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Metabolism of Vasoactive Hormones by Lung
C. N. Gillls, Ph.D.*

'" ALTHOUOHPmMAnmY involved in gas ex- unchanged. The precise structural specificity
change, the lungs have important non-respira- is illustrated by the fact that although norepi-
tory functions, including phagocytosis by al- nephrine is removed from pulmonary blood 1,, 80
veolar macrophages, filtering of emboli and and metabolized in the lung, N-methylnorepi-
circulating leukocytes, biosynthesis of phos- nephrine (epinephrine) passes through the
pholipid for surfactant, and excretion of vola- lungs without loss.a°, a7 Vane, whose work has
tile substances. 8_ Less widely appreciated but contributed much to our knowledge in this
potentially equally important is the ability of area, has proposed 62 an explanation for such
lung to clear certain vasoaetive hormones from selectivity. Whereas bradykinin and 5-by-
pulmonary blood and to synthesize or activate droxytryptamine have predominantly local ac-
others, which then enter blood leaving the tions and are normally prevented from reach-
pulmonary circulation. Thus, the lungs, ideally ing the arterial circulation, a compound such
situated for such a purpose, can alter arterial as epiz_ephrine is a circulating hormone and
blond concentrations of vasoactive hormones, therefore should pass through the lungs with-
The purpose of this article is to outline recent out loss.
developments in our understanding of the abil- Some of the details of pulmonary metabolism
ity of lung to affect concentrations of potent are known well enough to merit individual

: vasoactive hormones in circulating blood, and discussion of several important compounds.
: to direct attention to situations in which this In some cases it is possible also to speculate on

ability may be altered, the significance of pulmonary metabolism.
Table 1 lists some of the hormones affected i

by passage through the pulmonary vasculature. 5-Hydroxytryptamine
: In addition, table 1 indicates some of the now- Inactivation of 5-hydroxytryptamine by lung __

... impressive list of drugs which, after systemic has been confirmed by several groups 1,tr, a,,
administration, are concentrated or metabo- 2_,_o following the initial demonstration by
lized by lung. Many of these drugs and hor- Gaddum and his collaborators 2, in 1953. Be- ind
mones are organic bases, but otherwise they tween 30 and 40 per cent of a single dose and . upt
lack common chemical characteristics. Their as much as 92 per cent of the amount of 5- lik_in
pharmacologic properties include vasoconstric- hydroxytryptamine infused systemically are re- Gil
tor, vasodilator, antihistamine, antidepressant, moved during one passage through dog 80 or
and psychotomimeticactions. Yet,despite the rat _ lung. A recent study in this depart- coz

: variety of drugs taken up by the lung, pul- ment _r revealed that 65 per cent of radioactive aminh
monary metabolism of compounds such as 5-hydroxytryptamine injected intravenously as cul
hormones displays a high degree of selectivity, a bolus was removed by the lungs in anes-
Bradykinin 21 and 5-hydroxytryptamine (sero- thetized patients. Although the fate of this pol
tonin) a, 2_,so are almost completely cleared amine in the lungs of man is unknown, follow- try
from blood as they pass through the lung, ing its removal by animal lung, 5-hydroxytrypt- bo!
while histamine 12,19and epinephrine 8o,s, pass amine is deaminated by intrapulmonary mono- ex<

lurthrough the pulmonary circulation essentially amine oxidase2, 2_ Inhibition of this enzyme
: resultsin preservationof intrapulmonary5-
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TABL_ 1. Effects of Passage through the Lung on Various Substances

Selected References

g Substances inactivated (bound and/or metabolized) by the intact lungHormones
5-Hydroxytryptarnine 1, 24, 27, 29, 33, 60
Ac6tyleholine 19
Norepinephrine 19, 27, 30, 37
Bradykinin 21

specificity ! Prostaglandins Et, El, F_- 22
gh norepi-
blood ag. so Drugs
:hylnorepi- i Chlorpromazine 23, 56
rough the Lysergic acid diethylamine (LSD) 5

work has A-9-Tetrahydrocannabinol 42
Imipramine, desmethylimipramine 54

,re in this _ Nortriptyline 65
for such : Mepaerine 15

md 5-hy- Propranolol 34
z local ac- i Sulfanilamide 54

Cyclizine, chlorcyelizine 40
om reach- Tripelennamine 64
rand such Diphenhydramine 31
rnone and

rags with- Substances activated or synthesized by the lung
_- Angiotensin I (converted to angiotensin II) 11, 36, 45

Prostaglandins Et and Es 43, 49, 50
letabo,sm

individual Substances unaffected by passage through the lung

*mpounds. Angiotensin II 11, 36, 45
Epinephrine 30, 37

_culate on Dopamine (dihydroxyphenylalanine) 13
mlism. Eledoisin 21

Isopr0terenol 12
Prostaglandins A1 and As 22, 44

e by lung Histamine 12, 19 i"
ps 1, 17, 19, -_

rationby
953. Be- i indicating that the primary process involved is bound to lung and can be detected as long as
dose and uptake rather than enzymatic degradation. It is one week after its administration. 6 One site ..

unt of 5- likely that additional enzymes are also involved of 5-hydroxytryptamine binding may be Type

[ly are re- in degrading 5-hydroxytryptamine within lung. II alveolar epithelial (septal) cells. 25
dog 6o or Gillis and Iwasawa observed 29 that the amine Pulmonary uptake of 5-hydroxytryptamine

s depart- content of lungs perfused with 5-hydroxytrypt- may have clinical significance ih several ways.
|dioactive amine in the presence of monoamine oxidase Gruby et al. 8a postulated that derangement of

nously as _. i _inhibitor was only 60-70 per cent of that cal- pulmonary 5-hydroxytryptamine removal may
in anes- - culated to have been removed. Axe[rod _ re- permit plasma concentrations of this amine to

:e of "qs ported enzymatic N-methylation of 5-hydroxy- increase to the point where plate'let aggrega-

n, fo,.,,w- tryptamine by rabbit lung. Perhaps this meta- tion is promoted. This effect is known to oc- •
"oxytrypt- bolic route is available for the disposition of cur at 5-hydroxytryptamine levels roughly ten .
,ry mono- _ exogenous 5-hydroxytryptamine removed by times normal. T In this manner, depression of

s enzyme lung. the 5-hydroxytryptamine removal mechanism
tonary 5- More than 80 per cent of 5-hydroxytrypt- may be associated with a tend_ency toward

onoamine amine-t'C taken up by rat lung is metabol- venous thrombosis.
lagnitude ically degraded, 26 and relatively .little is bound How might such malfunction of 5-hydroxy-
aoval, t, 8. unchanged.a, 26 i-lowever, the small portion tryptarnine uptake be produced? One likely

that remains unehar_ged is apparently firmly mechanism is deliberate'short-eircuiting" of the

i
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pulmonary vascular bed during cardiopulmo- spread metastases." The same argument could
nary bypass, This procedure can be expected presumably be advanced to implicate brady- paire
to permit abnormally high circulating levels kinin (or other kinins), since it, too, is pro- impo
not only of 5-hydroxytryptamine, but also of duced in the carcinoid syndrome 2o,46 and surge

bradykinin and of other substances normally is almost totally inactivated during passage tratic
restricted to the venouscirculation. Surpris- through lung.2x neph
ingly, we recently found 27 that immediately

.. after heart-lung bypass in patients with nor- Noreplnephrine
real pulmonary arterial pressure, pulmonary Removal of norepinephrine by lungs of sev- Br
extraction of both 5-hydroxytryptamine and eral species, including man, has been re- form
norepinephrine were significantly greater than ported.29,30, sr About 20 per cent of norepi- enzy
before bypass. The reason for this occurrence nephrine infusions are removed by cat or dog an a
is unknown. If the effect persists into the lung, s° while lungs of anesthetized patients rele_
postoperative period, it could decrease presser remove about 25 per cent of a single intra- Cone
responses to intravenous infusions of norepi- venous injection in one circulation. 2_ phyl

nephrine because of unexpectedly efficient pul- Its immediate biosynthetic precursor, dop- shoc
monary clearance of the amine, amine, passes through the pulmonary circula- cino:

In another study (Gillis et al., unpublished tion essentially without loss,18 again emphasiz- bloc
observations), it was found that in patients ing the specificity of uptake by lung. Pulmo- T
with pulmonary hypertension, 5-hydroxytrypt- nary removal of norepinephrine is reduced by the
amine and norepinephrine extraction was sig- a number of drugs, among which phenoXy- Van
nificantly elevated. Extraction decreased after benzamine and cocaine are the most pc- this
heart-lung bypass to levels similar to those tent.2s. 3s The sites of both norepinephrine by
seen following bypass in the first group of pa'- anc_ 5-hydroxytryptamine uptake by lung are drox
tients studied. Thus, it appears that hemody- un?elated to adrenergic innervation, since de- seen
namic or pathologic changes associated with struction of sympathetic nerve endings 5_ by four
pulmonary hypertension may be reflected in 6-hydroxydopamine pretreatment fails to affect dio_
altered extraction of norepinephrine or 5:hy- uptake of either amine (Gillis and Iwasawa, amc
droxytryptamineby lung. unpublished data). However, the site of nor- nou

Tricyclic antidepressants are' effective in- epinephrine uptake is distinct from that re- the
hibitors of 5-hydroxytryl_tamine as well as nor- sponsible for 5-hydroxytryptamine uptake, i rad_

\ epinephrine uptake 1, 2o,sr in lung and Periph- since neither amine influences pulmonary up- pre;
era] tissues. It is possible that in patients with take of the other. 1 Also, it is possible by
high enough blood levels of these drugs, or pharmacologic means to block uptake of nor:
other drugs that might inhibit lung uptake of epinephrine selectively while 5-hydroxytrypt- 1:
vasoactive substances, both riorepinephrine and amine uptake remains intact, and vice versa eno
5-hydroxytryptamine may reach the arterial (Gillis and Iwasawa, 'unpublished obse_a- are
circulationin unusuallyhigh concentrations, tions). . Par
The antihistamine drug tripe!ennamine _9 and If intrapulmonary metabolism of norepi- se_
the tricyclic antidepressants imipramine and nephrine is prevented, the amine is found, by kno
desmethylimipramine potentiate the presser e.f- autoradiography 8r and fluorescence micros- clu(

__ fects .ofnorepinephrine and also inhibit uptake copy, to be localized in endothelial cells of ach
of this amine by lung (Gillis and Iwasawa, capillaries and postcapillary venules.8s Hypo- glaJ
unpublished observations). These drugs are thermia (6 C) completely prevents norepi- sen
avidly taken up by lung 5_.84 and, being or- nephrine binding at these sites. 3s eg_
ganic bases, may inhibit pulmonary uptake of Reducing the temperature of the medium eve
norepinephrine or 5-hydroxytryptamine by corn- perfusing lung in vitro to 6 C has been found Th_
peting with the amines for binding sites,e2 pos- in this laboratory to reduce norepinephrine enc

sibly in capillary endothelial cell membranes, uptake to 20 per cent of normal." The Qlo by
Removal of 5-hydroxytryptamine by lung for norepinephrine uptake by lung (between prc

has been linked to the "fact that right-sided 25 C and 35 C) is about 3,8s indicating a , Suc
heart,valve lesions predominate in patients highly temperature-dependent process. 5-by- pro
with intestinal earcinoid tumors and wide- droxytryptamine uptake is also markedly im- an(

' pr(
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nt could

brady- paired by hypothermia28, ss This fact may be more 'than 90 per cent of infused prostaglandins
is pro- important clinically, since hypothermia during E i and E 2 and F2_. McGiff et al. _4 suggested

.45 and surgery may permit unusually high Concen- that since prostag]anclins A 1 and A 2 pass freely

passage trations of 5-hydroxytrypt_fmine and norepi- through lung, they function as true circulating ,
nephrine to reach the arterial circulation, hormones, while prostaglandins of the E series

Bradykinln are to be considered local hormones and re-stricted, therefore, to the venous circulation.

of sev- Bradykinin, a potent vasodepressor kinin, is Anggard and Samuelson _ demonstrated the ..

een re- formed in blood t)y the action of a proteolytic existence in lung of arl enzyme which metab-

norepi- enzyme, kallikrein (kininogenase) on kininogen, olizes prostaglandin_ _o a variety of. products,

or dog an alpha2-globulin of plasma. Activation and suggesting that pulmonary removal may be
patients release of bradykinin occur in a variety of primarily enzymatic,, a l_roposal subsequently
eintra- Conditions, including pulmonary edema, ana- supported by Pipei" etal. 6o

phylaxis and endotoxin and hemorrhagic Prosiaglandin E2 is a potent vasodilator sub-

r, dop- shock. 2° The paroxysmal flushing seen in car- stance which is released during the anaphylac-
circula- cinoid syndrome is associated with increased tic response 4o.50;,_3 and. may contribute to the

lphasiz- blood concentrations of bradykinin, _5,_" hypotension characteristic Of this. condition.
Pulmo- The lungs efficiently remove bradykinin from Piper and Vane 50 recently suggested that since

tced by the pulmonary circulation. Ferreira and prostaglandin E2_is released in proportion.to
heno_y- Vane zl reported 80 per cent inactivation of the degree of inflation of the lung, those areas
)st pot this peptide in cats, an observation confirmed of lung that are well expanded may release
ephri by Biron in.the rat. x° In contrast to 5:hy- more prostaglandin E2, thus dilating adjacent
mg are droxytryptamine, inactivation of bradykinin pulmonary vessels and insuring greater blood
ace de- seems to be primarily enzymatic. Ryan et al. _4 flow to those areas. In this way, prostaglan-

:s5o by found that although lungs ,perfused with ra- dins synthesized de novo may qualify for a
affect dioactive bradykinin fail to bind significant role of regulating intrapulmonary blood flow.5°

,asawa, amounts of radioactivity, the pulmonary ve- A recent hypothesis 58 attempts to link pul-
of nor- nous effluent lacks the biological activity of monary release of prostaglandin El to produc-
hat re- the peptide. The enzyme(s) involved in deg- tion of migraine heaclache. Intravenously ad-

aptake, radation is unknown but differs from that ministered prostaglandin E 1 causes headache. ,:
try up- \ present in blood or kidney. 2° Occasionally, very high venous blood concen-

trations of prostaglan_lin E1 have been reported
ble by Prostaglandins , in some patients with carcinoid disease who3f nor-

ytrypt- Prostaglandins, a group of lipids with an have headache along with the characteristic
; versa enormous range of potent biological actions, flush. Sandler and his colleagues 5s therefore

bse_a- are widely distributed throughout the body. suggested that prostaglandins may be involved
Particularly high concentrations are found in in migraine. It was difficult, however, to de-

aorepi- seminal fluid, ° and prostaglandins are now tect increased prostaglandin Concentrations in
nd, by known to be released from many tissues, in- venous blood of patients with migraine. After
_aicros- cluding spleen, _s, z2 adrenal glands, 52and stom- it was reported 2 that 5-hydroxytryptamine re-

ells of ach, 8 following neural stimulation. Prosta- leased prostaglandins from the lung in vitro,

Hyp - glandins are also released from previously Sandier 5s suggested that this action may occur

aorepl- sensitized guinea pig lung challenged with also in man. Thus, 5-hydroxytryptamine _r ' i

egg albumin, 's,5° by pulmonary emboli, _3 and some other circulating amine may release !

,edium even by gentle manipulation of the lung. _", 5o prostaglandins into arterial blood, where they
found The lungs contain relatively small amounts of

phrine endogenous prostaglandins, 5z and stimulation cause migraine headache. In support of this

ae Qao by these procedures causes release of more idea, Sandier notes that methysergide, which
;tween prostaglandins than they originally contained, is effective in the treatment of some cases of

ting a Such release, therefore, indicates synthesis of migraine, blocks the prostaglandin-releasing
5-hy- prostaglandin within the lung. '8 Cat, dog, action of 5-hydroxytryp[amine in lung. 2 Al-

ly im- and rabbit lungs 22 permit free passage of though this is a provocative hypothesis, it re-
prostaglandins A 1 and A 2 in blood but remove mains to be established experimentally, and it

i
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would fail to explain the unilateral headache Microsomal Enzymes in the Lung dopam

which characterizes many cases of migraine. In addition to its ability to regulate arterial of the
blood concentrations of many potent vasoac- ment o

Vasoaetive Peptides tive substances, the lung is known to have a we kn¢
The lung provided the answer to a puzzling midrosomal drug-metabolizing system (mixed- functio

feature of the pharmacology of the vasoactive function oxidase) 'g qualitatively similar to to be
peptides, angiotensin I and angiotension II. that in liver. Halothane and methoxyfiurane _ stage i
Angiotensln I is a deeapepttde formed by the undergo mixed-function oxidase-dependent re- _ sugges
action of the enzyme renin on a plasma alpha2- actions in liver, 18and it is reasonable to regard _ these 1
globulin. The octapeptide angiotensin II is lung also as a potential site for such action, i for the
formed from angiotensin I by loss of the C- A recent study ol established the presence of especi_
terminal his.tidyl- leucine .moiety. Angiotensin nonvolatile halothane metabdlites in luhg after This v
I has less than one tentfi of the vascular smooth inhalation of the anesthetic. Although these servati
muscle-stimulating activity of angiotensin II, 14 metabolites may-have been formed elsewhere nifican
yet angiotensin I causes as rapid and as large and transported to the lung, the observation 6z perfus
an increase in blood pressure after its intrave- is nevertheless compatible with intrapulmonary
nous iniection as does angiotensin II. This was metabolism of halothane.

• formerly thought to result from rapid conver- 1. AI
sion of the decapeptide to angiotensin II in Significance of Pulmonary Metabolism <
blood. However, it has since been found _D of Vasoaetive Hormone_ t,

! that lung rather than blood is the site of this Although there is abundant evidence estab- 2. A1
conversion and that, although it can occur in lishing the lung as an organ capable of syn- ]
blood, the process is too slow to account for thesiziug, binding, and metabolizing vasoactive ]

the virtually immediate pressor response to in- hormones, the physiologic significance of these 3. A_
travenously injected angiotension I. Ng and processes is uncertain. Equally unclear is
Vane 45estimated that 80 per cent of infusions whether derangement of one or more of these
of angiotensin I were converted to angiotensin functions is related to pulmonary disease proc-
II by lung. As might be expected if angioten- esses. Certainly, however, it is clear that each 4. A:
sin II is the biologically active entity, this hormone listed in table 1 has profound effects
octapeptide passes through dog 86 and rat _1 on the smooth muscle tone of pulmonary and 5. A:

"x lung without loss. In patients undergoing diag- systemic vascular beds and of critical nonvas-
nostic cardiac catheterization, it was found x_ cu]ar sites such as the airway and the gastro- I
that the aortic pressor response to angiotensin intestinal tract. By inactivating some hor- i 6. A

- I injected at the pulmonary artery is much mones and synthesizing others, the lung can i
greater than that seen in response to similar significantly change the arterial blood concen- I
doses injected at the ascending aorta, implying trations of these substances, compared with 7.13
intrapulmonary conversion of angiotensin I to those in venous blood. Thus, measurements
angiotensin II by human lung. It was also of vasoactive hormone content of venous blood
noted 1_ that in man, as in other species2 °, _ may not accurately reflect the concentrations I 8. l_

; angiotensin II passes through the lung without in arterial blood, e2 The arterial concentration .,
alteration. Thus, lung probably functions as may be physiologically more meaningful, when !_, 9.1]
the main site for production of angiotensin II, one is considering arteriolar tonus and sys-
the most potent pressorsubstancdelaborated temiceffects. 10. I]
by the body. Conversion of angiotensin I to Merely to prove that the lung removes,
angiotensin II probably occurs i_athe capillary metabolizes, or synthesizes certain drugs and 11. I]
endothelium of lung, where it has been sug- vasoactive hormones does not establish the sig-

gested that the particulate bound "converting" nificance of these processes in cardiopuimonary 12. t
enzyme of lung homogenates originates. _7 physiology or pathophysiology. However, an
Taken with the localization of bound norepi- analogy might be drawn with the initial ob-
nephrine in the same histologic site (see servations of high dopamine concentrations in
above), this fact indicates that capillary endo- the basal ganglia. These observations led ulti- 13. 1
thelium is important In the binding and metab- mately to linking the extrapyramidal symptoms
olism of at least some vasoactive hormones, of parkinsonism to reduced concentrations of 14. t
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