil, but not every clinician can explain why nitrogen 
is critical to understanding vascular physiology. Nitric 
oxide’s role in vasodilation was revealed because of a 

series of experiments and leaps in knowledge over the 
19th and 20th centuries. The fi rst was the discovery 
of the Calabar bean’s importance in measuring and 
understanding acetylcholine’s role in vasodilation.4 
Then the physical manipulation of the vascular lumen 
led to the recognition that a gas (nitric oxide) commu-
nicates between endothelial cells and vascular smooth 
muscle.5,6 Further trial and error demonstrating nitric 
oxide’s limitations as a therapeutic agent inspired the 
idea to manipulate second messengers with PDE5 
inhibitors to circumvent tachyphylaxis.6 Clinical 
use of these PDE5 inhibitors provided evidence that 
they target vessels in specifi c tissues, fi nally leading 
to a breakthrough in pulmonary arterial hypertension 
management.6,10,11 The journey of nitric oxide’s role in 
physiology shows the many steps required to develop 
a new therapeutic, as well as what a therapeutic can 
then teach us about normal physiology. 

Next time you’re looking at the periodic table of the 
elements, focus on atomic number 7, take a deep breath 
and hold it, feel those alveoli stretch, and appreciate 
the work of the vascular endothelial cells and the burst 
of nitric oxide. ■

 ■ DISCLOSURES
Dr. Brown has disclosed consulting and teaching and speaking for 
Amgen and Chemocentryx.

 ■ REFERENCES

1. Abou-Elmagd T, Narechania S. Should I start anticoagulation in my 
patient newly diagnosed with pulmonary hypertension? Cleve Clin J 
Med 2025; 92(6):339–343. doi:10.3949/ccjm.92a.24083

2. Bernard C. Infl uence du grand Sympathique sur la Sensibilité et la 
Calorifi cation. Comptes Rendus de la Société de Biologie. Paris: 1851.

3. Montastruc JL, Rascol O, Senard JM. The discovery of vasomotor 
nerves. Clin Auton Res 1996; 6(3):183–187. doi:10.1007/BF02281906

4. Tansey EM. Henry Dale and the discovery of acetylcholine. C R Biol 
2006; 329(5–6):419–425. doi:10.1016/j.crvi.2006.03.012

5. Furchgott RF, Zawadzki JV. The obligatory role of endothelial cells 
in the relaxation of arterial smooth muscle by acetylcholine. Nature 
1980; 288(5789):373–376. doi:10.1038/288373a0

6. Ghofrani HA, Osterloh IH, Grimminger F. Sildenafi l: from angina to 
erectile dysfunction to pulmonary hypertension and beyond. Nat 
Rev Drug Discov 2006; 5(8):689–702. doi:10.1038/nrd2030

7. Marsh N, Marsh A. A short history of nitroglycerine and nitric oxide 
in pharmacology and physiology. Clin Exp Pharmacol Physiol 2000; 
27(4):313–319. doi:10.1046/j.1440-1681.2000.03240.x

8. Schwartz AM. The cause, relief and prevention of headaches arising 
from contact with dynamite. N Engl J Med 1946; 235:541–544. 
doi:10.1056/nejm194610102351503

9. Warren JV. Monday morning sudden death. Trans Am Clin Climatol 
Assoc 1988; 99:10–16. pmid:3503431

10. Giordano D, De Stefano ME, Citro G, Modica A, Giorgi M. Expression 
of cGMP-binding cGMP-specifi c phosphodiesterase (PDE5) in mouse 
tissues and cell lines using an antibody against the enzyme ami-
no-terminal domain. Biochim Biophys Acta 2001; 1539(1–2):16–27. 
doi:10.1016/s0167-4889(01)00086-6

11. Galiè N, Ghofrani HA, Torbicki A, et al. Sildenafi l citrate therapy 
for pulmonary arterial hypertension [published correction appears 
in N Engl J Med 2006; 354(22):2400–2401]. N Engl J Med 2005; 
353(20):2148–2157. doi:10.1056/NEJMoa050010

Address: Adam J. Brown, MD, Department of Rheumatologic and Immu-
nologic Disease, A50, Cleveland Clinic, 9500 Euclid Avenue, Cleveland, 
OH 44195; browna22@ccf.org

 on June 6, 2025. For personal use only. All other uses require permission.www.ccjm.orgDownloaded from 

http://www.ccjm.org/

