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Abstract—'*C-8-Phenylethylamine (0.15-200 uM) infused through the pulmonary circulation of rat
isolated lungs perfused with Krebs solution was metabolized by a saturable process. Metabolism at
50 uM was inhibited by cold, anoxia, glucose lack or Na-lack, by amine oxidase inhibitors and by a
number of other basic drugs taken up by lung. Uptake of PEN consisted of at least two components,
a component directly related to concentration and a saturable process reaching Vmax at 50-100 uM.
Uptake was inhibited following inhibition of monoamine oxidase action by deprenyl and other drugs.
Inhibition of uptake without inhibition of the enzyme was caused by normetanephrine and dexametha-
sone. These results lead to the conclusion that PEN metabolism is not limited by uptake and that its
uptake resembles that of amphetamine and propranolol but is different from that of 5-hydroxytryptamine

and noradrenaline.

Previous studies on B-phenylethylamine (PEN)
metabolism in lung [1-3] have shown that this process
is unlike that of the two other best studied amines,
5-hydroxytryptamine (5-HT) and noradrenaline
(NA), in the same organ. For these amines, the rate-
limiting step in metabolism is uptake into the cell
[4-6], but the role played by the uptake system in
the metabolism of PEN is not clear. In rabbitisolated
lung, removal of PEN appears to be non-saturable
[7], although in rat lung metabolism does approach
saturation [3]. Furthermore, in perfused lung,
metabolism of 5-HT, but not that of PEN, was
inhibited by desmethylimipramine [3]. We have
therefore undertaken a more detailed study of the
kinetic and biochemical requirements of PEN uptake
and metabolism in rat lung.

MATERIALS AND METHODS

Preparation of isolated lung and perfusion
media. The lungs from male rats (Wistar strain, 150-
250 g) were prepared as previously described [4].
The standard perfusion medium was warmed (37°)
Krebs bicarbonate solution containing (mM): NaCl,
118; K(l, 4.6; CaClz, 2.54; KH2PO4, 1.2; NaHCO;3,
25 and glucose, 3, gassed with 95% oxygen and 5%
carbon dioxide. The perfusion medium was pumped
through the pulmonary circulation at a constant rate
(8ml.min~'). After 10-15min of perfusion, the
effluent was free of blood and the lungs were either
taken for homogenization or the perfusion
continued.

For a Na-free medium, NaCl was replaced by
isotonic amounts of sucrose (0.25 M) and NaHCO;
by Tris, the pH of the final solution being adjusted
to 7.4 by adding 1N HCl. The only Na contamination
was the presence of NaCl and NaHCO:s in the stock
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solution of PEN. Since the stock solution was diluted
1000 times, the final Na concentration during an
infusion of the amine was 0.15 mM. For a K-free
medium, KH:PO4 and KCl were replaced by the
equivalent Na salts in equimolar amount. The pres-
ence of KH:PQs and KCl in the stock solution of
PEN was again diluted 1000 times. For a glucose-
free medium, glucose was simply omitted from the
standard Krebs solution. When ‘anoxia’ was
required, the medium was gassed with 95% nitrogen
and 5% carbon dioxide. ‘Hypothermia’ was pro-
duced by filling the water bath with an ice-water
mixture which was pumped to the heat exchanger,
thus cooling the standard Krebs solution entering
the pulmonary arterial cannula to 2—4°,

Metabolism and uptake in perfused lungs. After
the initial perfusion, PEN metabolism was measured
by collecting lung effluent for a total of 30 min,
during and after a 3 min infusion (0.4 mi.min"") of
“C-PEN into the pulmonary arterial cannula. At the
end of the 30 min collection time, radioactivity in
the effluent had fallen to background levels and a
second infusion of PEN was given, in the presence
of test drug or medium. Infusion of drugs
(0.2ml.min"') and perfusion of the lung with differ-
ent media was started 20 min before and continued
during the PEN infusion and collection of the lung
effluent.

To measure uptake of 4C.PEN, a 3 min infusion
of PEN was given through the lungs and 30 sec later
perfusion was stopped and the lungs removed from
the perfusion system. The effluent from the lung was
collected during this period. The lungs were dissected
free of the trachea, the remainder of the heart and
any extraneous tissue. They were then homogenized
in cold (0°) 0.3 M perchloric acid, using two 10 sec
bursts of a Polytron homogenizer (PCU-2). The
homogenate was centrifuged at 1000 g for 20 min
and samples of the resulting supernatant, together
with samples of lung effluent collected during the
infusion, were taken for chromatographic analysis.
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To check for breakdown of substrate during the
extraction procedure, “C-PEN was added to per-
fused lungs immediately before homogenization in
perchloric acid and the extraction and analysis car-
ried out as usual. Recovery of “C in the supernatant
was 89% and in the effluent 100%. The procedures
of homogenization and chromatography resulted in
less than 5% breakdown of “C-PEN.

The PEN infused was a mixture of “C-PEN
(0.25uCi per infusion) and unlabelled PEN to give
a final concentration of PEN from (.15 to 200 uM.

In vitro assay of monamine oxidase. Once clear
of blood, the lungs were homogenized and prepared
as described previously [8]. Metabolism of PEN by
the homogenate was assayed in an incubation mix-
ture consisting of: 0.5 ml lung filtrate (approximately
0.4 mg protein, mi~%); 0.5 mi “C-PEN (10-200 M)
containing approximately 50,000 dpm; and 4 ml of
0.1 M phosphate buffer, pH 7.4. The mixture was
incubated at 37° in a shaking water bath for 60 min.
In control experiments, buffer and enzyme were pre-
incubated for 20 min before addition of the substrate
to start the reaction and in test experiments the
enzyme was pre-incubated with inhibitor (0.5 mi)
and 3.5 ml buffer. The zero time sample (1 ml) was
taken immediately after adding the substrate; the 0
and 60 min samples were added to 0.5ml of 1.5 M
perchloric acid at 0° to stop the reaction. Each sample
was adjusted to pH 6-6.5 with 3 M potassium hydrox-
ide. Enzyme activity bore a linear relationship to
protein concentration and time of incubation. Pro-
tein was estimated by the method of Lowry ef al
{9] using bovine serum albumin as the standard.

lon-exchange chromatography and measurement
of radioactivity. Samples (0.5 ml) of the effluent and
the neutralised supernatant from the lung and from
the incubation mixtures were applied to columns of
Amberlite CG-50 resin [10]. The metabolites of PEN
were eluted from the column with water (2 ml) and
radicactivity was measured after mixing with Triton—
toluene scintillation fluid (PPO, 5g; DMPOPOP,
0.25 g; toluene, 1 litre and Triton X-100, 0.5 litre)
using a liquid scintillation counter (Packard 3375).
Corrections were made for quenching using sample
channels ratio.
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Materials. Radioactive PEN, 1-“*C-phenylethyl-
amine hydrochloride (51 mCi/mmole), was obtained
from New England Nuclear, Frankfurt. The follow-
ing unlabelled drugs were obtained from Sigma: g-
phenylethylamine hydrochloride (PEN); normeta-
nephrine hydrochloride; benzylamine hydrochlo-
ride; dopamine hydrochloride; semicarbazide hydro-
chloride; iodoacetic acid (sodium salt) and (*)-
noradrenaline bitartrate. Other drugs used were: 5-
hydroxytryptamine creatinine sulphate and hista-
mine acid phosphate (B.D.H.); phenoxybenzamine
hydrochloride and (+)-amphetamine sulphate
(Smith, Kline & French); methylene blue
(GURR’s}; ascorbic acid (Analar). We acknowledge
gratefully the gifts of (~)-deprenyl hydrochloride
{Professor M.B.H. Youdim) and desmethylimipra-
mine hydrochloride (DMI) (Geigy). Other chemicals
used were of analytical reagent grade. In perfused
lung experiments, drugs were dissolved in saline
(0.9% NaCl, w/v) except phenoxybenzamine which
was dissolved in a small volume of ethanol and then
diluted with saline. For use with homogenates, drugs
were dissolved in 0.1 M phosphate buffer, pH 7.4
(B.D.H.).

Statistical methods. The significance of differences
between means was calculated by Student’s #-test for
paired or unpaired samples and values of P < 0.05
were accepted as significant.

RESULTS

Effect of different perfusion media and drugs on
the metabolism of “C-PEN. The metabolism of PEN
was measured at two concentrations (0.15 and
50 uM), collecting the lung effluent for a total of
30 min. The low concentration (0.15 uM) used was
comparable with concentrations of 5-HT and NA
used previously [5,6], and the high concentration
{50 uM) used was close to the K, for PEN metab-
olism in perfused lung [3]. Table 1 shows the effect
of metabolic inhibitors and cation concentration on
PEN metabolism. To ensure that stores of endogen-
ous glucose were depleted, the lung was perfused for
60 min instead of the usual 20 min with glucose-free
Krebs before testing; this procedure was also fol-

Table 1, Metabolism of “C-PEN by rat isolated lung under different conditions*

0.15 uM PEN 50 uM PEN
Treatment Metabolism (%)  Inhibition (%)  Metabolism (%)}  Inhibition (%)
None {control) R+1 (31 67 22 (25}
Cold (4% 1721 (4 82 = 118§ 7205 &) 83 = 34
Anoxiat 94+ 1 {4 0 $426 (7 73+ 8%
Glucose-freed 88+ 2 (3) 0 50+2 (6) 30 = 5%
Glucose-free + anoxiai 932 (4) 0
K-free 97 =1 (3} 0 66 =2 (6) G
Na-free 69 =6 (4) 26 = 6t 391 (6) 33 4%

* The values shown are means {+S.E.) of the number of experiments shown in parentheses. *C-
Phenylethylamine was infused at the concentrations shown for 3 min, Effluent was collected during and
after the infusion for a total of 30 min. Effluent radioactivity was analysed by ion exchange chromatography

as described in Materials and Methods,

+ Significantly different from control values (P < 0.05),
+ Lungs perfused with test drug for 60 min instead of 20 min before infusion of amine.
§ Test infusions made in different lung from controls and compared using unpaired r-test.

§ 100 uM PEN infused.
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Table 2. Metabolism of “C-PEN by rat isolated lung in the presence of amine oxidase inhibitors*

0.15 uM PEN 50 uM PEN
Treatment Metabolism (%) Inhibition (%) Metabolism (%)  Inhibition (%)
None (control) 96 %3 (4) — 59 +3 (13) —
Deprenyl 0.5 uM 24 + 6 (6) 76 = 7t% — —
Deprenyl 5 uM — — 301 (3) 52 £ 2%
Semicarbazide 1 mM 90 =4 (4) 0 43 x4 (7) 28 = 5t

* The values shown are means (+S.E.) of the number of experiments shown in parentheses. '*C-Phenylethylamine
was infused at the concentrations shown for 3 min. Effluent was collected during and after the infusion for a total of
30 min. Effluent radioactivity was analysed by ion exchange chromatography as described in Materials and Methods.

t+ Significantly different from control values (P < 0.05)

t Test infusions made in different lungs from controls and compared using unpaired r-test

lowed for the ‘anoxic’ Krebs. Only Na -lack and cold
inhibited metabolism at both concentrations. Other
drugs tested at the lower concentration of PEN
(0.15 uM) were iodoacetate (10 mM), methylene
blue (100 uM) [11] and ascorbic acid (100 uM) [12].
They were all without effect on PEN metabolism.
Amine oxidase inhibitors were also investigated
(Table 2). Deprenyl inhibited metabolism at both
concentrations of substrate, but semicarbazide was
effective only at the higher concentration. Table 3
shows the effect of alternative substrates for mono-
amine oxidase (MAO) and of inhibitors of amine
uptake. Each treatment, except for dopamine,
inhibited metabolism at the higher substrate con-
centration (50 uM) as shown, but all were without
effect at the lower concentration (0.15 uM).
Uptake of “C-PEN and the effect of drugs. Any
drug which alters metabolism can act either on the
uptake or on the intracellular enzyme and we have
studied the effect of different drugs on the uptake
system by measuring PEN uptake after a 3 min
infusion. Uptake of PEN in the absence of drugs was
calculated from the radioactivity still retained in the
lung after the infusion, together with the radioactive
metabolite in the effluent collected. Over a wide
range of concentrations (0.15-200 uM), there was
a decrease in the proportion of radioactivity taken
up, but a plateau was not attained (Fig. 1). These
results have been analysed as shown in Fig. 2 to
provide a diffusion component of uptake and a satu-
rable component with a K 25 uM, graphically esti-
mated. When the amount of metabolite in lung and

effluent were added together and plotted as a func-
tion of substrate concentration, saturation of metab-
olism was evident (Fig. 3) and from these results,
an apparent K, (67uM) and Vi (1066
nmoles.lung=".3 min~") could be calculated for
metabolism as distinct from uptake.
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Fig. 1. Uptake of *C-PEN by rat isolated lung. Uptake
was measured as the sum of the radioactivity retained in
the lung and the radioactive metabolite in effluent following
a 3 min infusion of *C-PEN and is expressed as nmoles.g
lung™!. Each point represents the mean value of 4-8
experiments. The standard error is shown by the vertical
bars where this is larger than the symbols used. The con-
centrations of PEN used were 0.15, 1.0 10, 50, 100 and
200 uM.

Table 3. Metabolism of *C-PEN by rat isolated lung in the presence of other amines

Treatment

Metabolism (%) Inhibition (%)

None (control)

Desmethylimipramine 1 mM
Normetanephrine 1 mM
Dexamethasone 10 uM
Phenoxybenzamine 100 uM
Amphetamine 1 mM
Benzylamine 1 mM
Dopamine 1 mM
Propranolol 1 mM

59 =2 (42) —

23+3 (5) 61 +3 +
26+ 5 (8) 49 * 10+
20%4 (4) 64+ 11+
63+ 4 (4) 7+ 2%
18+ 1 (4) 70%2 %
8=2 (4) 4125 ¢
64 =3 (6) 0

3321 (4) 40+2 %

* The values shown are means (+S.E.) of the number of experiments shown in
parentheses. The substrate (*C-PEN: 50 uM) was infused for 3 min and the effluent
collected during and after infusion for a total of 30 min. Effluent radioactivity was
analysed by ion exchange chromatography as described in Materials and Methods.

t Significantly different from control values (P < 0.05).
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Fig. 2. Analysis of PEN uptake by rat isolated lung. (a)
The dotted line through the 3 highest points represents the
linear (diffusion) component of the total uptake. From the
slope of this line a constant (Kp) was derived and used to
calculate the diffusion component at the lower concentra-
tions. Subtraction of the diffusion component from the
observed values gave the points in (b). Here the diffusion
component is represented by the broken line through the
origin and the points joined by the solid curve represent
the saturable component of uptake calculated by difference
as described above. Note the change in scale of the vertical
axis between (a) and (b).

The drugs chosen for study on uptake were some
of those which inhibited the metabolism of PEN at
a concentration of 50 uM measured over 30 min.
Deprenyl is known to be an inhibitor of the type of
MAO that preferentially metabolizes PEN in rat
lung [3]. Accumulation of radioactivity in lung over
the range of PEN concentrations was inhibited in
the presence of deprenyl (5 uM) by 50-60 per cent
(Fig. 4), and this corresponded with a 50-70 per cent
reduction in the amount of “C-metabolite present
in the lung and effluent. The other drugs were tested
against a single concentration of PEN (50 uM) and
the results (Table 4) demonstrate that all decreased
accumulation of radioactivity. However, three drugs,
normetanephrine, semicarbazide and dexametha-
sone, did not change the proportion of metabolite
in the retained radioactivity, but the others, pro-
pranolol, amphetamine, desmethylimipramine
(DMI) and benzylamine, decreased the proportion
of metabolite, suggesting an inhibition of MAO.
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Fig. 3. Metabolism of *C-PEN by rat isolated lung. Metab-
olism was measured as the sum of radioactive metabolite
in lung and in effluent following a 3 min infusion of MC-
PEN and is expressed as nmoles metabolite.g lung ™' formed
over the 3 min period. The points shown are the means
(with S.E. shown by the bars) of 4-8 experiments. Analysis
of this saturable process gave apparent Kn of 67 uM and
Vinax of 1066 nmoles.g lung™!.3 min~".

Benzylamine is an alternative substrate for the
type of MAO oxidizing PEN, but the other three
drugs are not. We therefore examined their effect
on rat lung MAO directly.

MAO activity in lung homogenates. In order to
determine MAO activity directly, the metabolism of
M“C-PEN (10-200 uM) was measured with lung hom-
ogenates. The results of these experiments, under
control conditions and in the presence of DMI,
amphetamine and propranolol, each at 1 mM, are
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Fig. 4. Inhibition by deprenyl of *C-PEN uptake in rat
isolated lung. The open bars show the mean (+S.E.) uptake
in untreated lungs and the stippled bars the uptake follow-
ing deprenyl treatment. Deprenyl (5 uM) was infused
before and during the infusion of *C-PEN (20 min). At
each concentration of PEN, deprenyl decreased signifi-
cantly (P<0.05) the uptake of PEN. Note the change of
scale of uptake at the lowest concentration of PEN. The
values are from 4-8 experiments at each concentration.
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Table 4. Effects of various drugs on uptake of "C-PEN by rat isolated lung

Total **C uptaket Metabolite

Treatment {nmoles. g1 {per cent of total)
None (10) 190 = 17 64+ 3
Propranolol (4) 81 + 5* 47 £ 3*
Amphetamine (6) 70 = 4* 34 + 3*
Desmethylimipramine (5) 83 = 3* 34 + 8%
Benzylamine (4) 58 + 13* 26 = 1*
Normetanephrine (4) 93+ 11* 71 %2
Semicarbazide (8) 105 = 15 57x2
Dexamethasone (5} 132 £ 29* 632

* Significantly different from control values (P < 0.05: unpaired rtest).

+ Total uptake represents the sum of (*C-PEN + metabolite) in lung after the
3min infusion. The values shown are the mean (“iS‘E.) from the number of
experiments shown in brackets for each treatment. *C-Phenylethylamine (50 M)
was infused for 3 min through the pulmonary circulation of rat lungs. At the end
of this time perfusion was stopped and the lungs taken for analysis. The drugs
used were infused, in a final concentration of 1 mM, for 20 min before and during
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the infusion of “C-PEN.
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Fig. 5. Effect of amphetamine, desmethylimipramine
(DMI) and propranolol on the metabolism of “C-PEN by
rat lung homogenates. Metabolism is expressed as pmoles
metabolite produced.min™'.ug protein™' and substrate
concentration as uM. Homogenates of rat lung were incu-
bated with different concentrations of “C-PEN and the
reaction mixture analysed as described in Materials and
Methods. The drugs, all at 1 mM, were pre-incubated with
the homogenate for 30 min before adding substrate. The
values are the means (£S.E.) of at least 4 experiments.

shown in Fig. 5. Although all three drugs inhibited
PEN metabolism, there were differences in the type
of inhibition which were apparent on kinetic analysis
of the results (Table 5).

The apparent K for PEN under control conditions
was 27 uM and the Vi was 35 pmoles.min™'.ug
protein™!. In the presence of propranolol and
amphetamine, both the apparent K. and the Vi

fell, indicating uncompetitive inhibition. Another
feature of uncompetitive inhibition is that the ratio
Kn/Vmax is unchanged; this is clearly the situation
with amphetamine and propranolol where the ratio
remained at 0.7 or 0.8. In the presence of DMI, the
K remained the same but the Vasx was decreased;
thus the K./Vma ratio was increased.

DISCUSSION

Our experiments have clearly shown that the
metabolism of PEN in rat isolated lung was not
limited by uptake. This and the nature of the uptake
system itself differentiates pulmonary metabolism of
this biogenic amine from that of its congeners, 5-HT
and noradrenaline.

The first difference, the non-limiting effect of
uptake, was most apparent in the experiments with
deprenyl. Here inhibition of the enzyme was
accompanied by a decrease in the amount of radio-
activity taken up by the lung. The finding is in direct
contrast to the results obtained with 5-HT and NA
where uptake was unaffected by MAQ inhibition
[5,6,13] and is more like prostaglandin E: metab-
olism in lung which is, under normal conditions,
limited by the activity of intracellular prostaglandin
dehydrogenase [14]. Three other drugs, ampheta-
mine, propranolol and DMI, probably also inhibited
uptake of radioactivity by inhibiting MAO, as dem-
onstrated by their effects on the proportion of
metabolite in perfused lung (Table 4) and more

Table 5. Inhibition of rat lung MAO activity in vitre using “C-PEN as substrate

1

Treatment Km (uM) Vnax (pmoles . min ™" . ;Lg“l) K/ Vmax 1atio Character of inhibition
None {control) (4) 27%5 3501 0.8

Desmethylimipramine (4) 33+6 17.8 £2.0* 1.9 Non-competitive
Amphetamine (4) Ix1* 36=x0.3" 0.8 Uncompetitive
Propranolol (4) 13 = 2% 194 +1.1* 0.7 Uncompetitive

* Significantly different from control values (P < 0.05). The values shown are the means (+S.E.) from the number
of experiments shown in brackets for each treatment. Homogenates of rat lung were prepared as described in Materials
and Methods and incubation carried out for 60 min with a range of PEN concentrations (10-200 uM). Drugs were added
to the homogenate to yield a final concentration of 1 mM, 20 min before the addition of substrate to start the reaction.

B.P. 294 .8
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directly by their effects on our preparation of MAO
in vitro. Amphetamine [15] and DMI [16] are known
to be inhibitors of MAO but inhibition by propran-
olol has not yet been described. The effects of ben-
zylamine on PEN uptake are more difficult to inter-
pret, as this amine could compete both for MAO,
for which itis a worse substrate than PEN (K135 uM
vs 28 uM for PEN) [3], and possibly for the uptake
process.

It was, however, possible to inhibit uptake without
affecting MAO activity as shown with normetane-
phrine, dexamethasone and semicarbazide. All three
drugs decreased radioactivity in lung without affect-
ing the proportion of metabolite in lung. The effects
of dexamethasone and normetanephrine suggested
that an Uptakes-like process was involved in the
movement of PEN across the cell membrane. These
results also show that although uptake was not nor-
mally rate-limiting for metabolism of PEN, it could
be made rate-limiting by decreasing uptake. A sim-
ilar situation exists for prostaglandin metabolism in
lung [17-20].

Although we have suggested the involvement of
an Uptakes-like process in PEN uptake by lung, this
can only be a part of the total uptake. Uptake was
measured as radioactivity retained in the lung,
together with that appearing as metabolite in the
effluent. We added the latter component because,
in order to be metabolized, the substrate must have
entered the cell during the infusion time. Over the
whole concentration range, uptake did not show
saturation and we have shown in Fig. 2 one possible
analysis of our results. This involves a diffusion com-
ponent and a saturable component with a K. value
comparable with that reported for Uptake: in heart
[21]. A similar analysis, i.e. a saturable component
kinetically distinct at low concentrations and a lin-
early related diffusion component which becomes
rate-determining at higher concentrations, has been
made for amphetamine [22]. It is perhaps relevant
to point out that amphetamine is a-methyl phenyl-
ethylamine and might therefore be the closest non-
metabolized analogue of PEN. The uptake in rat
lung of propranolol {23] and of oxprenolol [24] prob-
ably also comprises two such components.

The second difference between PEN and the
monoamines 5-HT and NA is therefore that the
uptake process for PEN was not only of higher
capacity but that it included a considerable diffusion
component. The latter characteristic probably
reflects the less polar nature of PEN—it has no
hydroxyl groups—and is compatible with the ability
of PEN to cross the blood brain barrier—again in
contrast to the hydroxylated monoamines [25].

The analogy between PEN uptake and basic drug
uptake already drawn is strengthened by the fact
that the same type of drugs inhibited uptake of both
substrates, for instance, imipramine, DMI, amphet-
amine and propranolol [22-24]. In the case of non-
metabolized substrates like propranolol and amphet-
amine, inhibition of uptake could only reflect an
inhibition of the transfer from medium to tissue.
Thus although we have demonstrated that decreased
metabolism of PEN led to decreased uptake, we
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cannot rule out a direct inhibition of the transfer of
PEN contributing to the overall effect.

Another similarity between propranolol and PEN
uptake was shown by the dependence of both on Na
ions and on temperature and is in contrast with that
of imipramine which was unaffected by either of
these variables [5].

In conclusion, our experiments have shown that
metabolism of PEN in lung is not limited by uptake
and that uptake involves a considerable proportion
of diffusion. Both properties contrast with the fate
of 5-HT and noradrenaline. Uptake of PEN is closer
in several characteristics to uptake of exogenous
compounds like propranolol and amphetamine.
However, we still do not know in which cells this
uptake occurs, nor why the lung should have this
large capacity to inactivate a substrate unlikely to
be present in high concentrations.
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