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ABSTRACT 
The goal of the present work was to determine the plasma disposition and hemo- 
dynamic effects of isosorbide dinitrate (ISDN) in human males and females. Fourteen 
healthy human volunteers took part in the study; seven males, 2 1 - 7 k 2 . 5 ~  (SD), 
and seven females, 20.7 k 3 - 4  y. Measurements of forearm blood flow (FBF), vascular 
conductance (FVC), and venous capacitance (C,) were obtained by venous occlusion 
plethysmography, whereas blood pressure was measured by automatic sphygmo- 
manometry. Blood samples were taken through a catheter placed in the antecubital vein 
at 0,  15, 30, 45, 60,90, 120, 360,480, 720, and 1440 min following a single 10 mg oral 
dose of ISDN. Plasma concentrations of ISDN and its mononitrate metabolites, 
isosorbide-2-mononitrate (2-ISMN) and isosorbide-5-mononitrate (5-ISMN), were 
determined by large bore capillary column gas-liquid chromatography. Hemodynamic 
measurements were made at corresponding experimental times up to 480min. No 
differences were observed in the disposition of ISDN, 2-ISMN or 5-ISMN between the 
male and female volunteers. In addition, the plasma concentrations of ISDN and its 
mononitrate metabolites did not consistently correlate with the hemodynamic changes 
of the individual subjects. Diastolic blood pressure was significantly decreased for a 0.5 h 
period starting at 30min, which was the time at which plasma ISDN concentrations 
peaked, and which preceded the time when the plasma concentrations of 2-ISMN 
and 5-ISMN were maximal. These observations indicate that, for a single 10mg 
oral dose of ISDN, there were no gender-dependent differences in the plasma 
disposition of the parent drug or its mononitrate metabolites, and the vascular changes 
responsible for the decrease in diastolic blood pressure in these volunteers occurred in 
vascular beds other than those of skeletal muscle as represented by forearm blood 
flow. 
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INTRODUCTION 

Previous studies have shown that the rate and pattern of biotransformation of 
organic nitrates differ between males and females under certain laboratory 
conditions, and that this might be important in the use of these drugs in humans. 
For example, Ioannides et a1.I have reported that the elimination half-life of 
glyceryl trinitrate (GTN) in male rats is about 60 per cent of that for female 
rats. This phenomenon might be explained by the fact that glutathione S- 
transferase catalyses the denitration of GTN, and that the activity of this enzyme 
is greater in males than in females.2 We have observed that the elimination of 
isosorbide dinitrate (ISDN) by human male blood is more rapid than by female 
blood, with the elimination half-life for male blood being 56 per cent of 
that for female Other studies from our laboratory have revealed 
that the elimination of ISDN in homogenates of rabbit lung and intestine 
was more rapid in the case of males than in fern ale^.^ Furthermore a 
sex difference in the pattern of ISDN metabolites was found. Greater formation 
of isosorbide-5-mononitrate (5-ISMN) relative to isosorbide-Zmononitrate 
(2-ISMN) was observed in broken cell preparations of blood and skeletal 
muscle of male rabbits; in the corresponding female preparations, the 
opposite was seen with 2-ISMN being more a b ~ n d a n t . ~  As biotransformation 
of ISDN to formation of the active drug (currently believed to be nitric oxide) 
is considered to be required for vascular the rate of this metabolic 
activation of ISDN would be critical in determining the magnitude of the 
ISDN-induced pharmacological response, and is expected to be a function 
of the ISDN concentration. 

Although there are substantial data regarding the pharmacokinetics of ISDN 
and GTN in humans, there is still considerable controversy regarding the 
relationship between the pharmacokinetics and pharmacodynamics of these 
drugs.8-10 For example, Armstrong et al.I1 have reported correlations between 
peak plasma concentration of GTN and maximum decrease in systolic blood 
pressure; in other studies, no relationship was ob~erved.~ Similar evidence in 
support of and in opposition to the concept of a concentration-response 
relationship has been reported involving the monitoring of a number of different 
 variable^.^.^ Another complicating factor that has sometimes been overlooked 
is the greater persistence of active organic metabolites of both ISDN and GTN 
in the circulation. As the mechanism of action of the therapeutic effect of organic 
nitrates has been widely attributed to dilation of the veins, we considered it 
appropriate to determine if there is a correlation between venodilation and 
plasma concentrations of ISDN and its metabolites, 2-ISMN and 5-ISMN, 
in male and female human volunteers. Elucidation of the relationship between 
the plasma drug concentration and the magnitude of the vascular effect, if 
indeed a relationship exists, would be useful in establishing the dose and dosage 
interval. 

The hypotheses tested in the present study were the following: 
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1. That the time-course of the plasma ISDN and/or its metabolites 
concentration in males differs from that in females. 

2. That the plasma concentration of ISDN and its metabolites is related to the 
magnitude of its hemodynamic activity, in particular as indicated by changes 
in venous capacitance. 

METHODS AND MATERIALS 

Subjects 

This clinical study received approval from a Queen’s University Ethics 
Committee. All participants gave informed consent before entering the study, 
and were familiar with the experimental procedures. Fourteen healthy volunteers 
ranging in age from 18 to 28 y completed the study; the mean ages and body 
weights forthesevenmales were21.7+2.5y(SD)and71-6+ 13*4kg, and for 
the females were 2 0 . 7 k 3 . 4 ~  and 62.4f5.7kg. 

Following an overnight fast, each subject came into the laboratory at 0730 h 
and assumed a supine position with both arms placed at heart level; each subject 
ingested one 325 tablet of acetaminophen at 0820 h because during preliminary 
studies virtually all subjects requested an analgesic. A venous occlusion cuff 
was placed on one forearm, and an arterial cuff was placed around the wrist. 
Around the bulk of that forearm, a strain gauge was placed and connected to 
a plethysmograph recorder (Vasculab SPG16 strain gauge plethysmograph, 
Narco Scientific, Downsview, Ont.). On the contralateral arm, an automatic 
sphygmomanometer (Dinamap Vital Signs Monitor, Criticon Inc., Markham, 
Ont.) was used to record arterial blood pressures (systolic, SBP; diastolic, DBP; 
mean, MBP). Each subject rested quietly for 30 min before any measurements 
were made. Venous occlusion was performed automatically (5 s on, 5 s off) by 
an automatic cuff inflation system, with the wrist arterial cuff inflated to 
200 mmHg. Forearm blood flow (FBF) was recorded on a chart recorder for 
later analysis, and forearm vascular conductance (FVC) was calculated as 
FBF/MBP. After a short pause, venous capacitance (C,) measurements were 
made on the same forearm by inflating the venous cuff to around 50mmHg 
for 5min and recording the changes in forearm circumference with the 
plethysmograph. 

Following these baseline measurements, a catheter was inserted into the 
antecubital vein for blood sampling from the arm contralateral to that used 
for plethysmography . Subsequently, all hemodynamic measurements were taken 
before each 5 ml blood sample was drawn at 0, 15, 30, 45, 60, 90, 120, 240, 
360, and 480 min after ingestion of a 10 mg tablet of ISDN (lot no. 9700070, 
Novopharm Ltd, Scarborough, Ont.). The subjects had a standard liquid 
breakfast at 0700 h and a light lunch at 1130 h. The ISDN was ingested at 0830 h. 
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Each blood sample was collected in a heparinized tube and then centrifuged 
to obtain plasma, which was then frozen at - 80" until it was analyzed according 
to the method of Booth et al. .12 Briefly, ISDN was extracted from plasma with 
isomeric hexanes, and 2-ISMN and 5-ISMN were extracted with diethyl ether. 
The extracts were concentrated and analyzed by large-bore capillary column 
gas-liquid chromatography. The lower limits of quantitative sensitivity were 1 * 9 
(0.44), 1.8 (0.34), and 1.8nM (0.34ngml-I) for ISDN, 2-ISMN, and 
5-ISMN, respectively. At a concentration of 80 nM, the recoveries were 86,75, 
and 66 per cent, respectively, and the within-day coefficients of variation were 
2.4, 7 .7 ,  and 9.2 per cent, respectively, for ISDN, 2-ISMN, and 5-ISMN. 

Statistical analysis 

The data are presented as group means f SD, unless stated otherwise, and 
were analyzed by Student's t-test for unpaired data whenever comparisons of 
two groups were made. For the analysis of the effects of ISDN on FBF, C,, 
and FVC, repeated-measures ANOVA was used with Newman-Keuls post hoc 
test. Two groups of data were considered to be different when pG0.05. For 
the analysis of correlation between plasma drug concentration and hemodynamic 
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Figure 1. Plasma disposition of ISDN after oral administration of a single 10 mg tablet to seven 
male and seven female normal volunteers. Samples were taken at the times indicated on the abscissa 
and analyzed as described in Methods and Materials. Points represent the group mean+SD; W 
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effects, two different approaches were used. In the first, the plasma concentration 
of ISDN alone was employed in conjunction with the individual, hemodynamic 
variables to obtain the line of best fit by linear regression analysis using the 
least squares method. In the second approach, we took into account the 
pharmacological effect of 2-ISMN and 5-ISMN by calculating ISDN equivalent 
concentrations: the formula used to calculate ISDN equivalents was [ ISDN] + 
0-018 [ZISMN] +0-083 [5-ISMN] . The plasma concentrations of 2-ISMN and 
5-ISMN were multiplied by potency constants obtained from previous 
experiments conducted in this laboratory on rabbit, isolated aorta. l3 Area 
under the curve was obtained by trapezoidal integration. Values for the plasma 
elimination half-lives for each of ISDN, 2-ISMN, and 5-ISMN were obtained 
from the declining portion of the respective plasma concentration-time curves. 

RESULTS 

The mean data for the plasma disposition of ISDN, 2-ISMN, and 5-ISMN after 
ingestion of a single oral dose of 10 mg of ISDN by the seven male and seven 
female volunteers are shown together in Figure 1. In the combined group, the 
area under the curve (AUC) for ISDN was substantially less than that for each 
of 2-ISMN and 5-ISMN; the AUC values for ISDN, 2-ISMN, and 5-ISMN were 
2.95f3.26, 57-1 f35-5 ,  and 391 f 182ng * hml-l (SD), respectively, which 
results in a rank order for AUC of 5-ISMN >2-ISMN > ISDN (p C 0.05). The mean 
apparent maximal plasma concentration of ISDN was only 2.0 f 1 -97 ng ml- 
compared with69-5f33-45ngml-I for 5-ISMNand 17-8k10.0ngml-1 for 
2-ISMN (pc0.05) .  Figure 2 shows the similarity in the plasma disposition of 
ISDN and its mononitrate metabolites in the female volunteers compared with 
the male volunteers. There was no gender difference in plasma concentration- 
time curves for ISDN, 2-ISMN, and 5-ISMN; the AUC values for ISDN, 
2-ISMN, and 5-ISMN did not differ between males and females. If the data 
are normalized to account for the difference in body weight between males and 
females, the plasma ISDN, 2-ISMN, and 5-ISMN concentration-time curves 
become more similar than they appear in Figure 2. In addition, the plasma half- 
life of ISDN in males, 41 & 34 min, was not different from that in females, 
39 k 22 min. Similarly, the plasma half-life values for 2-ISMN and 5-ISMN were 
2-3 f 0-6  and 7.8 f 3 - 5  h, respectively, in males, and 2.7 f 1 - 5  and 5 - 1 1 - 4  h, 
respectively, in females. 

The effects of oral ingestion of 10 mg ISDN on arterial blood pressure are 
shown in Figure 3. Diastolic blood pressure was significantly decreased (pc0-05)  
at 30, 45, and 60min in subjects after ISDN ingestion. As it was recognized 
that the variables being measured might be subject to circadian rhythm, six (three 
males, three females) randomly selected, blinded subjects received placebo 
tablets. Compared with measurements made before receiving the placebo, the 
blood pressure measurements after receiving the placebo were not different at 
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Figure 2. Comparison of the plasma disposition of orally administered ISDN in seven male and 
seven female normal volunteers. Points represent the group mean 2 SD; 0 male, female. Upper 

panel, ISDN; middle panel, 2-ISMN; lower panel, 5-ISMN 

any of the time points (data not shown). At the dose of ISDN used, there were 
no statistically significant changes in FBF, C,, or FVC. In addition, when 
placebo values (from the six subjects described above) for FBF, C, or FVC 
were subtracted from their respective values obtained in the same individuals 
after ingestion of ISDN, there still were no statistically significant differences 
in these parameters. 

The time at which maximum plasma concentrations of ISDN occurred 
coincided with the time of maximum effect on diastolic blood pressure, and 
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Table l(a). Correlation between plasma ISDN concentration and hemodynamic variables. 
The correlation coefficients of the 14 individual subjects are reported for each of the 

measured hemodvnamic variables 

FBF FVC C" DBP SBP MBP HR 

Males 
1 0.21 0.20 0-17 0.42 0.29 0-02 0-48 
2 0.48 0.47 0.60 0.00 0.03 0-13 0.26 
3 0.18 0.20 0.16 0*64* 0.32 0.55 0.78' 
4 0.15 0.12 0.18 0.32 0.40 0.04 0-27 
5 0.23 0.05 0.05 0-66* 0*65* 0.65* 0.14 
6 0.56 0.48 0.57 0-43 0.33 0.23 0.21 
7 0.57 0.56 0.49 0-34 0.31 0.30 0.25 

Females 
1 0.45 0.69* 0.58 0.74* 0.35 0.52 0.11 
2 0-21 0.47 0.49 0.33 0.22 0.45 0.60 
3 0.45 0.46 0.30 0-69* 0.60 0-61 0.28 
4 0.41 0.40 0.00 0.49 0.56 0.00 0-22 
5 0.36 0.25 0.03 0.44 0.12 0.52 0.23 
6 0.40 0.33 0.00 0.52 0.45 0.34 0.797 
7 0-16 0.09 0.08 0.34 0.24 0.26 0.56 

*p<0-05, $<0-01. 
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Table 1 (b). Correlation between ISDN equivalents and hemodynamic variables 

FBF FVC C” DBP SBP MBP HR 

Males 
1 
2 
3 
4 
5 
6 
7 

Females 
1 
2 
3 
4 
5 
6 
7 

0.52 
0-65* 
0.10 
0.64* 
0-07 
0*66* 
0-67* 

0.14 
0.30 
0.41 
0.22 
0.08 
0.49 
0.09 

0.56 
0*71* 
0.33 
0*64* 
0.24 
0.51 
0.53 

0.52 
0.53 
0.32 
0.17 
0.06 
0.41 
0.19 

0.03 
0.26 
0.41 
0.19 
0.14 
0.59 
0-63* 

0.47 
0.56 
0.56 
0.24 
0.16 
0.24 
0.44 

0.24 
0.40 
0-35 
0-61 
0.44 
0.54 
0.58 

0-65* 
0.26 
0.27 
0.60 
0*66* 
0.62 
0.46 

0.84t 
0.64* 
0.55 
0.48 
0.35 
0.47 
0.05 

0*91t 
0.29 
0.40 
0.44 
0.53 
0.48 
0.36 

0.57 
0.44 
0.56 
0.14 
0.58 
0.29 
0.02 

0.837 
0.41 
0.18 
0.45 
0.64’ 
0.25 
0.20 

0.55 
0.50 
0.847 
0.36 
0.50 
0.47 
0.02 

0.12 
0.60 
0.03 
0.24 
0.59 
0.24 
0.51 

they preceded the time of maximum concentrations of 2-ISMN and 5-ISMN. 
A statistically significant correlation between plasma concentration of ISDN 
or ISDN equivalents and the hemodynamic variables measured was not observed 
consistently, with only 15 of the 98 correlations significant at the 5 per cent 
level (Tables l(a) and l(b)). The correlation between plasma drug concentrations 
and hemodynamic variables was not increased by conversion of concentrations 
to the logarithm of concentration. 

DISCUSSION 

The questions addressed in the present study were whether a difference exists 
in the plasma disposition of ISDN between human males and females, and how 
well certain hemodynamic parameters correlate with plasma concentrations of 
ISDN and its metabolites. As no differences were observed between males and 
females with respect to plasma elimination half-life or area under the curve of 
the plasma concentration-time course for ISDN, 2-ISMN, and 5-ISMN, it 
appears that there is no gender difference in the overall plasma disposition of 
ISDN in humans at this dose of ISDN. While the elimination of ISDN by human 
male blood in vitro is faster than by female blood, this apparently does not 
extend to the overall elimination rate in vivo. These observations are in contrast 
to those of Ioannides et a1.l regarding elimination of GTN in rats. They 
also differ from our own observations with respect to the elimination of 
GTN by cardiac surgery patients. Accordingly, Booth et a1.I4 have found 
that, among this patient population, the clearance of GTN by males was 
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approximately twice that by females. It would appear that, although these two 
organic nitrates share many features, there is a gender-related effect on 
elimination in the case of GTN but not for ISDN. 

The present results with respect to the pharmacokinetics of ISDN, 2-ISMN, 
and 5-ISMN are generally very similar to those reported previously after 
either oral or intravenous administration of ISDN. Thus our values for 
the plasma elimination half-life of ISDN, 2-ISMN, and 5-ISMN of 0.67, 
2.5, and 6.5h, respectively, are similar to the values reported earlier by 
other laborator ie~.~~-~* Abshagen et al. l9 reported half-life values of 0.7, 
3-2, and 5 -  1 h for ISDN, 2-ISMN, and 5-ISMN, respectively, after intravenous 
administration of ISDN to a group of 6 male volunteers. In the same study, 
plasma half-life values for 2-ISMN and 5-ISMN after a single, 20mg 
conventional release tablet of ISDN were 2.27 and 5.27 h, respectively. 
A somewhat longer ISDN elimination half-life of 79min was reported by 
Taylor et aL20 after the intravenous infusion of ISDN to six healthy, adult 
volunteers. While the time of the peak plasma ISDN concentration in the present 
study was essentially identical with those reported for previous studies, the peak 
plasma ISDN concentration was lower. Our value of 2.0ngml-l after oral 
ingestion of lOmg ISDN was less than the 7.5ngml-' observed by Taylor 
et aLzo for the same oral dose. 

The present observation of a correlation between the plasma concentration 
of ISDN with changes in only some of the hemodynamic variables monitored 
may be due to the high intersubject variability associated with organic nitrates. 
It may also be the result of the complex nature of the bioactivation of ISDN 
and the various factors affecting the tissue concentration of the ultimate drug, 
or of the relatively low dose used. According to the currently popular prodrug 
hypothesis, organic nitrates per se are inactive but they can be activated by a 
biotransformation process that results in the release of nitric oxide which is 
considered to be the ultimate, active drug. One consideration to be made is that 
there may be several pathways by which ISDN can be metabolized and that 
only one pathway might lead to the formation of nitric oxide. Consequently, 
the actual circulating concentration of ISDN may not be the major determinant 
of formation of the active metabolite, whereas flux through the relevant 
bioactivation pathway would be of major importance. There are also other 
factors that may bear on this question. For example, it is known that the putative 
ultimate drug, nitric oxide, is unstable, and has a half-life in the order of 30 
to 50s in physiological salt solutions;21 it would be expected to be at least as 
unstable in the complex milieu of the human body. Therefore, the rate of 
inactivation of the ultimate drug would be relevant to the magnitude of the 
pharmacological effect. A further factor requiring consideration is the known 
pharmacological activity of 5-ISMN and 2-ISMN. In the prodrug hypothesis, 
both of these ISDN metabolites could be bioactivated to form the ultimate drug. 
They might also be metabolized via pathways that do not lead to a vasorelaxing 
metabolite. In becoming activated, the ISMN metabolites may share an activation 
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pathway with ISDN or with each other, resulting in competition for the 
enzyme of activation. We have attempted to account for the activity of the mono- 
nitrates by calculating total ISDN-equivalent concentrations, by incorporating 
a factor to account for the presence in plasma of both 2-ISMN and SISMN, 
and using these values in correlation analysis. This maneuvre increased the 
number of cases in which statistically significant correlations were found but 
the overall level of correlation was still modest. Some of these difficulties may 
be overcome by conducting investigations using a mononitrate such as 5-ISMN 
rather than ISDN. 

The paucity of ISDN-induced changes in the peripheral hemodynamic variables 
(FBF, C,, FVC) in the face of a significant decrease in diastolic blood pressure 
is interpreted to mean that the vascular changes responsible for the blood 
pressure response occurred in a vascular bed other than that of the forearm. 
Under the thermoneutral conditions of the present study, FBF comprises 
primarily forearm muscle flow; thus the skeletal vasculature may not contribute 
to the ISDN-induced lowering of arterial pressure. Candidates that have 
substantial capacity to alter their function and contribute to the whole body 
response are the skin and mesenteric vasculature. In this regard, Alvarez et ~ 1 . ~ ~  
have administered ISDN, 5 mg sublingually, to 10 patients who had portal 
hypertension, and monitored their portal blood flow by Doppler ultrasonography. 
They reported that ISDN decreased portal blood flow by 36 per cent at 15 min 
after drug administration; this effect was attributed to a reflex splanchnic 
vasoconstriction. If a similar effect occurred in our subjects, it would not account 
for the decrease in diastolic blood pressure observed herein because splanchnic 
vasoconstriction would enhance rather than decrease blood pressure. While it 
is quite possible that the responses in the present group of healthy volunteers 
could be different from those of the hypertensive patients studied by Alvarez 
et ~ 1 . ~ ~ ~  there is no apparent reason to assume that this is the case. It may be 
that the sensitivity of forearm plethysmography is insufficient for this dose of an 
organic nitrate that is slower in onset of action than is GTN. Accordingly, 
Altenkirch et have recently concluded that basal forearm blood flow was 
not well suited to the task at hand, and postural changes will be incorporated into 
the design of subsequent research to enhance the sensitivity of the measurements. 

In conclusion, we have found no differences between males and females in 
the disposition of ISDN or its dinitrate metabolites, 2-ISMN and 5-ISMN. The 
time course of plasma concentrations of ISDN, and to a lesser extent 2-ISMN 
and SISMN, related well with time course of decreases in the diastolic blood 
pressure, but not with FBF, FVC or C,. 
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