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ACE is a zinc ion mediated peptidyldipeptide hydrolase
(EC 3.4. 15.1). It catalyzes conversion of the inactive dee
apeptide angiotensin I to the potent vasoconstrictor octa
peptide angiotensin II, which also stimulates the release of
aldosterone from the adrenal glands and leads to the
sodium and water retention. ACE also catalyzes the mac
tivation of the naturally occurring vasodepressor bradyki
nm. The importance of these reactions in hypertensive
disease has been clarified by the development of potent
and specific inhibitors of ACE, e.g., the first orally active
ACE inhibitor captopnl (SQ14225) (3,4).

The design and development of captopril (2-D-methyl
3-mercaptopropanoyl-L-proline, K@= 1.7 nM)@led to an
exciting new treatment for hypertension. At present, ACE
inhibitors are an important class of therapeutic drugs in
treating hypertension.

The distribution, biotransformation, and excretion of
captopril in animals has been studied with captopril la
beled with 355,2H, 3H, and â€˜4C(5â€”9).From these studies,

To evaluatethe feasibilityof probingthe distributionof angao
tensin-converting enzyme (ACE)in vivo using positron emis
sion tomography (PET), 4-ds-[18F}fluorocaptopril (1@FCAP)
was prepared by the reaction of the triflate 2 with K18F/
Kryptofix 222 in MeCN followed by hydrolysis (2 N NaOH).
The SyntheSiStime was 1 hr with an average radiochemical

@d(EOS) of 12% and a specific aclivity of >300 Ci/mmol.
In vivo biodistilbution in rats at 30 mm after administration
showed high uptakes into organs known to have high ACE
concentration (lung, kidney and aorta) and faster clearance of
18FCAPfor lung and kidney, compared to the clearance from
the aorta. When different amounts of unlabeled 4-cis-fluoro
captopril (SO 25750) were coinjected in rats, a dose of > 5
1ig/kg decreased the lung uptake by one-half while only 1 @g/
kg decreasedthe kidneyuptake by one-half.In general,the
binding in the four tissues studled was saturab@ wfth the
expected capacity. 1@FCAPwas administered to a human and
displaceable uptake observed in the lung and kidney. The
results demonstrate the feasibility of probing ACE in vivo
using PET.

J NuciMed 1991;32:1730-1737

enin-angiotensin system is one of the complicated
mechanisms involved in blood pressure regulation (1â€”4)
(Scheme 1). Renin, an enzyme produced in kidney, acts
on the circulating protein angiotensinogen, produced in
liver, to give a decapeptide, angiotensin I. Angiotensin I
has no biologic activity and is the target ofthe angiotensin
converting enzyme (ACE), which is present in large quan
tities in lung.
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it was concluded that the high concentration of radioactiv
ity in kidney and liver were due to the excretory role of
these organs, and the high concentration of radioactivity
in lung is due to the high affinity of captopril for ACE,
present in large quantity in lung (8). Using 3H-captopnl
in tissue binding study, Strittmatter et al. found high ACE
concentration in the homogenized tissues of choroid
plexus, lung, kidney, and pituitary. For example, the ACE
concentrations in the tissues of lung and choroid plexus
were 2.7 and 0.88 nmol/mg of protein, respectively (10).
In these tissues, the binding of3H-captopril to ACE closely
paralleled the relative levels of ACE activity. Wilson et al.
also demonstrated that ACE levels vary in accordance with
levels of plasma-renin activity in the lungs, aorta, arteries,
and adrenal medulla, but inversely with levels in pituitary,
kidney, testis, and choroid plexus (11).

To investigate the feasibility of probing and mapping
the ACE activity in vivo using positron emission tomog
raphy (PET), we chose to label FCAP with â€˜8F(t,, = 110
mm). In vitro inhibition studies using ACE obtained either
from rat or rabbit lung has demonstrated that FCAP is a
potent ACE inhibitor with an in vitro ID50value of 0.30
big/kg compared to 0. 16 big/kg for captopril(12). Therefore
the use of fluorinated captopril to probe various ACE
inhibitors in vivo is well justified. This paper reports the
preparation and the biodistribution of [â€˜8F]fluorocaptopril
(â€˜tFCAP).

MATERIALSAND METHODS
Fluorine-l8-fluoride was produced by the â€˜8O(p,n)'8Fnuclear

reaction on enriched â€˜tO-waterusing the Washington University
CS-l5 cyclotron (13). All chemical reagents used in this work
were obtained from Aldrich Chemical Co., Milwaukee, WI.
HPLCsolventswereobtainedfrom FisherScientific.The HPLC
system consists of a Spectra Physics SP870t@pump, a Rheodyne
injector (5-ml sample loop), a HPLC column, a Waters UV
detector (Lambda-Max Model 480), a well-type NaI(Tl) scintil
lation detector and associated electronics, and a fraction collector.
The HPLC conditions used in this work were the following: (1)
for the purificationof radiolabeledproduct, a Whatman Partisil
semipreparative column (M9, 10/50, ODS-3, 10 x 500 mm;
column A) eluted with solvent A, a mixture of 10% EtOH and
90%water(with0.3%glacialaceticacid),at a flowrate of 3 ml!
mm; and (2) for the determination of specific activity of the
radiolabeled product, a reversed-phase analytical column (YMC
A-302,5-5, l2OAcolumn,4.6 x 150mm;columnB)elutedwith
solvent B, a mixture of 18% MeOH and 82% water (with 0.5%
phosphoric acid), at a flow rate of 1 ml/min.

Preparationof the AlcoholI (SQ 32980)
4-trans-Hydroxy-L-proline methyl ester hydrochloride (6.3 g,

34.7 mmol) was suspended in 45 ml of methylene chloride
(distilled from phosphorus pentoxide). Diisopropylethyl amine
(12.1ml, 69.4 mmol)wasaddedandthemixturecooledto 0Â°C.
(R)-3-(Acetylthio)-2-methylpropanoyl chloride (5. 18 ml, 34.7
mmol)wasadded,and the reactionwasallowedto warmto room
temperature and stir for 16 hr. The reaction was then quenched
by addition of 10 ml of saturated sodium bicarbonate and the
organic phase was washed with saturated sodium bicarbonate,

1M hydrochloric acid (HC1)and saturated sodium chloride solu
tions. The organic layer was dried over magnesium sulfate, fil
tered, and the solvent removed to provide 6.8 g of the crude
product as a yellow oil. Recrystallization from diethyl ether
yielded 4.03 g (40%) of the desired product as a white solid. mp
76Â°â€”76.5Â°C;TLC (80% ethyl acetate,20% hexane) R@= 0.20;
[a]D (c = I .5 1 , MeOH) â€”1 77Â°. Analysis calculated for

Cf2H19NO5S:C, 49.81; H, 6.62; N, 4.84; 5, 11.08. Found: C,
50.08; H, 6.50; N, 4.79; 5, 10.86.

Preparationof the Triflateof $032980 (2) and cia
fluorocaptopril, FCAP

Alcohol 1(SQ 32980,5 mg, 17.3 nmol) was placedin a flask
under nitrogen and dissolvedin 0.5 ml of methylene chloride
(Scheme II). The solution was cooled at 0Â°C,and to it was added
pyridine (6 @tl,74 nmol, freshly distilled from calcium hydride)
and triflicanhydride(6 @tl,36 nmol). Afterstirringfor 15mm at
0Â°C,the clear yellowreactionmixture was transferredto a silica
gel column and purified by flash chromatography (1.2 g silica gel;
EtOAc/hexane = 4/6) to provide 5 mg (68%) of the pure triflate
as a clearoil.

A solution of the triflate2 (292 mg, 0.69 mmol) and tetra-n
butylammonium fluoride (0.35 ml of 1 M solution in THF, 0.35
mmol) in 5 ml THF was stirred for 50 mm. The solvent was
removed by a stream of argon and the residue suspended in
aqueoussodium hydroxide(3.0M, 1ml) and stirredfor 45 mm.
Another 1ml of NaOH wasadded and the mixture stirred for 1
hr, then acidified to pH 1 with concentrated HCI. The solution
wasextractedwith ethyl acetate, the extractsdried over magne
sium sulfate, and the solvent removed to give 269 mg of a pale
yellow oil. Preparative HPLC (YMC 5345 ODS column, 20%
MeOH/water/0.l% trifluoroacetic acid, flow rate 18.6 ml/min,
Uv detectionat 220nm) yielded27.4mg(33%)FCAPas a white
solid, mp 130â€”132Â°C. TLC (80% methylene chloride/lO%
MeOH/lO% acetic acid) R@= 0.60. Analysis calculated for
C9H4FNO3S 0.65 H20 0. 1CF3CO2H:C, 42.77; H, 6.01; N, 5.42;
F, 9.56;5, 12.41.Found:C, 42.30;H, 5.57;N, 5.30;5, 12.41.

Preparationof 1FCAP
An aliquotofthe [â€˜8F]fluoridesolutionin â€˜tO-waterwasadded

to a Reacti-vialcontainingK2CO3(1 mg) and Kryptofix222 (6
mg) (14,15). Water was azeotropically removed with MCCN
under a stream of nitrogen. Potassium [â€˜tFjfluoridewas resolu
bilized into 0.3 ml of anhydrous MeCN containing 3 mg of the

SCHEMEII. Syntheticschemeforunlabeledand18FCAP.
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30mm%lD/glhr2hr4hrBlood0.236

Â±0.0950.129 Â±0.0340.096 Â±0.0140.066 Â±0.016Lung33.947
Â±6.23232.71 3 Â±5.08926.81 3 Â±3.0941 9.785 Â±3.030Liver0.199
Â±0.0470.131 Â±0.0140.116 Â±0.0180.113 Â±0.031Spleen0.837Â±0.2441.007Â±0.1050.838

Â±0.0870.633Â±0.114Kidney6.399Â±1.7794.073Â±0.9993.366
Â±0.8672.323Â±0.670Heart0.389

Â±0.0680.432 Â±0.0400.287 Â±0.0360.208 Â±0.047Brain0.069Â±0.0150.076Â±0.0090.0635Â±0.0050.055Â±0.008Bone0.125

Â±0.0210.131 Â±0.0180.117 Â±0.0190.100 Â±0.023Adrenal0.289
Â±0.0810.286 Â±0.0770.21 1 Â±0.0590.1 75 Â±0.043Aorta1.269
Â±0.2321.211 Â±0.0691 .217 Â±0.1511 .145 Â±0.194*

Average weight = 173 Â±7 g.

tnflate 1. The solution was stirred at ambient temperature for 5
mm. To remove unreacted [â€˜tF]fluoride,the solution was passed
through a short silica gel column (40 mg), which was eluted with
another 0.2 ml of MeCN. To the combined MeCN solution was
added 0.5 ml of 2N NaOH solution (degassed with helium). The
mixture was stirred under a stream of nitrogen at room temper
ature. After 30 mm, the reaction mixture was acidified with 0.2
ml of concentrated HC1, diluted to a total volume of 3 ml with
HPLC solvent A, and purified by HPLC (condition 1). The
retention time of â€˜8FCAPis 21 mm. After HPLC purification,
the â€˜8FCAPsolution was adjusted to pH 6 (30 @tlof 2N NaOH
per 3 ml of HPLC fraction), filtered through a 0.22-micron filter,
and used for animal studies. For the human study, the chromat
ographic column was conditioned with ethanol followed by water
for injection and finally the column was equilibrated with 10%
ethanol in injectable water. The final preparation has been tested
for sterility and pyrogens and representative preparations have
been shown to be sterile and pyrogen-free. Sterility and pyrogen
testing were performed according to the USP XXII with pyrogen
testing being carried out using the Whittaker Bioproducts (Walk
ersville, MD) Limulus Amebocyte Lysate test kit.

The effectivespecificactivityof the product was determined
by HPLC to be >300 Ci/mmol using standards of authentic
FCAP. 4-cis-Hydroxy-captopril(formed from the hydrolysisof
the triflate of SQ32980) eluted at 18.5 mm as a broad peak. A
small fraction of the hydroxy captopril is eluted with the first
fraction of â€˜8FCAP.

In Vivo Studies
General. Female Sprague-Dawley rats were used in all the

biodistribution studies. Each rat was anesthetized with ether in
an open system and injected with â€˜8FCAPin a surgically exposed
femoral vein, the wound clipped to close, and allowed to recover.
The animals were allowed free access to water and food at all
times while awake. At the specified times after the administration
of â€˜8FCAP,the animals were reanesthetized with ether and killed
by decapitation.

Biodisiribution Studies. Twenty rats (average weight = 173 Â±
7 g) were divided into four groups and the animals were killed at
0.5, 1, 2, and 4 hr after the administration of â€˜8FCAP.The
following were removed, weighed, and counted: blood, lungs,
liver, spleen, kidney, heart, brain, bone, adrenal, aorta, and
abdominal muscle.

Titration Studies. Twenty-eight rats (average weight = 150 Â±

5 g) were divided into seven groups. The animals were co-injected
with â€˜tFCAPand different amounts of unlabeled FCAP, none,
0.001, 0.005, 0.025, 0.125, 0.625, and 3.25 mg/kg respectively.
The animals were killed at 2 hr postinjection. The following were
removed, weighed, and counted: blood, lungs, spleen, kidney,
heart, aorta.

Pretreatment Studies. Twenty rats (average weight = 169 Â±9

g) were divided into four groups, and the animals were pretreated
with captopril (3.25 mg/kg) at 48, 24, 12, and 3 hr, respectively,
prior to the administration of â€˜8FCAP.The animals were killed
at 2 hr postinjection. The following were removed, weighed, and
counted: blood, lungs, kidney, heart, aorta.

Displacement Studies. Twenty rats (average weight 183 Â±7 g)
were divided into four groups. The animals were first injected
with â€˜8FCAPand 30 mm later a dose of FCAP (3.25 mg/kg) was
administered to all three groups of animals except the control
group. The animals in the control group were killed at 30 mm
postinjection of â€˜8FCAP.The animals in other three groups were
killed at specified times, 1, 2 and 4 hr after the administration of
â€˜8FCAPThe following were removed, weighed, and counted:
blood, lungs, kidney, heart, aorta.

Human Study. A healthy male was injected with 7 mCi of
â€˜8FCAPand imaged with Super PET II B, a time-of-flight ma
chine with a resolution of 5 mm inplane and 7 mm in thickness
(16). Following administration of â€˜8FCAP,images were taken at
the level of the subject's lungs and kidneys. After 90 mm, 25 mg
of captopril was administered p.o. and after allowing 66 mm for
absorption two more images were taken at each level. The animal
and human studies were carried out with the approval of the
appropriate committees at Washington University.

RESULTS

The unlabeled standard FCAP was prepared by the
reaction of inflate 2 and tetrabutylammonium fluoride
followed by base hydrolysis (Scheme II). â€˜8FCAPwas sim
ilarly prepared from 2 and K'8F/Kryptofix 222 in a syn
thesis time of 1 hr with an averaged radiochemical yield
of 12% (n = 16) at EOS and a specific activity of > 300
Ci/mmol.

In vivo biodistribution studies in rats at time from 30

. TABLE 1

Biodistribution of 18FCAPin Sprague-Dawley Rats* (Data Given as mean Â±s.d., n = 5)
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TABLE 2
Biodistributionof 18FCAPwith DifferentSpecificActivities*in Sprague-DawleyRats 2 Hours ect

mean Â±s.d., n = 4)(Data
Shownas%lD/g3.25

mg/kg 0.65mg/kg 125 @zg/kg 25 ag/kg 5 ag/kg 1@zg/kgNCABlood

0.041Â±0.016 0.052Â±0.018 0.055Â±0.015 0.077Â±0.017 0.094Â±0.015 0.078Â±0.0150.073 Â±0.016Lung
0.126Â±0.029 0.320Â±0.107 1.380Â±0.417 5.39 Â±0.549 13.01 Â±2.03 16.25 Â±4.6323.78 Â±2.72Spleen
0.037 Â±0.009 0.043 Â±0.008 0.096 Â±0.01 2 0.292 Â±0.025 0.693 Â±0.1 07 0.933 Â±0.1 241 .090 Â±0.060Kidney
0.169 Â±0.042 0.254 Â±0.007 0.402 Â±0.033 0.730 Â±0.084 1.230 Â±0.282 1.70 Â±0.1653.24 Â±0.806Heart
0.031 Â±0.009 0.034 Â±0.007 0.050 Â±0.008 0.115 Â±0.013 0.256 Â±0.019 0.322 Â±0.0360.369 Â±0.073Aorta
0.135 Â±0.047 0.153 Â±0.025 0.412 Â±0.107 0.840 Â±0.071 1.28 Â±0.172 1.22 Â±0.0751.35 Â±0.125*

1 00 @@Ci of 18FCAP was first mixed with the specified amount of FCAP and then administered toanimals.t

Average weight = 1 50 Â± 5 g.

mm to 4 hr after administration of no-carrier-added
â€˜tFCAPindicated high uptakes into organs known to have
high ACE concentration (lung, kidney and aorta) (Table
1). Among these organs, the net efflux of â€˜8FCAPwas
faster for kidney and lung compared to the clearance from
aorta. The washout from organs known to have high ACE
levels is slow (Fig. 1). Low brain and heart uptakes of
â€˜8FCAPwere also observed. More importantly, the low
bone uptake ofradioactivity indicated there was no in vivo
defluorination of â€˜8FCAP.

In titration studies where â€˜8FCAPand different amounts
of unlabeled FCAP were coinjected, a dose of > 5 pig/kg
decreased the lung and spleen uptake by one-half while
only 1 pg/kg decreased the kidney uptake by one-half
(Table 2). On the other hand, a dose of > 25 pg/kg was
needed to decrease the aorta uptake by one-half. These
studies clearly demonstrated that uptake of â€˜8FCAPis
saturable.

In displacement studies, the uptakes of â€˜8FCAPinto
target organs were chased with an intravenous dose of cold
FCAP (Table 3). After the chasing dose, the net efflux of
tracer from all target organs was much faster than the
corresponding no-carrier-added case (Table 1). The result
shows that the binding of â€˜8FCAPto ACE is displaceable
and hence FCAP is a reversible ACE inhibitor.

In pretreatment studies, the animals were blocked with
CAP prior to the tracer administration. As expected the
uptake of â€˜8FCAPinto target organs was decreased by
captopril pretreatment, and the shorter the pretreatment
time, the higher the ACE-captopril complex concentration,
and hence the lower the â€˜tForgan uptake (Table 4). This
pretreatment study demonstrated the long lasting effect of
captopril; for example, a dose of captopril at 12 hr prior
to the administration of tracer decreased the uptake of
tracer into organs such as lung, heart, and aorta by 61%,
62%, and 52%, respectively, and the kidney uptake by
86% compared to those of pretreated at 48 hr.

HumanStudy
Images of the lung and kidney at various times, postad

ministration of â€˜8F-CAPare shown in Figure 2. Quantita

FIGURE1. Clearanceof 18FCAPfromblood,kidney,heart,
aorta and lung over a 4-hr time period.

tive time activity curves for the two organs are shown in
Figure 3.

DISCUSSION

Chemistry
The thermal instability of the starting triflate 2 requires

the triflate to be prepared from the alcohol 1 (SQ 32980)
right before the labeling reaction with a synthesis time of
40 mm. Once 2 is available, the labeling procedure was
straightforward.

It is known that captopril undergoes oxidative decom
position to give the disulfide SQ 145516(because of the
free thio group) and forms an adduct with extraction
solvents like methylene chloride. Therefore extra caution
must be used to avoid the oxidative decomposition of
@8FCAPand the adduct formation between â€˜8FCAPand

organic solvents.
To avoid oxidative decomposition, all reagents and

HPLC solvents were thoroughly degassed with helium,
and the basic hydrolysis reaction, the second step of the
labeling procedure, was also performed under an atmos
phere of nitrogen. At the beginning of this work, a solvent
mixture of 20% MeOH and 80% water (with 0. 1% glacial
acetic acid) was used for the purification of â€˜8FCAPby

1733Positron-LabeledACE â€¢Hwang et al



Control

30mmTreatedt1hr2hr4hrBlood

0.156 Â±0.0230.346 Â±0.0510.139 Â±0.0290.033 Â±0.001Lung
32.042Â±2.11514.072 Â±2.2784.659 Â±0.3771 .217 Â±0.070Kidney
5.180Â±0.5713.292 Â±0.5381 .040 Â±0.1590.235 Â±0.008Heart
0.431Â±0.0560.261 Â±0.0330.099 Â±0.0140.034 Â±0.004Aorta
1.777 Â±1.1960.718 Â±0.1800.315 Â±0.1190.170 Â±0.076*

Average weight = 169 Â± 9g.t

Animals were injected intravenously with FCAP (3.25 mg/kg)at 30 mmafterthe administrationof 18FCAP.

Biodistnbution (2 Hours Postadministration)TABLE
4

of 18FCAPin Sprague-DawleyRats* Pretreatedw
Shownas mean Â±s.d., n = 5)ith

Captopnlt(Data%ID/gPretreated48hr24hr

l2hr3hrBlood

0.094 Â±0.0160.092 Â±0.013 0.104Â±0.0160.069 Â±0.006Lung
18.362 Â±3.97013.338 Â±5.283 11.255 Â±1.7392.711 Â±0.322Kidney
1.408Â±0.2981.331 Â±0.155 1.188 Â±0.1820.601 Â±0.067Heart
0.212Â±0.0330.183 Â±0.053 0.131 Â±0.0150.060 Â±0.023Aorta
0.987 Â±0.1820.787 Â±0.214 0.521 Â±0.1020.190 Â±0.024*

A dose of 3.25 mg/kg wasused.t

Average weight = 183 Â±7 g.

TABLE 3
Displacementof 18FCAPfromTargetOrgansby â€˜8FCAPin Sprague-DawleyRats*

(Data%lD/gShownasmeanÂ±s.d.,n = 5)

HPLC. After the purification, the solution of â€˜8FCAPwas
concentrated in vacuo and reconstituted into saline. Dur
ing the concentration step, ifa bath temperature exceeding
40Â°Cwas used, a decomposed compound, which is sub
stantially more polar than â€˜8FCAP,was observed. To
eliminate the concentration step a HPLC solvent mixture
consisted of 10% EtOH and 90% water (with 0.3% glacial
acetic acid) was used instead. After HPLC purification,
the â€˜8FCAPsolution was adjusted to pH 6 with 2 N NaOH,
filtered and used for animal studies.

To prevent the adduct formation between â€˜8FCAPand
organic solvents like methylene chloride and acetone, the
reaction vessels were thoroughly cleaned and dried, the
HPLC system was also thoroughly cleaned with MeOH
followed by the desired HPLC solvents.

Although the decomposed radiolabeled by-product has
not been fully characterized, with cautions like those men
tioned above, the by-product formation could be effec
lively minimized to less than 1%. The specific activity of
8FCAP was determined by HPLC to be >300 Ci/mmol

(EOS). The variation ofthe specific activity of â€˜8FCAPwas
due to the presence of 4-cis-hydroxy-captopril which was
formed by the base hydrolysis of the tnflate of SQ32980.

The stability of â€˜8FCAPin HPLC solution at room
temperature was carefully monitored by HPLC. At pH <
5 (product solution in HPLC solvents) and under inert
atmosphere, the product solution was perfectly stable for

more than 6 hr. However, at a higher pH (>7) a significant
amount (25%) of tracer decomposition was observed in
less than 30 mm at room temperature, and the decompo
sition exceeded 50% after 2 hr at room temperature.
Therefore, for all animal studies the pH of the product
solution was carefully adjusted to pH 6 to avoid decom
position ofthe tracer. The radiochemical ofthe tracer was
analyzed prior to the animal study and immediately after
the last administration of the tracer. With the precaution
mentioned above no decomposition of the tracer was
observed in all cases.

Evidencefor ACE Bindingof 1FCAP
In 1982, Kuhar (1 7) discussed the criteria for receptor

identification and the problems of extrapolating from in
vitro to in vivo labeling. These criteria are equally appli
cable to binding of FCAP to ACE. Because the three
dimensional structure of ACE has not been detailed, just
as it has not been for most receptor systems, an operational
definition of specific binding must be employed. Kuhar
suggested that the in vivo binding should follow the in
vitro binding in terms of specificity, affinity, and correla
tion with known sites of action. In vivo biodistribution
results show that â€˜8FCAPbinds to the lung, kidney, aorta,
heart and possibly other organs with a high affinity but
low capacity. The saturability ofACE by â€˜8FCAPis clearly
demonstrated by injection of decreasing specific activities
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then the tissue ratio never reaches its steady-state value,
that is, the steady-state volume. We believe that â€˜8FCAP
obeys the former definition at 2 hr after injection (Fig. 1).

The distribution at 2 hr after co-injection of various
amounts of CAP and no-carrier-added â€˜8FCAP(Table 1)
was analyzed using the LIGAND program. The specific
activity of â€˜8FCAPwas 2,200,000 dpm/pmol. The injected
doses of CAP were 0, 1,5, 125,650, and 3250 @gCAP/kg.
This amount was corrected for the weight of the rat (150
g) and used as the total dose in the LIGAND program
(20). A reaction volume of 0.5 ml was used in the first
data set, assuming that the reaction with ACE was a first
pass phenomenon and the intravenous bolus was approx
imately 0.5 ml. Based on the fact that CAP is reversibly
protein bound, the data were recalculated using the rat
plasma volume (5.4 ml in a l50-g rat) as the reaction
volume. In all cases, the Scatchard plots were linear after
correction for nonspecific background. The affinity con
stants and ACE concentration are listed in Table 5.

The affinity constant and the ACE concentration vary
depending on the reaction volume used because the same
%ID/g would indicate a stronger affinity and a more dilute
ACE in the larger volume. Because the two values covary,

FIGURE3. Decay-correctedtime-activitycurvesgenerated
from sequential PET images of the lung (A) and kidney (B) in a
normal human subject following administration of 18FCAP.A
designatesthe rightorganandâ€¢the left. Fiveimageswere taken
prior to administrationof unlabeledcaptopnland two were taken
postadministration.
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FIGURE2. PETimagesatthelevelofthelung(A)andkidney
(B)followingadministrationof 6 mCiof 18FCAPto a normal
human subject. The images are taken at the times designated in
the upperand lower right panels.

of â€˜8FCAP(Table 2). Further proof is given by the chase
experiments where the bound â€˜8FCAPcan be displaced by
injecting non-radioactive FCAP intravenously at 30 mm
after the administration of â€˜8FCAP,which is distributed in
the major organs in proportion to the known concentra
tions of ACE as determined by ex vivo experiments. This
is further evidence of specific binding. Finally, the affinity
constants can be shown to be the same order of magnitude
as those observed in other ACE inhibitor binding. Assum
ing that the binding obeyed the equation governing ligand
receptor binding in vitro, i.e., the system is at steady state,
analysis of the Scatchard type was undertaken. The use of
this equilibrium expression can only be justified if the
system is at steady state, i.e., the rate of change of the
concentration of â€˜tFCAPis zero. This is interpreted on a
practical level in two ways. Patlak and Blasberg (18) state
that when the change in the blood plasma concentration
eventually becomes slow enough that its time constant is
much longer than any ofthe time constants ofthe system,
then the amount in the reversible compartment will be in
effective steady state with the blood plasma. Gjedde et al.
(19), on the other hand, state that if the plasma concen
tration continues to decline slowly but nonexponentially,

90 190 110@ 250

Th. (m@)

Time(mm.)
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k1t,,,%D/g(min1)(mm)(t
= 0)

TABLE5The
Affinity Constants (KA)(M-1) and ACE Concentration(M)for
Lung, Kidney, Heart, and Aorta Assuming aReactionVolume

of 0.5 ml or 5.4 ml Using Data of Table2KA

X 10@ [ACE]x 10_12KA[ACE]Â°Lungfor0.5ml

7.68 25100.19Lung
for 5.4ml 83.00 2700.22Kidney

for 0.5ml 64.2 53.50.034Kidney
for 5.4ml 696 4.950.034Heart

for 0.5ml 8.4 24.60.0021Heart
for 5.4ml 91.1 2.270.0021Aorta
for 0.5 ml 7.9 93.30.0074Aorta
for 5.4ml 85.6 8.60.0074*

Binding capacity.

TABLE 6
Net Efflux of 18FCAPand CAP

(A)Forncaâ€˜Â°FCAP
Lung 0.0026

(0.002_0.003)*
Kidney 0.0043

(0.00â€”0.014)
Heart 0.0034

(0.00â€”0.008)
Aorta 0.00042

(0.00â€”0.0009)

(B) For18FCAP(CHASE)
Lung 0.015

(0.012â€”0.038)
Kidney 0.015

(0.012â€”0.021)
Heart 0.012

(0.010â€”0.022)
Aorta 0.014

(0.00â€”0.050)

266.5 37.3
(33.9â€”40.7)

161.2 6.2
(1.9â€”11.5)

203.8 0.47
(0.25â€”0.68)

1650 1.3
(1.18â€”1.36)

46.2 39.6
(34.2â€”99.9)

46.2 7.6
(6.8â€”10.4)

57.7 0.53
(0.51â€”0.88)

49.5 1.8
(0â€”8.1)

the product of the two is a constant. This product is often
called the â€œbindingpotentialâ€•under certain well defined
conditions (21). The product of the affinity constant and
the ACE concentration is highest for the lung, and lowest
for the heart and the aorta, the likely site of reaction of
ACE inhibitors. The 0.5-ml reaction volume is probably
most appropriate for the lung because of the first-pass
phenomenon, whereas the 5.4 ml reaction volume is prob
ably most appropriate for the kidney, heart, and aorta.

Useof IeFCApas a ProbeTo Determinethe Half-Lives
of ACE Inhibitors

One ofthe most interesting uses of â€˜8FCAPis to deter
mine the half-lives of other nonlabeled ACE inhibitors in
man using PET. To better understand the behavior of
FCAP in vivo, the kinetics of FCAP were compared under
various conditions.

The distribution of no-carrier-added â€˜8FCAPat 30, 60,
120 and 240 mm after intravenous injection was analyzed
assuming the net efflux is a first order kinetic process. A
â€œchaseâ€•experiment was also carried out wherein 3.25 mg/
kg of unlabeled FCAP was injected 30 mm after the
injection of â€˜8FCAP.Finally, the net efflux of CAP was
measured indirectly by preinjecting CAP and then meas
uring the concentration of â€˜8FCAPin the lung, kidney,
heart, and aorta as a function of the time after injection
of the CAP. The rats were killed 2 hr after the â€˜8FCAP
injection. Therefore, the net efflux of CAP was measured
indirectly by the increased uptake of â€˜8FCAPat the ACE.
In the usual kinetic equation:

Ln(CAP@â€”CAPw) = Ln (CAPOâ€”CAPw) k1t

CAP is replaced by the indirect parameter %ID/g â€˜tFCAP.
The CAP concentration at CAPOObecomes the â€˜tFCAP
value in the absence of preinjected CAP. The net efflux
for CAP is then obtained from the slope of the plot of
%ID/g (â€˜tFCAPmax)(%ID/g â€˜8FCAPI)versus time. The
net efflux for FCAP and CAP obtained from these three
experiments are given in Table 6.

The net efflux of the no-carrier-added â€˜8FCAPwas
slowest for the aorta, with a half-life of 27 hr (Table 6A).
As would be expected, the relatively large chase dose of

(C) ForCAP(pre)
Lung 0.00087 800 18.4

(0.0001 â€”0.0002) (8.8â€”34.3)
Kidney 0.0019 356 1.3

(0.001 7â€”0.0030) (1.2â€”2.0)
Heart 0.0011 622 1.2

(0.0008â€”0.0017) (0.18â€”0.27)
Aorta 0.0015 452 1.3

(0.0007â€”0.0015) (0.9â€”1.4)

(D)ForCAP(pre)takenfromthedataof Cushmanet al. (18)
Lung â€” â€” â€”
Kidney 0.0010 693 112
Heart 0.0010 693 75
Aorta 0.0005 1386 81

* 95% confidence limits as determined using Systat Non Lin Pro

gram.

3.25 mg CAP/kg accelerates the net efflux from the foui@
target tissues. All net efflux rates were similar (46â€”49.5
mm.) (Table 6B). The net efflux of CAP as measured
indirectly by the decrease of â€˜8FCAP%ID/g in the target
tissue was much slower than for the two direct experiments
except for the aorta which had a net efflux value of 1650
mm for the no-carrier-added â€˜8FCAPand only 452 mm
for the preinjection of CAP with indirect measurement
using â€˜8FCAP(Table 6C). The CAP was given at 3.25 mg/
kg and as such saturated the system. In addition, no
carrier-added â€˜tFCAPis at a distinct disadvantage in the
competition for ACE sites because of the relatively high
concentration of CAP. Nevertheless, as a measure of free
ACE, it reflects the rather long half-life of CAP when used
as an antihypertensive agent. This latter method can be
used to measure the half-lives of a series ofACE inhibitors
without radiolabeling each pharmaceutical.

Recently Cushman et al. (22) measured the net efflux
of captopril by using an ex vivo procedure to measure the
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residual ACE activity. Briefly, tissue samples were taken
at various times after oral administration and frozen for
subsequent ACE activity assay. Before assay ofACE activ
ity, the tissue was weighed and homogenized, then the
uncentrifuged homogenate was diluted to the highest con
centration that would permit accurate measurement of
ACE activity by the fluorometric assay. The assay is based
on the cleavage of the substrate Hip-His-Leu by ACE.
Because of the dilution, the ex vivo ACE will always be
less than the in vivo ACE. Cushman et al. suggest that a
20% inhibition oftissue ACE observed in diluted homog
enates ex vivo usually represents nearly 100% inhibition
in the intact tissue in vivo. The net efflux as measured by
residual ACE is given in Table 6D in the same units used
in Table 6C. The dose of captopril was 30 mg/kg po. The
half-lives are in general agreement given the many as
sumptions made in both experiments.

Human Studies
One of the potential uses of â€˜8FCAPis to study the

kinetics of CAP and other ACE inhibitors in vivo. The
human studies show this to be possible. If one examines
the PET numbers in Figure 3, the lung/kidney ratio de
creases from 1.6 to 0.8 over the 90 mm time prior to
administration of unlabeled captopril. In rats, the lung
to-kidney ratio increases from â€˜@-5.3to 7.9 from 30 to 120
mm postinjection. In the animal data, activity was ex
pressed as % ID, whereas a volume element is used in the
human study. The relative density of the lung to kidney
can be determined from the transmission scan that had
been carried out prior to the PET emission scan. The
relative density was â€˜Â°-3.5;so in the human the absolute
initial uptake on a weight-to-weight ratio in the lung was
4.8 times that in the kidney, a similar ratio to that obtained
at the early time point in the rat. The clearance rate from
the lung in the human is greater than that in rats while the
opposite is true for the kidney. This observation points
out the difficulty in extrapolating from animal to human
data and the importance of being able to probe the effect
of drug behavior at the site of action in humans. â€˜8FCAP
appears to be a new radiopharmaceutical with properties
that will allow the measurement of ACE levels under
various therapeutic regimens in man and also will allow
the determination ofhalf-lives ofvarious ACE pharmaceu
ticals without radiolabeling each day.
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