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Abstract 0 The uptake and metabolism of isosorbide dinitrate was in-
vestigated in the recirculating isolated perfused rabbit lung and in lung
homogenate 9000Xg supernatant. Concentration versus time profiles
from the isolated lung experiments indicate rapid metabolism of iso-
sorbide dinitrate and corresponding increases in the metabolites 5-iso-
sorbide mononitrate, 2-isosorbide mononitrate, and isosorbide. The data
suggest that the mononitrates formed in the lung tissue were converted
to isosorbide at an extraordinarily high rate. Surprisingly, the rate of
appearance of completely denitrated isosorbide was greater when iso-
sorbide dinitrate was administered to the lung than when the mononitrate
metabolites of isosorbide dinitrate were administered. The results suggest
rapid metabolism of a substantial portion of the mononitrates formed
endogenously from isosorbide dinitrate before partitioning of mononi-
trates into the perfusion medium could occur. The metabolism of iso-
sorbide dinitrate in lung homogenate 9000Xg supernatant exhibited a
metabolic scheme kinetically different from the intact lung studies, as
isosorbide was formed slowly from a mononitrate intermediate and not
by a near-simultaneous cleavage of both nitrate ester groups. Intravas-
cular multiple-dose studies did not demonstrate any inhibition between
isosorbide dinitrate and the mononitrates.
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The lung has been evaluated previously for many
functions other than the physiological exchange of gases.
The lung is now known to absorb many drugs, filter the air
and blood, and serve in fibrinologic, endocrinologic, and
metabolic capacities (1, 2). Uptake of a drug into the lung
may be by passive diffusion (3) or carrier-mediated
transport (4) and may have reversible, competitive, or
saturable components (5). The lung can metabolize effi-
ciently many biologically active substances once they are
distributed in the lung (2, 3, 6).

Isosorbide dinitrate is a vasodilator used primarily in
the treatment of angina pectoris and congestive heart
failure (7, 8). Organic nitrates including isosorbide dini-
trate are metabolized extensively by the enzyme gluta-
thione organic nitrate reductase (9, 10), and their oral ef-
fectiveness has been questioned due to extensive first-pass
liver metabolism (11, 12). The objective of this study was
to investigate the uptake and metabolism of isosorbide
dinitrate in the isolated perfused rabbit lung, and to
evaluate in a preliminary manner this organ as a route of
administration.

EXPERIMENTAL

Materials—Randomly labeled [!“Clisosorbide dinitrate (168 mCi/
mmole)! was purified by the chromatographic procedure described in
Analytical Methods and extracted from the silica gel with methanol. A
working solution of >96% purity was obtained and checked at 6-month
intervals. Radiolabeled metabolites were recovered in the same manner.
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Nonlabeled isosorbide dinitrate was obtained as a 25% lactose mixture?,
and the pure compound was recovered by extraction with ethyl acetate
and evaporation of the solvent. Nonlabeled 5-isosorbide mononitrate?,
2-isosorbide mononitrate4, and isosorbide® were used without further
purification. All other solvents and reagents were reagent grade.

Isolated Perfused Rabbit Lung Experiments—The isolated lung
preparation has been modified slightly from procedures described pre-
viously (6, 13). The isolated lung was perfused at 225 ml/min by 100 ml
of an artificial medium prepared the day of or day before an experiment.
The perfusion medium was composed of Krebs-Henseleit bicarbonate
buffer (500 ml) with 4.5% bovine serum albumin (22.5 g)® and 5 mmoles
of glucose (90 mg)?. The pH, adjusted to 7.4, was maintained during the
experiment by a constant 0.005-m]/min infusion of a 1.0 meq/ml sodium
bicarbonate solution containing 10% glucose and by appropriate ad-
justments in an air—carbon dioxide ventilating mixture supplied to the
lungs.

For intravascular bolus administration, the compounds were presented
to the lung by addition to the upper reservoir. Generally ~8 uCi of the
compound was added in each study, and supplementary unlabeled
compounds were added to achieve the required dose. Doses ranged from
10~7 to 10~5 mole for isosorbide dinitrate and were 10~6 mole for the
mononitrates. Each experiment was performed in duplicate. One-milli-
liter perfusion medium samples were withdrawn from the upper reservoir
at appropriate intervals during the 1-2 hr experiment. In the multiple-
dose studies, a second (10~7-mole) dose of isosorbide dinitrate was given
60 min after the first (10~5-mole) dose, with subsequent metabolism
followed for an additional 60 min.

Lung 9000X¢g Homogenate Experiments—The lungs of New Zea-
land rabbits were separated from all extraneous tissue, weighed, and
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Figure 1—Semilogarithmic perfusion medium concentration versus
time profiles following a 10~8-mole iv administration of isosorbide di-
nitrate. Key: (®) isosorbide dinitrate; (W) 5-isosorbide mononitrate;
(A) 2-isosorbide mononitrate; (®) isosorbide. Lines are visual aids
only.
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Scheme I—Pathways of isosorbide dinitrate metabolism.

added to a beaker containing two volumes of 0.04 M phosphate buffer,
pH 7.4. The lungs were homogenized and centrifuged at 3000xg for 15
min in a centrifuge kept at 0°. For the incubations, 24 separate culture
tubes were arranged containing 10~% mole of isosorbide dinitrate, 5-iso-
sorbide mononitrate, or 2-isosorbide mononitrate to allow a more precise
quantitation of each metabolic step. Reduced glutathione® and sodium
cyanide® were added in quantities of 2 X 1072 moles each, according to
the method of Needleman and Krantz (9). The experiment was initiated
by the addition of 0.5 m! of the 3000Xg supernatant. The culture tubes
were placed in a shaker incubator kept at 37°, and one culture tube
containing each compound was removed at every time interval for anal-
ysis. A control experiment was conducted to measure the hydrolysis of
isosorbide dinitrate in the presence of glutathione, cyanide, and phos-
phate buffer. Each experiment was performed in duplicate.

Analytical Methods—The perfusion medium and homogenate
samples were extracted with 10 ml of ether, and the organic phase was
evaporated to dryness in a water bath not allowed to exceed 40°. Residues
were reconstituted in 100 ul of methanol; half of this solution was streaked
across 250-um silica gel TLC plates!®. Chromatograms were developed
15 cm with dichloromethane—ethyl acetate (4:1). A radiochromatogram
scanner!! was used to locate the radioactive zones on the TLC plates
corresponding to isosorbide dinitrate, 5-isosorbide mononitrate, and
2-isosorbide mononitrate, which had R, values of 0.63, 0.19, and 0.32,
respectively. Appropriate bands were scraped into a scintillation vial'?
and dispersed with 15 m! of a scintillation gel prior to counting in a liquid
scintillation counter!3, The gel was composed of 112 g of naphthalene,
14 g of 2,5-diphenyloxazole (PPO), and 0.7 g of 1,4-bis{2-(4-methyl-5-
phenyloxazolyl)-benzene] (dimethyl POPOP) dissolved in 1400 ml of a
mixture of xylene (1 part), dioxane (3 parts), and ethylene glycol mo-
noethyl ether (3 parts), followed by the addition of 84 g of a thixotropic
gelling agent!4, All samples were corrected for quenching by an external
standardization method.

Isosorbide was measured by suspending 0.1 ml of the perfusion medium
remaining after the ether extraction in a toluene—ethoxyoctylphenol®
scintillation cocktail (6). To confirm that only isosorbide was measured,
perfusion medium samples from a lung experiment were streaked on TLC
plates and developed with a solvent system of 2-propanol-ammonium
hydroxide (4:1) (14). The plates were scanned, scraped, and counted in
15 ml of the silicon dioxide cocktail. Unlabeled, authentic isosorbide was

8 Sigma Chemical Co., St. Louis, Mo.
? Fisher Scientific Co., Pittsburgh, Pa.
10 Apaltech Inc., Newark, Del.
1! Model 7201, Packard Instrument Co., Downers Grove, Ill.
12 Research Products International, Elk Grove Village, I11.
13 Model 2425, Packard Instrument Co., Downers Grove, Il1.
14 Cabosil, Research Products International, Elk Grove Village, Il1.
15 Triton X-100, Research Products International, Elk Grove Village, Ill.
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Table I—Pharmacokinetic Parameters Obtained After
Intravascular Administration of Isosorbide Dinitrate to Isolated
Perfused Lung

AUC, CL,
Dose, moles min/ ml/ Risosorbide Dinitrates  Half-life,
moles ml min min~} min
10-5 1.1 X 10°¢ 8.8 0.061 11.4
10-5 1.2 X 10-% 84 0.054 12.8
10-6 5.2 X 108 19.0 0.118 5.9
10-8 6.0 X 10~8 16.6 0.116 6.0
10-7 50 X 10~ 20.1 0.128 5.4
107 3.6 X 1079 27.6 0.149 4.7

visualized by spraying the plates with a reagent composed of sodium
metaperiodate, potassium permanganate, and sodium carbonate (15).
Isosorbide concentrations found in the 2-propanol-ammonium hydroxide
TLC system corresponded within 15% to those seen by direct measure-
ment of the 0.1 ml postextraction perfusion-medium sample.

RESULTS AND DISCUSSION

The perfusion medium concentrations obtained after a 108-mole iv
dose of isosorbide dinitrate are shown in Fig. 1. The metabolites (5- and
2-isosorbide mononitrate) show increasing perfusion medium levels which
peak after 40 min and have a slight decline when there is virtually no
isosorbide dinitrate left to be converted. The 2-isosorbide mononitrate
levels are only half those attained by the 5-isosorbide mononitrate,
probably due to the stereoselective cleavage of the 2-nitrate group
(Scheme I). The isosorbide concentration shows the same rapid increase,
but no tendency to decline at the end of the experiment.

Similar concentration versus time profiles were obtained for the 10-5-
and 10~7-mole doses of isosorbide dinitrate. Pharmacokinetic parameters
for isosorbide dinitrate disposition obtained from these studies are given
in Table I. Areas under the isosorbide dinitrate perfusion medium con-
centration versus time curve (AUC) were obtained by the trapezoidal
rule. Clearances were calculated as the dose divided by the respective
AUC. Rate constants and half-lives were obtained from the slope of a line
determined from a least-squares analysis of the isosorbide dinitrate
concentrations. Linear first-order kinetics appeared to be in effect at the
at N
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Figure 2—Semilogarithmic perfusion medium concentration versus
time profiles following a 10~8-mole iv administration of 5-isosorbide
mononitrate. Key: (B) 5-isosorbide mononitrate; (@) isosorbide.



Table II—Apparent First-Order Rate Constants for the
Formation of 5-Isosorbide Mononitrate, 2-Isosorbide
Mononitrate, and Isosorbide after Isosorbide Dinitrate
Administration to Isolated Perfused Lung #

Table III—Apparent First-Order Rate Constants for the

Formation of Isosorbide from Isosorbide Dinitrate, 5-Isosorbide

rononitrate, and 2-Isosorbide Mononitrate in Isolated Perfused
ung 4

Dose, ks Isosorbide Mononitrate k2.1s0sorbide Mononitrates R lsosorbides
moles min~! min~! min~!
10-5 0.030 0.014 0.018
10™% 0.028 0.015 0.021
10-¢ 0.056 0.017 0.038
10~¢ 0.055 0.027 0.041
1077 0.069 0.024 0.035
1077 0.084 0.032 0.039

° Based on initial rate data.

lower two doses, as demonstrated hy the closeness in the clearance values.
Lower clearances at high concentrations suggest some saturation of the
organic nitrate reductase enzyme at the largest dose.

The role of the lung in the metabolism of isosorbide dinitrate in rela-
tionship to the overall disposition of the drug can be elucidated by
comparison of the clearance and flow rate of the perfusion medium. The
fraction of the dose which passes through the lung vasculature but is not
eliminated would be calculated by:

Qs

where CL is the perfusion medium clearance (ml/min) and Qg is the
perfusion flow rate (ml/min) (16). For the case of isosorbide dinitrate,
nearly 90% of the drug entering the lung would escape first-pass pulmo-
nary metabolism. This relatively slight metabolism suggests that lung
metabolism would not be a major factor in the overall elimination of this
compound compared with the rapid hepatic denitration demonstrated
by isolated, perfused rat liver experiments (17).

Initial rates of formation for the individual metabolites after admin-
istration of isosorbide dinitrate were determined from rectilinear plots
using a tangent drawn to the respective data points collected in the first
2 min of the experiment. The corresponding apparent first-order rate
constants were calculated by dividing these initial rates by the average
isosorbide dinitrate concentration in the same time period. Rate constants
for the formation of each of the individual metabolites are presented in
Table II. In all cases, 5-isosorbide mononitrate was formed more rapidly
than isosorbide, which in turn was formed more rapidly than 2-isosorbide
mononitrate. The rapid monoexponential decline of the parent drug
(Table I) corresponded to the rate of increase in metabolite levels as
determined from the sum of the rate constants for the appearance of the
three metabolites (Table I1). The mean difference of these rate constants
was 6.1% (SD + 6.6%).

The profiles following administration of 10~6-mole doses of 5- and
2-isosorbide mononitrate are shown in Figs. 2 and 3, respectively. The
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Figure 3—Semilogarithmic perfusion medium concentration versus
time profiles following a 10~%-mole tv administration of 2-isosorbide
mononitrate. Key: (A) 2-isosorbide mononitrate; (®) isosorbide.

Rate Constant, min~!

0.038 =+ 0.003%
0.0025 + 0.0005¢
0.0073 £ 0.0011¢

Compound

Isosorbide dinitrate
5-Isosorbide mononitrate
2-Isosorbide mononitrate

SMean+SD.bn=4°n=2

2-isosorbide mononitrate shows a more rapid disposition (0.0073 min—!)
than the 5-isosorbide monenitrate (0.0025 min~!), probably due to the
exo positioning of the 2-nitrate group. In both cases, the rate constants
were determined from semilogarithmic rate plots of the ascending iso-
sorbide concentrations. The slight decrease in mononitrate levels ap-
peared also to correlate well with the terminal slopes of the mononitrates
in the isosorbide dinitrate experiments.

In Table I1I, rate constants for the formation of isosorbide from the
two mononitrates (as determined from the terminal slopes of the semi-
logarithmic mononitrate plots) are compared with the apparent first-
order rate constant calculated from initial rates of appearance of iso-
sorbide after administration of 1078- and 10~7-mole doses of isosorbide
dinitrate to the lung. These results indicate that the isosorbide was
formed much more rapidly when isosorbide dinitrate was given as the
dose rather than 5- or 2-isosorbide mononitrate. The rate constants for
formation of isosorbide when mononitrates were added to the lung ac-
count for <25% of that formed when isosorbide dinitrate was added.
These data show that the large amount of isosorbide formed in the iso-
sorbide dinitrate experiments could not have been formed by either
mononitrate that had partitioned from the lung into the perfusion me-
dium. The rapid formation of isosorbide from these experiments was not
typical of a two-step metabolic process. There is no indication from the
mononitrate concentration-time profiles in the perfusion medium that
these compounds serve as intermediates to the completely denitrated
molecule. Therefore, the rapid formation of isosorbide following isosor-
bide dinitrate administration appears to be the result of a high intrinsic
clearance of the mononitrates formed in the metabolizing organ prior to
their diffusion into the perfusion medium.

The differences in the rate of elimination of the mononitrates following
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Figure 4—Semilogarithmic concentration versus time profiles showing
metabolism of 1072 mole of isosorbide dinitrate in lung homogenate
9000Xg supernatant. Key: (@) isosorbide dinitrate; (W) 5-isosorbide
mononitrate; (A) 2-isosorbide mononitrate; (®) isosorbide. Lines are
visual aids only.
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Figure 5—Semilogarithmic concentration versus time profiles showing
metabolism of 10~2 mole of 5-isosorbide mononitrate in lung homoge-
nate 9000Xg supernatant. Key: (W) 5-isosorbide mononitrate; (®)
isosorbide.

administration of preformed mononitrates to the isolated perfused lung
and the rate of production of isosorbide following administration of iso-
sorbide dinitrate may be attributed to the different distribution chatr-
acteristics of the mononitrates and the dinitrate. As a precursor, isosor-
bide dinitrate may deliver the 5- and 2-isosorbide mononitrates to sites
in the proximity of the metabolizing tissue of the lung, to which the mo-
nonitrates themselves have relatively poor access. The second nitrate
ester could be quickly denitrated at that point. The mononitrates formed
in the lung may also diffuse into the perfusion medium, where their dis-
tribution characteristics lead to the slower metabolism seen after an in-
travascular dose of the mononitrates. Thus, the accessibility to the en-
zymatic site will directly affect the metabolism of the mononitrates to
isosorbide.

There is other evidence that the rate at which a metabolite formed in
a metabolizing organ achieves its fate cannot be assumed to be the same
as a preformed metabolite presented to that organ. In the studies of
Brazzell and Kostenbauder (18), greater metabolism of isoproterenol in
the lung was observed when it was formed by the hydrolysis of two diester
prodrugs than when it was delivered to the isolated perfused rabbit lung
as isoproterenol. The extensive experiments of Pang and Gillette (19)
demonstrated the sequential elimination of acetaminophen as it was
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Figure 6—Semilogarithmic concentration versus time profiles showing
metabolism of 10~ mole of 2-isosorbide mononitrate in lung homoge-
nate 9000Xg supernatant. Key: (&) 2-isosorbide mononitrate; (®)
isosorbide.
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Figure 7—Semilogarithmic radioactivity versus time profile of iso-

sorbide dinitrate following successive doses of 10~5 and 10~7 mole.

being formed from phenacetin in a single pass through the isolated per-
fused liver. Although diffusional barriers were not needed for an expla-
nation of the differences in the metabolism of preformed acetaminophen
and acetaminophen formed from phenacetin, these types of barriers to
metabolism were hypothesized (20). Rate-limiting diffusional parameters
have also been shown to affect metabolism and subsequent elimination
in the isolated perfused rat kidney (21). Due to diffusion into renal tu-
bular cells, salicylic acid was cleared more rapidly when it was formed
in the kidney from salicyluric acid than when it was presented to the
kidney as intact salicylic acid.

The 3000Xg lung homogenate studies were designed to investigate the
rates of metabolism of these organic nitrates independent of any cell wall
barriers that might exist. In these experiments, isosorbide dinitrate was
rapidly metabolized to the mononitrates in the lung supernatant (Fig.
4). The rate of appearance of isosorbide lagged behind that of both mo-
nonitrates and was consistent with sequential first-order dinitrate-to-
mononitrate-to-isosorbide metabolism. This concentration versus time
profile is markedly different from the virtually simultaneous appearance
of mononitrate and isosorbide following administration of isosorbide
dinitrate to the isolated perfused lung.

Figures 5 and 6 show examples of the slow metabolism of the 5- and
2-isosorbide mononitrates, respectively, in 9000Xg supernatant. There
is only a slight increase in isosorbide levels as these mononitrates are
slowly denitrated. Further, the amount of isosorbide formed from the
mononitrates in these lung homogenate experiments confirms that the
isosorbide formed in the isosorbide dinitrate experiments is a direct
product of the metabolism of the mononitrate intermediates alone.
Therefore, in the homogenate studies, unlike the intact lung studies,
isosorbide formation kinetics are not altered quantitatively by admin-
istering isosorbide dinitrate instead of a mononitrate. In a control ex-
periment, isosorbide dinitrate was not hydrolyzed in the presence of re-
duced glutathione and sodium cyanide, so the metabolism was a direct
result of the lung supernatant. The homogenate studies were interesting
in the requirement of cyanide for the metabolism of isosorbide dinitrate.
In the presence of lung 9000Xg supernatant and reduced glutathione
alone, the drug was not metabolized. The addition of sodium cyanide kept
glutathione in its reduced form (9), and isosorbide dinitrate was metab-
olized quite rapidly.

The multiple-dose experiments were designed to investigate the pos-
sibility of product inhibition of the organic nitrate reductase enzyme. A
constant infusion of the mononitrates, with coadministration of isosor-
bide dinitrate, would be inappropriate to demonstrate inhibition, since
only small amounts of the mononitrates would reach the enzymatic site.
By administering the parent compound, the mononitrates could reach
that site by virtue of lung metabolism. Therefore, two separate intra-



vascular doses of isosorbide dinitrate, 10~° and 10~7 moles, were given
60 min apart, and the rate of elimination was ascertained for each dose.
Plots of isosorbide dinitrate radioactivity for the two doses of the drug
in one experiment are shown in Fig. 7. Two parallel lines, representing
a half-life of 8 min, indicated that there was no increase in the half-life
exhibited with the second dose. There was thus no indication from these
studies that the mononitrate metabolites could inhibit denitration of
isosorbide dinitrate, whether the mononitrates were preformed or formed
insitu.

In summary, this paper illustrates how access to selected organs or
tissues may alter the expected metabolism of a drug. Release of a drug
from a precursor in the proximity of metabolizing tissue may lead to more
rapid metabolism than seems likely from studies involving presentation
of the preformed drug to that organ or tissue.
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Abstract O The pharmacokinetics of N-acetylprocainamide, adminis-
tered orally or intravenously, were studied in 3-, 6-, and 12-month-old
rats using a two-way crossover study design. At 3, 6, and 12 months of age,
the half-life values of N-acetylprocainamide were 1.66, 1.82, and 2.29 hr,
respectively; the apparent volumes of distribution were 4.75, 3.35, and
1.98 liter/kg, respectively. The.elimination rate constant, clearance, and
absolute bioavailability of the drug (determined by AUC measurements
and the amounts excreted unchanged in the urine) decreased significantly
with age. The rate of absorption remained unchanged. The amounts of
N-acetylprocainamide in the liver and kidneys were significantly higher
in the 12-month-old animals. These results clearly demonstrate a sig-

nificant alteration with age in the bioavailability, distribution, and
elimination of N-acetylprocainamide in rats. In long-term toxicity studies
of this and other drugs that show age-dependent pharmacokinetics, an
adjustment in the chronically administered dose is essential.

Keyphrases 0 N-Acetylprocainamide—oral and intravenous phar-
macokinetics in rats, bioavailability, age-related changes 0 Pharmaco-
kinetics—N-acetylprocainamide in rats after oral and intravenous ad-
ministrations, age-related changes O Bioavailability—N-acetylprocai-
namide in rats after oral and intravenous administrations, age-related
changes

It has been established that many physiological changes
are associated with aging. Lean body mass, plasma albu-
min, and total body water decrease with age. In humans,
the cardiac output decreases 1%/year from ages 19 to 86,
and the blood flow to the kidneys is also reduced with age
(1). In rats, there are pronounced decreases (>30%) in the
cardiac index and in hepatic, renal, and GI tract blood flow
at 11-12 months of age (2). These changes can account for
significant alterations in the pharmacokinetics and
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pharmacodynamics of drugs. In toxicity and oncogenicity
studies in animals, which are conducted over a long period
of time (1 year or more), aging may account for (3, 4): (a)
diminished absorption of drugs through the GI tract; (5)
diminished rate of metabolism and renal excretion of
drugs; (c¢) accumulation of drugs in blood and receptor
sites; (d) changes in affinity and sensitivity of the receptor
sites to drug molecules; and (e) an increased rate of mor-
tality. For these reasons, it was considered prudent to
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