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ABSTRACT 

A selective and sensitive capillary column gas-liquid chromatographic procedure has 
been developed for the simultaneous determination of isosorbide dinitrate (ISDN) 
and its mononitrate metabolites in rabbit blood and tissue homogenates. The method 
has a limit of detection of O.lng ml-l for ISDN, l n g  ml-' for isososorbide 
5-mononitrate (5-ISMN), and 2 ng ml-l for isorbide 2-mononitrate (ZISMN). The 
day-to-day coefficients of variation were 2.5, 6.8, and 11.3 per cent for ISDN, 
5-ISMN, and 2-ISMN, respectively. The within-day coefficients of variation were 2.7, 
4.9 and 6.5 per cent for ISDN, 5-ISMN, and 2-ISMN, respectively. The procedure was 
used to determine the biotransformation of ISDN (2 X lo-' M) to  5-ISMN and 
2-ISMN by various rabbit tissue homogenates. The relative rate of biotransformation 
of ISDN was liver > lung = intestine > kidney > blood = skeletal muscle, with the 
lung and intestine homogenates being about two-thirds as active as liver homogenates. 
These results indicate that extrahepatic biotransformation of ISDN, especially by lung 
and intestine, may contribute to  the systemic clearance of ISDN in the rabbit. 

KEY WORDS Isosorbide dinitrate Metabolites Rabbit tissues Assay Gas-liquid chroma- 
tography 

INTRODUCTION 

Isosorbide dinitrate (ISDN), an organic nitrate vasodilator, is an effective 
drug for the management of angina pectoris' and congestive heart failure.2 
Following oral administration, ISDN undergoes extensive presystemic 
biotransformation which is thought to occur primarily in the liver.3 This 
biotransformation appears to be mediated by glutathione S-transferase 
resulting in the formation of two pharmacologically active metabolites: 
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isosorbide 2-mononitrate (2-ISMN) and isosorbide 5-mononitrate (5- 
ISMN).4v5 It has been shown that the systemic clearance of ISDN in man is 
greater than hepatic blood flow,6 indicating that an appreciable portion of the 
total body clearance must be extrahepatic. In other studies that bear on this 
question, rabbit and rat lung tissue have recently been demonstrated to 
metabolize ISDN;73X biotransformation of ISDN has been observed in the 
10 000 g supernatant from rabbit intestinal homogenate (unpublished 
observations), human intestinal m u c ~ s a , ~  human blood,'" and rat blood .3  In 
previous studies, we reported a sex difference in the biotransformation of 
ISDN by human whole blood.'" The half-life was 90.4 min in males and 155-4 
min in females. It is also interesting that in male rats the half-life of glyceryl 
trinitrate is about 60 per cent of that for females;" also, g1utathione-S- 
transferase activity is greater in males than females.I2 An aim of our work is 
to determine whether sex-related differences in ISDN biotransformation 
occur in tissues other than human blood. Therefore it was important to study 
the metabolism of ISDN in tissue homogenates of a suitable laboratory 
animal. The rabbit was selected for this study to ensure an adequate supply of 
blood and other tissues for the preparation of homogenates. 

Several gas-liquid chromatographic (GLC) procedures have been de- 
veloped to quantitate ISDN and its mononitrate metabolites in biological 
fluids and tissues. None of these procedures satisfactorily fulfilled our 
requirements for the determination of the in vitro biotransformation of ISDN 
in blood and tissues because of various considerations including sensitivity, 
sample size, and reproducibility. 

This communication describes a selective and sensitive capillary GLC assay 
for the simultaneous determination of ISDN and its two mononitrate 
metabolites from blood and tissue homogenates. 

EXPERIMENTAL 

Chemicals and solutions 
ISDN (25 per cent w/w in lactose powder), crystalline 5-ISMN, and 

2-ISMN were gifts from Wyeth Ltd (Toronto, Ontario, Canada). Crystalline 
ISDN for analytical standards was a gift of Ayerst Laboratories Inc. (Rouses 
Point, NY, U.S.A.). Reduced glutathione was obtained from Sigma 
Chemical Co. (St. Louis, MO, U.S.A.). Stock solutions of ISDN were 
prepared by extraction of the lactose powder with acetone following the USP 
method.20 Dilutions of ISDN in potassium phosphate buffer (pH 7.4) were 
prepared daily for use in the tissue incubation experiments. The final 
concentration of acetone in the incubation samples was less than 0-001 per 
cent (v/v). All other chemicals were at least reagent grade from a variety of 
sources. Diethyl ether was distilled over potassium hydroxide pellets prior to 
use. 
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Equipment 
Chromatographic analysis was conducted with a Hewlett-Packard Model 

5792 capillary gas chromatograph equipped with a "Ni electron capture 
detector (ECD). A 10 m x 0.25 mm Durabond-17@ fused silica column coated 
with phenylmethyl silicone (Chromatographic Specialties, Brockville, Ontar- 
io, Canada) was used. Splitless injection was selected with a 48s splitless 
period. The carrier gas and detector make-up were helium (1.8ml min-') and 
argon-methane (95:5,60 ml min-I), respectively. Carrier gas flow rates at the 
split vent and septum purge were 40ml min-' and 4ml min-', respectively. 
The detector and injection port temperatures were 225" and 200", 
respectively. For each analysis, the oven temperature was kept at 80" initially 
for 0.8 min and then increased to 150" at a rate of 26" min-'. After each 
analysis, the oven temperature was increased to 200" and held for 2 min to 
elute residual material. 

Tissue preparation 
Liver, lung, kidney, small intestine, skeletal muscle (quadriceps) tissue, 

and blood were obtained from male, New Zealand white rabbits (2-5-3-5 kg). 
Rabbits were housed in the Animal Care Facility of Queen's University in a 
12-h darwlight cycle. Food (Purina@ Laboratory Rabbit Chow 5321) and 
water were available ad libitum and the animals were killed by cervical 
fracture. Tissues were rinsed immediately and/or perfused (liver, lung, 
kidney) with ice-cold 0.1 M potassium phosphate buffer (pH 7.4) to remove 
residual blood. Blood collected via cardiac puncture was placed in ice-cold 
heparinized tubes. Each tissue was chopped finely with scissors and 
homogenized (blade homogenizer, Tekmar, Cincinnati, OH, U.S.A.) on ice 
in cold potassium phosphate buffer to make a 10 per cent (wh) homogenate. 
Each homogenate was filtered through a double layer of gauze to remove 
larger pieces of connective tissue and the filtered homogenate was used for 
incubation studies. Red blood cell lysate supernatant was prepared by the 
method of Bennett et aL2' 

Incubation of homogenates and blood with ISDN 
All glassware used in the incubation studies was silanized to prevent 

adsorption of the organic nitrates. The glassware was immersed in 5 per cent 
trimethylchlorosilane in toluene for 15 min; it was then rinsed with toluene, 
methanol, and water successively before being dried. Each homogenate 
sample was supplemented with reduced glutathione (2 mM) and was 
incubated aerobically under gentle agitation in a Dubnoff metabolic shaking 
bath at 37". Following a 5 min preincubation, ISDN was added as an aqueous 
solution to each flask to give a final concentration of 2 x M. Duplicate 
incubations were conducted for each homogenate; incubation times for each 
sample were 0 and 30 min. After incubation, 2.0ml aliquots of each sample 
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were extracted for ISDN and its mononitrate metabolites. This study was 
conducted on four rabbits. 

Extraction of ISDN, 2-ISMN, and 5-ISMN from tissue homogenates 
A 2 ml aliquot of each sample was transferred from the incubation flask to 

an ice-cold 50 ml glass centrifuge tube. Diethyl ether (5 ml) was added, the 
samples were shaken for 5 min in an Eberbach horizontal shaker, and then 
the samples were centrifuged at 190 g for 2 min at room temperature. The 
organic phase was removed and transferred to another 50ml tube. The 
diethyl ether extraction was repeated and the combined extracts were shaken 
for 5 min with magnesium sulfate (0.5 g). Following centrifugation at 190g, 
the organic extract was removed and evaporated under a stream of nitrogen. 
The residue from each sample was dissolved in 1OOpl benzene containing 
5 x lop6 M m-dinitrobenzene (DNB, internal standard for chromatography) 
and kept at -20" for chromatographic analysis the following day. 

Chromatography 
A 2-0 pl aliquot of each sample was injected onto the GLC capillary column 

using a 10 p1 syringe equipped with a needle containing a lateral orifice. Drug 
concentrations were obtained by peak height ratios (drug/DNB) with 
reference to the appropriate calibration curve. A calibration curve for each of 
ISDN, 2-ISMN, and 5-ISMN was prepared by adding 1OOpl aliquots of 
ISDNIZISMNIS-ISMN solution in buffer to 2.0 ml aliquots of phosphate 
buffer supplemented with 7mg ml-' bovine serum albumin (BSA) to produce 
final concentrations of 2-20 x M. These concentrations were selected 
because they are representative of concentrations found in humans following 
usual therapeutic doses of ISDN. These calibration standards were extracted 
and chromatographed as described above. For each calibration curve, the 
drug/DNB peak height ratio was plotted against the respective drug 
concentration. 

RESULTS AND DISCUSSION 

Chromatographic analysis 
In our laboratory, earlier attempts to accurately quantitate low concentra- 

tions of 5-ISMN from diethyl ether extracts of tissue homogenates by packed 
column GLC proved unsuccessful due to an interfering peak that eluted close 
to 5-ISMN. Development of the present capillary column GLC method for 
the analysis of ISDN and its mononitrate metabolites from diethyl ether 
extracts of blood and tissue homogenates enabled sufficient resolution 
between the analytes and interference peaks to be achieved. Representative 
chromatograms for the organic nitrate analytes in question are shown in 
Figure 1; the retention times for 2-ISMN, DNB, 5-ISMN, and ISDN were 
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Figure 1. Sample chromatograms: (a) standard containing 2 X lo-' M ISDN, 2-ISMN and 
5-ISMN; (b) lung homogenate extract (no drug); (c) lung homogenate extract immediately 
following the addition of 2 x lo-' M ISDN; (d) after incubation for 30 min. 

I: 2-ISMN, 11: m-DNB (5 x 10." M), 111: 5-ISMN, IV: ISDN 

4.3, 5-4, 6.8, and 8-0 min, respectively. The chromatogram for the tissue 
blank shows that there were negligible background interference at these 
retention times. Each of the drug peaks of interest and the internal standard 
were resolved from other peaks extracted from the biological matrix, in 
contrast to results obtained with the packed column GLC method. 

Injection technique 
In order to maintain maximal sensitivity and resolution during capillary 

column GLC analysis, particular attention had to be paid to the injection 
system of the gas chromatograph. Multiple injections made using a 1 0 ~ 1  
syringe having a conventional needle resulted in septum coring with particle 
accumulation in the injector insert; this caused severe peak tailing and a 
decreased sensitivity. This problem was obviated when a needle equipped 
with a side hole (lateral orifice) was used. 

It was found that the best reproducibility was obtained by incorporating the 
internal standard (DNB) into the benzene which was used to dissolve samples 
prior to chromatographic analysis. Addition of DNB into homogenate 
samples prior to extraction with diethyl ether was found to be unsatisfactory 
due to differential extraction of the analytes and internal standard from tissue 
homogenates. 

Recovery 
The results of the extraction efficiency experiments are presented in Table 

1. The extraction efficiency for ISDN, 2-ISMN, and 5-ISMN was conducted 
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Table 1. Recovery of ISDN, 2-ISMN, and 5-ISMN in spiked liver, lung, kidney, 
intestinal homogenate, and BSA supplemented buffer 

Concentration 70 Recovery 
added 

Drug (molar) Liver Lung Kidney Intestine Buffer 

4 x 10-8 83.3 
k0.7* 

84.2 
k4.5 

84-6 
f4.2 

86.3 
k4.6 

ISDN 
2 x 10-7 

4 x 10-8 

2-ISMN 
2 x 10-7 

4 x 10-8 

5-ISMN 
2 x 10-7  

82.3 
f3 .5  
59.5 
k5.4 

58.9 
35 .5  

84.1 
f3.9 

64.0 
k3.6 

82.8 
+5-2 

57.0 
t5 .7  

62.5 
k6.8 

86.3 
k1.5 

64.8 
k3.2 

84.5 
k3.8 

59.7 
k5.8 

61.0 
k7.8 

87.5 
k3.6 

65.4 
f5.1 

77.1 
51.2 
59.5 
47.1 

65.6 
46.3 

87.7 
f 1.9 

62.4 
k2.9 

79.0 
f l . 9  

59.3 
k3.5 

63.7 
+4-4 

85.9 
k4.5 

63.9 
f 4 . 1  

* Each value represents the mean t SD (n = 5 ) .  

by spiking five 2.0ml aliquots of liver, lung, kidney, and intestinal 
homogenate, and phosphate buffer supplemented with BSA (7 mg ml-') 
using two concentrations of an ISDN/ISMN (4 X lop8 and 2 x 10-7M) 
mixture. Each sample was extracted for the three analytes as described above 
and quantitated by capillary column GLC with reference to ISDN/ISMN 
standards made up in benzene. This procedure was performed five times. The 
mean recovery for ISDN was >77 per cent in all tissue homogenates and 
BSA solution at the two concentrations tested. The extraction efficiency for 
5-ISMN was a function of concentration with the recovery of 4 x M and 
2 x 10p7M being 86.3 per cent and 64.1 per cent, respectively. Recovery of 
2-ISMN was approximately 60 per cent at the two concentrations tested. 
There was no significant difference in the recovery of ISDN, 2-ISMN, and 
5-ISMN among the tissue homogenates and phosphate buffered BSA solution 
at the two concentrations tested (p > 0.05, one-way analysis of variance). 
Based on these results, the use of BSA supplemented phosphate buffer 
simulated tissue homogenates and was therefore considered to be acceptable 
for the preparation of calibration standards. 

Reproducibility studies 
The within-day precision of the extraction method was determined by 

spiking eight 2.0 ml aliquots of phosphate buffered BSA solution with an 
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ISDN/ISMN mixture to 2 x lo-’ M. Each sample was extracted for the three 
analytes and quantitated by capillary column GLC as described above. The 
within-day coefficients of variation for ISDN, 2-ISMN, and 5-ISMN were 2-7 
per cent, 6.5 per cent, and 4.9 per cent, respectively. The day-to-day 
precision (n = 6) was determined by spiking 2-0 ml aliquots of phosphate 
buffered BSA solution in duplicate with ISDN, 2-ISMN, and 5-ISMN to a 
concentration of 2 X lO-’M. The samples were extracted and analysed as 
previously described. The day-to-day coefficients of variation for ISDN, 
2-ISMN, and 5-ISMN were 2.5 per cent, 11.3 per cent and 6-8 per cent, 
respectively. 

Incubation of ISDN with Various Tissue Homogenates 
The data obtained using tissue homogenates of four male rabbits are 

presented in Table 2. A significant disappearance of ISDN in each tissue was 
observed after a 30-min incubation (JI < 0.05, paired t-test). The relative 
rate o f  ISDN metabolism was liver > lung = intestine > kidney > blood = 
skeletal muscle (quadriceps). For each rabbit tissue homogenate studied, the 
disappearance of ISDN after a 30-min incubation was paralleled by a 
concomitant equimolar accumulation of the mononitrate metabolites. The 
only exception to this observation was in the case of liver homogenate where 
the loss of ISDN could not be accounted for by mononitrate formation. This 

Table 2. Disappearance of ISDN and formation of mononitrate metabolites during 
incubation 

Concentration (X  l8 M) Concentration ( X  lo-‘ M) 
ISDN ISDN 5-ISMN 2-ISMN 

Tissue 0 min 30 min % Elimination 30 min 30 min 

Liver 17.95* 
k3.31 

Lung 19.45 
f3.79 

Kidney 18.32 
k2.80 

Intestine 17.58 
k2.84 

Blood 17.86 
k 1-26 

Skeletal 16.83 
muscle f1.80 

0.43 
f0-41 

5.50 
f1.58 

11.21 
f0.57 

6.32 
f 1-46 
14.00 

t2.95 
13.73 

f0.45 

97.5 
f2.6 

70.7 
f l l . 0  

38.1 
f6.5 
64.0 
f6.5 
22.0 
f 12.3 

17.9 
57.4 

13.04 1.37 
f4.49 fO.55 

15.11 0.31 
f4-19 f0.23 

7-92 0.14 
f2.26 f0.25 

9.32 0.61 
f4.46 f0.48 

3.68 0.98 
20.90 -to-75 

2.50 1.30 
f0.31 f0.93 

* Each value represents the mean k SD (n = 4) with the exception of kidney (n = 3 ) .  
Note. Samples were incubated with 2 x lo-’ M ISDN at 37” for the times indicated. 
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may be a consequence of the denitration of the mononitrates to isosorbide 
which would not be detected by an electron capture detector. 

Our data showing significant metabolism of ISDN by the various tissue 
homogenates are consistent with the observations of high total body clearance 
reported by Morrison et al.,' albeit different species were involved. The 
present observations of relatively high metabolic capacity of the intestine are 
similar to those of Posados del Rio et d."' who found that the 10000 g 
supernatant of human intestine mucosa was more active than human liver 
homogenates. It should be noted that our data are from homogenates of the 
intestine including both mucosa and smooth muscle. If most of the activity 
resided in the mucosa, the specific activity would of course be significantly 
greater. 

For the total body elimination of ISDN, we consider the liver to be the 
most important organ because of its high activity toward this organic nitrate 
and because of its well-established role in xenobiotic elimination. The lung 
and intestine could also contribute significantly in the removal of ISDN from 
the body. The intestine, in addition to possessing good metabolic activity 
toward ISDN, is the first organ presented with ISDN when the drug is used 
orally. Furthermore, the concentrations of drug would be highest here until 
most of the drug is absorbed. Another point to be considered is the relatively 
large mass of intestine. By comparison the lung mass is smaller, but it too 
possesed good activity for the denitration of ISDN. A unique feature of the 
lungs is that they are the only organs to receive 100 per cent of the cardiac 
output. Consequently, they are well positioned to play a potentially 
important role in total body elimination of ISDN. 
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