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Purpose. To construct a pharmacokinetic (PK) model and to determine
population PK parameters of nitroglycerin (GTN), 1,2-dinitroglycerin
(1,2-GDN), and 1,3-dinitroglycerin (1,3-GDN).

Methods. Data were obtained in thirty healthy volunteers following a
single dose of a GTN reservoir transdermal patch. Blood samples were
obtained just before and at 0.5, 1, 2, 3, 4, 6, 8, 12, 14, and 24 hours
after the patch application and 1 hour after its removal. GTN, 1,2-
GDN, and 1,3-GDN concentrations were determined using HPLC and
simultaneously best fitted using a first-pass mixed-order release one-
compartment PK model. Individual estimates (ADAPT-II) were used
as prors for a population PK analysis (IT2S). Fitted parameters
included the percentage (A) of the nitroglycerin dose reaching the
systemic circulation that was released from the patch by a first-order
process (K,); two absorption (ka, and ka,), two metabolite formation
(k¢ and Kg) and one metabolite elimination (k(m)) rate constants; and
three volumes of distribution V¢/F, V/F and Vi/F.

Results. Nitroglycerin mean population parameter estimates and inter-
individual variability (CV%) were: A 35% (65), K, 0.06 h™}(91), ka,
5 h™'(46), ka, 0.47 h™' (39), kg 11 h™'(42), Kk, 0.6 h™'(34), k(m) 1.4
h™!(29), VJF 6 L(31), V,/F 73 L(34), and V4/F 23 L(29). The average
elimination half-lives for GTN and the two metabolites were 5 and 32
minutes, respectively.

Conclusions. The proposed PK model fitted observed concentrations
of GTN, 1,2-GDN and 1,3-GDN very well. This model should be
useful to predict drug and metabolite concentrations and to assess
bioequivalence of two transdermal formulations.

KEY WORDS: population pharmacokinetics; nitroglycerin; 1,2-dini-
troglycerin; 1,3-dinitroglycerin; transdermal administration.

INTRODUCTION

Nitroglycerin (GTN) is a potent vasodilator used in the
treatment of angina pectoris and in long-term therapy of coro-
nary heart disease, myocardial infarction and congestive heart
failure. When administered orally GTN has a very short elimina-
tion half-life, and undergoes extensive gastrointestinal and
hepatic first-pass metabolism (1,2). Therefore, transdermal
administration of nitroglycerin represents an interesting alterna-
tive formulation to obtain a good bioavailability and to prolong
the duration of action (1). The PKs of transdermal GTN and
of its two potentially active metabolites (1,2- and 1,3-GDN))
have not been extensively studied, and population PK analysis
has not been reported in the literature. This study has two
objectives. Firstly, we propose to construct a PK model so that
observed concentrations of GTN, 1,2- and 1,3-GDN after GTN
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transdermal administration are well described, and secondly, we
aim to determine population PK parameters using the proposed
model in healthy volunteers after a single dose administration
of a transdermal formulation (Transderm-Nitro®).

MATERIAL AND METHODS

Subjects

A group of thirty healthy adult male volunteers were
included in the study after each of them gave informed consent.
The mean + SD age, weight and height of the subjects were
28 * 6 years, 78 = 10 kg and 179 = 6 cm, respectively. One
patch of a nitroglycerin transdermal system (Transderm-Nitro®,
0.4 mg/h, Ciba-Geigy Ltd.) was applied to the chest of each
of the study subjects and was kept for 24 hours. Once removed,
the transdermal systems were placed on a fresh release liner,
enclosed in a fresh pouch and frozen for subsequent HPLC
analysis. None of the subjects enrolled in the study received
any medication other than the study drug.

Plasma Sampling and Analytical Assay

Blood samples were obtained just before and at 0.5, 1, 2,
3,4, 6,8, 12, 14, and 24 hours after the patch was applied to
the skin and 1 hour after its removal. The average number of
plasma samples per subject was 32. GTN, 1,2- and 1,3-GDN
concentrations were determined using a sensitive and specific
HPLC method (validated method - data on file). The lower
limit of detection was 1 ng/L for GTN and 100 ng/L for both
metabolites. The amount of nitroglycerin remaining in the trans-
dermal systems were determined so that the administered
amount received by each subject was known accurately. All
systems, worn or unused, were extracted in methanol for 24
hours. The patches were first cut open in order to expose the
reservoir formulation directly to the extracting solvent. Ten
unused specimens of the product from the same lots as the
clinical supplies were provided for comparative HPLC analysis.

Pharmacokinetic Analysis

PK analyzes were performed using compartmental PK
techniques (3). Plasma concentrations of GTN, 1,2- and 1,3-
GDN were simultaneously best fitted using a first-pass, mixed-
order release, one-compartment PK model. This model is sche-
matically illustrated in Figure 1. Six other different models
(Figure 2) were investigated during the model discrimination
process, but none of them fitted the observed data properly
based on visual inspection of graphs (concentrations versus
time), inspection of weighted residuals (difference between fit-
ted and observed concentrations) versus observed concentra-
tions, and values of Akaike’s information criterion test. Briefly,
model 1 consisted of a zero-order release and a similar volume
of distribution for GTN and the GDN metabolites. Consecutive
improvements in the model consisted of adding a different
volume of distribution for the GDN metabolites (model 2), an
additional skin reservoir (model 3), a first-order release from
the skin reservoir (model 4), a first-pass process (model 5), a
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Fig. 1. Structural representation of the final PK model. A, the percent-
age of the delivered GTN dose reaching the systemic circulation
released from the patch by a first-order process K,; ka,, ka,, absorption
rate constants; Kq, K, metabolites formation rate constants; k(m),
metabolites elimination rate constant; V/F, GTN volume of distribu-
tion; V,/F, 1,2-GDN volume of distribution; V3/F, 1,3-GDN volume
of distribution.
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Fitted parameters in the final PK model included the per-
centage (A) of the delivered GTN dose reaching the systemic
circulation released from the patch into the skin by a first-order
process (K;), two absorption rate constants ( ka; and ka,), two
rate constants associated with the formation of the metabolites
(kp and ky,), a single elimination rate constant for the metabo-
lites (k(m)), three volumes of distribution (V/F, V,/F and V/
F) into which GTN, 1,2- and 1,3-GDN appeared to be distributed
into respectively, and a time-lag (Tlag). This last parameter was
necessary because many patients did not have any measurable
concentration in the plasma 0.5 hour after application of the
transdermal patch. Estimated time-lag values were obtained
during the preliminary population iterative processes. Once they
were estimated with robustness, they were later fixed for each
individual subjects and the population pharmacokinetic iterative
process was restarted. A single elimination rate constant was
used for both dinitro compounds because preliminary pharma-
cokinetic analysis indicated to us that the metabolites appeared
to have the same elimination. Furthermore, in two studies, no
difference was observed in half-life and clearance between
1,2-GDN and 1,3-GDN after oral administration of GTN and
intravenous administration of the individual metabolites (4,5).
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Fig. 2. Schematic representations of the rejected PK models.
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Itis also suggested that the dinitrate metabolites are metabolized
by the same enzyme and, contrary to their formation, it is
thought that the enzyme will de-nitrate the 1,2- and 1,3-GDN
in the same kinetic manner (6). The zero-order rate constant
of the release of the drug from the patch was directly calculated
using the fitted parameter A and the dose received by each
patient (DOSE (Received)=DOSE(Initially in the Patch)-
DOSE (Left in the patch)) with the following equation:

DOSE received - (I — A)

KO := 4

Mathematically, the PK model may be described by the follow-
ing series of equations:

Z = 0 If Time>Tlag then Z=1

When patch is administered R(2) := 1 Else R2) = 0

d—dXt~1:=Z-(DOSE-A)“Z‘X1
dTth-:=Z-(DOSE-(1‘A))_Z‘KO‘R(Z)
%—3:=Z'X1 - R(2) - KI'X3

G‘%ZR@).K] - X3 + R(2) - Z-KO — Kal - X4
d—z(té:Kal-X4—Ka2-X5—Kf1-X5—Kf2-X5
ddif::Kaz-xs—Kﬂ-xs—Kfz-xs
%::Kf1~XS+Kf1-X6—K(m)'X7

d—i(t—8:= Kf2 - X5 + Kf2 - X6 — K(m) - X8

Where KO is the zero-order release rate constant, Z is a “flag”
enabling the calculation of Tlag, and R(2) is the time associated
with the application (R(2) = 1) and the removal (R(2) = 0)
of the patch. Molecular weights of GTN (227.09 ng/nmol), and
of 1,2- and 1,3-GDN (182.08 ng/nmol) were used to convert

Modd #2

V. /F k(m)
R -

/m’
k“\

Mode #4

ka

Model #6

A Kl
s
A%




616

the molar concentrations used by the model (nmol/L) to the
observed concentrations in ng/L. The observed plasma concen-
trations of GTN (Y(1)), of 1,2-GDN (Y(2)) and of 1,3-GDN
(Y(3)) were therefore simultaneously fitted by the model using
the following output equations:

X6 - 227.09

Y1) = ——————
oY) Vo

X7 - 182.08

2) 1= ————
Y(2) 3

X8 - 182.08

Y3) = ———
(3 V3

All concentrations were fitted with a weighting factor of

W, = 1/S% where the variance S? was calculated for each obser-
vations using the equation S? = (a X Y; + b)2. The slope (a)
is related to the sum of all errors associated with each concentra-
tion, and the intercept (b) is related to the limit of detection of
the analytical assay. Individual PK parameters were first derived
using generalized least squares analysis (ADAPT II) (7). These
estimates were then used as prior values for a population PK
analysis using an iterative two-stage methodology (IT2S) (8).
Maximum plasma concentrations (Cmax) and times for these
concentrations (Tmax) were directly obtained from the observed
concentration versus time points. The area under the plasma
concentration-time curve (AUC) was calculated by the linear
trapezoidal methods with log-linear extrapolation to infinity.
The terminal elimination half-lives (T,;) of the parent com-
pound and of its two metabolites were calculated using the
following formulas:

0.693
(Kfl + Kf2)

0.693
K(m)

T1/2(Trinitroglycerin):

T1/2(1,2-&1,3-dinitroglycerin):

RESULTS

Nitroglycerin mean population PK parameter estimates
from a single 24-hour transdermal administration are presented
along with inter-individual variability in Table I. The mean =
SD observed maximum plasma concentrations for GTN, 1,2-
and 1,3-GDN were 478 £ 500, 3011 = 1109, and 522 *= 188
ng/L, and occurred at 8 = 5, 11 * 6, and 8 * 5 hours,
respectively. The average GTN AUCy_14, AUC 54, and AUCq o
were 2844 = 1719, 4766 = 2734, and 4793 = 2768 ng.h/L.
The mean estimated time-lag was 0.24 * 0.17 hour. The average
calculated T/, for GTN and for its two metabolites were 5 and
32 minutes, respectively. The average amount of GTN delivered
by the patch (dose) was 10 * 2.5 mg during the 24-hour
application period, as calculated from the difference between
the labeled content and the residual amount left in the patch
after its application.

The proposed PK model provided a very good fit to the
observed data following transdermal delivery of nitroglycerin.
Population observed and fitted mean plasma concentrations ver-
sus time of GTN, 1,2-GDN, and 1,3-GDN are presented in Fig-
ures 3, 4, and 5 respectively. Goodness of fit was very good as
demonstrated by the coefficients of determination (GTN 2 = 0.4,
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Table I. Nitroglycerin mean PK parameter estimates and their interin-
dividual variability (CV%) after a single 24-hour transdermal applica-
tion to 30 healthy volunteers

PK parameters Mean (CV%)

A (%) 35 (65)
K, (h7") 0.06 (91)
ka, ('Y 5 (46)
ka, (h™Y) 0.47 (39)
ky (h7) 11 (42)
ko (W) 0.6 (34)
k(m) (h™" 1.4 (29)
VJ/F (L) 6 (31)
V,fF (L) 73 (34)
V/F (L) 23 (29)

Note: A, the percentage of the delivered GTN dose reaching the sys-
temic circulation released from the patch by a first-order process K;;
ka,, ka,, absorption rate constants; ki, kg, metabolites formation rate
constants; k(m), metabolites elimination rate constant; V./F, GTN vol-
ume of distribution; V,/F, 1,2-GDN volume of distribution; V,/F, 1,3-
GDN volume of distribution.
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Fig. 3. Fitted (—) and observed (», = SD) population mean GTN
plasma concentrations versus time after a single 24-hour nitroglycerin
transdermal application.

1,2-GDN1?=0.91,and 1, 3-GDNr*= 0.92), and by examination
of graphs of the weighted residuals versus observed plasma con-
centrations which showed no systematic bias or deviation.
Plasma concentrations of GTN and of its 2 metabolites as a func-
tion of time are depicted in Figure 6 for S subjects. Theseindividu-
als were randomly selected because no subject exhibited a better
or poorer fit than others as determined by Akaike criterion tests,
Pearson correlation coefficient, and visual inspection of the
graphs. There was substantial inter-subject variability in the GTN
plasma concentration-time profiles as shown by the individual
graphs (Figure 6) and by the vast deviation around the mean val-
ues (Figure 3). Single peaks were observed consistently in all
subjects at times ranging from 1 to 15 hours after the patch appli-
cation. The concentrations of the 1,2- and 1,3-GDN were consid-
erably higher than those of the parent drug. Single peaks were
also observed for 1,2- and 1,3-GDN. Plasma concentrations of
1,2-GDN were higher than 1,3-GDN.
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Fig. 4. Fitted (—) and observed (¢, * SD) population mean 1,2-GDN
plasma concentrations versus time after a single 24-hour nitroglycerin
transdermal application.

DISCUSSION

This study represents the first attempt at deriving population
PK parameters of GTN and its two GDN metabolites from a 24-
hour transdermal application. Our proposed PK model is an evo-
lution of previous work from different groups of researchers who
attempted to describe GTN or other drug concentrations during
their transdermal administration. Chandrasekaran proposed to fit
scopolamine concentrations after its transdermal application
using both a constant and a “priming dose” release of the drug (9).
The scopolamine transdermal system studied was a Transdermal
Therapeutic System (TTS) which consists of multiple layers
including an adhesive gel layer and a reservoir. The Transderm-
Nitro® TTS used in the present study is a similar system. The
reservoir contains the drug to be released in a constant manner,
while the adhesive layer serves both as an adhesive and as an
additional reservoir of the drug that provides some sort of a load-
ing dose or “priming dose” that allow the reaching of therapeutic
concentrations more rapidly. For Transderm-Nitro®, the main
reservoir of the drug contains 5 times the amount that will eventu-
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Fig. 5. Fitted (—) and observed (+, = SD) population mean 1,3-GDN
plasma concentrations versus time after a single 24-hour nitroglycerin
transdermal application.
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ally be released in order to have a driving force for drug diffusion
to occur through the skin (10). This is consistent with data found
in our patients, as on average, 10 mg out of the 50 mg present in
the patch was released during the 24-hour administration. The
adhesive layer of a reservoir patch such as Transderm-Nitro® is
thought to contain up to 8% of the total amount of GTN found in
the patch (10). For the Transderm-Nitro® that we studied this
means that approximately 4 mg of GTN may be present in the
adhesive layer. In this study we have found that on average, 35%
of the available drug appeared to have been released by a first-
order process (A: 35 * 0.22). Assuming that this first-order pro-
cess comes exclusively from the release of the GTN present in
the adhesive layer, we can verify if our PK model estimated prop-
erly the percentage of the drug to be found there. The amount of
GTN released from the patch through the skin by a first-order
process can thus be estimated to be 3.5 mg (35% of the 10 mg
released). It appears therefore that our PK model probably esti-
mated accurately the percentage of GTN released by a first-order
process (35%). Also, distinct peaks were seen in all individual
GTN plasma concentration-time profiles. Black (10) and Curry
(6) have published diagrams of individual plasma concentration
curves for Transderm-Nitro® patches showing similar observa-
tions. If one pools all the data together, these peaks are minimized
because they do not consistently occur at the same time. This is
exemplified by the significant variation in the Tmax from this
study although careful examination of the population mean con-
centrations shows that a majority of patients will exhibit this peak
around 5 to 7 hours after the beginning of the patch administra-
tion. We believe that these peaks are mostly due to the mixed
zero- and first-order release process. In the PK analysis, the PK
models that incorporated only a zero-order process did not fit
appropriately concentrations of GTN and of its GDN metabolites.

Previously proposed PK models for transdermal drug
delivery have never been used in a population analysis. Many
interesting models have been constructed such as the one Guy
and Hadgraft have proposed incorporating both a first-order
and a zero-order release of the drug (11). The ability of their
PK model to describe drug disposition during transdermal appli-
cation was tested using PK simulations for clonidine (12), oes-
tradiol, hyoscine, timolol and nitroglycerin (11,13,14). PK
parameters for these drugs and for GTN, however, were derived
and simulated from data coming from intravenous administra-
tion and from physicochemical properties of the drugs (11).
Also, their model did not appear to explain properly the early
concentrations of GTN. Possible explanations for this are the
absence of a time-lag and of a first-pass effect in their model.
It is apparent from the data presented in this study that the
metabolite concentrations appeared quicker or at the same time
than the parent drug, a phenomenon consistent with first-pass
metabolism of the drug in the skin. This is expected as GTN
has been shown to be metabolized by cytochrome P450 enzymes
(CYP) present in vascular tissue of endothelial and smooth
muscle cells (15-17). Nakashima et al., when evaluating con-
centrations of GTN following a transdermal ointment adminis-
tration, have proposed a physiological PK model that included
a first-pass effect (18). Simulations were performed to demon-
strate that their model fitted appropriately data coming from
two patients receiving the GTN ointment. We believe, however,
that their model would not appropriately fit GTN and GDN
concentrations arising from administration of Transderm-
Nitro® as it does not include a first-order release nor a time-



618 Auclair, Sirois, Ngoc, and Ducharme
Patient 7 Patient 13 Patient 14 Patient 20 Patient 36
800 350 o 160 400
L4 140 e 350 L4
700 e 300 . .
600 120 150 300 °
~ 3 250 —~ ’ —_ —~ s
§ 500 2 200 § 0 § § ;
= 400 £ £ g | € 100 |- e £ 200
E 300 g 130 E 60 E E 150
200 © 100 40 50 100
100 50 20 50
0 0 0 0 0
0 5 10 15 20 25 0 5 1015 20 25 0 5 10152025 0 5 1015 20 25 0 5 101520 25
Time (h) Time (h) Time (h) Time (h) Time (h)
3500 —
3000 - :232 2000 3000
3000 2500 |-
% 2500 2 % iy % 3000 % 1500 |-y Og—® 3 2500
2000 oo 0 ®
g 2000 § 1500 g iggg = g
& 1500 A Z E 1000 Z 1500
) @ 1000 O 1500 8
3 1000 & & Q ? 1000
—_ — o _ 1000 Q500 f‘:,
500 500 500 - 500
0 o Lelalaledl 0 0 0
0 5 10 1520 25 0 5 10152025 0 5 10152025 0 5 10152025 0 5 1015 20 25
00 Time (h) Time (h) Time (h) Time (h) Time (h)
5 500 600
o 500
_ 500 ® °
S ~ 400 Y - - ~ 400
E =) S 400 o S =)
> E 300 ) £ £ 300
a z Z 300 4 z
O 2 200 g a a
o Q Q200 O © 200
—_ “« “ e e}
—~ 100 ~ 100 — ~ 100
0 0 0
0 5 1015 2025 0 5 1015 2025 0 5 10152025 0 5 1015 2025 0 5 101520 25
Time (h) Time (h) Time (h) Time (h) Time (h)

Fig. 6. Fitted (—) and observed (*) GTN, 1,2-GDN and

lag process. It became necessary for us to include such a time-
lag in our model as concentrations did not appear systemically
in a manner consistent with instantaneous administration. This
is consistent with the nature of the transdermal system, where
a certain time is needed for an equilibrium to be made between
the patch and the skin, and for a skin reservoir to be filled prior
to the appearance of the drug in the systemic circulation (6,10).

Our model is therefore the first one to include both a first-
pass effect, a mixed first- and zero-order release of the drug, as
well as atime-lag. This is also the first report in which population
PK parameters are calculated, not just simulated, from fitted con-
centrations of GTN and GDN. We believe it is extremely
important to determine the PKs of GTN concomitantly with those
of its GDN metabolites. Doing so provides more data to be ana-
lyzed in the same individual allowing a more robust evaluation,
and helps distinguish fluctuations in GTN concentrations that
could be due to “noise” or to the mixed first- and zero-order
release. GTN concentrations following transdermal application
are known to fluctuate widely (6,10). Heating or cooling the skin
region besides the patch seems to increase or decrease GTN con-
centrations (19) while exercise appears to increase GTN concen-
trations (20,21). Some studies have shown that GTN
concentrations change significantly depending if the individual

1,3-GDN plasma concentration-time profiles in 5 subjects.

rests in a sitting or a passive tilt position (22) while others have
seen no difference (23). It may be reasonable to expect some dif-
ference depending on physiologic conditions (i.e., physical activ-
ity, posture, temperature, food ingestion) (6,24,25). Studies
comparing the bioavailability of two formulations should there-
fore be very strictly controlled. Our model did not include a possi-
bility for a change in clearance over time. However, as previously
mentioned, fluctuations in GTN and/or GDN concentrations may
also be caused by “noise” or from the mixed first- and zero-order
release. Peaks of GTN seen concomitantly with higher concentra-
tions of GDN are likely to be due to the mixed first- and zero-order
release, while deviations in GTN only are probably the result of
“noise” if they are not accompanied with either higher or lower
than expected concentrations of GDN metabolites. Without a
population analysis and the simultaneous fitting of GTN and its
GDN metabolites, calculated area under the concentration-time
curves are therefore difficult to estimate with robustness. This is
problematic if one tries to compare bioavailability data between
two transdermal preparations. Differences or absence of a differ-
ence may well be the result of unaccounted noise (24,26,27) or
due to the mixed release of the patches.

Calculated PK parameters presented are consistent with
prior knowledge. The mean GTN half-life value of 5 minutes
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derived in this study is similar to values published following
intravenous administration (6,25,28). Terminal elimination half-
lives are independent of the method of administration and differ-
ent values reported by other groups after oral or transdermal
administration are probably the reflect of their PK analysis.
Elimination half-life for the GDN metabolites was found to be
32 minutes. Williams et al. found a value of approximately one
hour (29). Since these metabolites may contribute to the clinical
activity of transdermal nitroglycerin therapy, determination of
their PKs is important (25,30).

Our findings have several implications in research and
clinical practice. They will allow better head to head comparison
between different formulations of nitroglycerin minimizing
errors resulting from the substantial fluctuations in plasma con-
centrations occurring during treatment with transdermal deliv-
ery systems. Not limited to comparison of transdermal
nitroglycerin formulation’s relative bioavailabilities, these
results may also enable one to differentiate formulations in
terms of onset of action and drug elimination. The PK parameter
values derived from this population study will find utility in
trials attempting to address the relationships between concentra-
tion and effect of nitroglycerin and its metabolites. From a
clinical aspect, the PK parameters found will provide good
indicators of the time required to reach steady-state after a
nitroglycerin dosing regimen is initiated for a specific patient,
and the expected time for the drug to be removed from the
organism in problematic situations.
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