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Abstract

HPLC in combination with chemoluminescence-N-detection (CLND) is very useful for the analysis of pentaerythrityl tetranitrate (PETN) an
its possible biological and chemical degradation products pentaerythrityl trinitrate (PETriN), pentaerythrityl dinitrate (PEDIN) andtpetyfaery
mononitrate (PEMonoN). Quantification is more convenient and sensitivity of this method is about four times higher compared to UV-detectic
The present study demonstrates that PETN is a chemically more stable compound in vitro than expected. No degradation was observed in aqt
buffers (37C, pH 5.6, 7.4), human plasma, and simulated intestinal or gastric fluid. On the other hand, the addition of increasing amounts
thioles (cysteine, thioglycolic acid) induced an increasing degradation of PETN.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction is assumed to go along with enzymatic biotransformaies.
The main objective of our study was to establish an improved
Before starting a pharmacokinetic study it is obligatory toanalytical method for quantifying PETN and the lower nitrates
know all non-enzymatic degradation reactions of the substancand to investigate whether non-enzymatic hydrolysis could play
to be investigated, because time-dependent chemical instabd-role in the biotransformation of PETN.
ities would compromise the determination of plasma levels, Analysis of organic nitrates has not been performed very
biotransformation-reactions, elimination half-lives, etc. successfully in the past due to general obstacles. The primar-
The organic nitrate pentaerythrityl tetranitrate (PETN), veryily used analytical method, gas chromatography—-mass spec-
commonly used in the treatment of cardiovascular diseasesoscopy (GC-MS)6-8], shows a low limit of quantitation
is assumed to be a “double” prodrug, since it has to be conLOQ) (PEMonoN 150 ng/ml, PEDIN and PETriN 30 ng/ml,
verted to nitric oxide (NO) by bioactivation processes andput the mean recovery rate is not as high as described for other
second, the nitric acid esters may be hydrolyzed enzymammethods. Moreover, inaccuracy is about 10%, which may be
ically or non-enzymatically yielding the so called “lower” caused by thermal instability of the analytes and/or by incom-
nitrates, i.e. pentaerythrityl trinitrate (PETriN), pentaerythrityl plete matrix extraction and derivatisation of PEMonoN, PEDIN
dinitrate (PEDIN) and pentaerythrityl mononitrate (PEMonoN)and PETriN. The commonly used derivatisation reaction which
(Scheme L Thus, PETN can be considered to act in vivo as a seis also used for GC-ECD and GC-FID is trifluoroacetylafigh
of four nitrates, which may contribute to its clinical advantagesof free OH-groups.
such as lower occurrence of headaches and a lower nitrate toler- A similar inaccuracy of about 6% has been described for
ance]2,3]. Non-enzymatic hydrolysis of the nitrate ester PETNa HPLC method combined with a thermal energy analyzer
(TEA-detector)[10,11], which was mainly used for the deter-
mination of explosives in waste water. The disadvantages of
* Corresponding author. Tel.: +49 3641 949814; fax: +49 3641 949802.  the GC methods as well as the medium UV-absorption in HPLC
E-mail address: b8sean@rz.uni-jiena.de (A. Seeling). prompted us to explore the possibilities of HPLC combined with
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ONO, ONO, lower concentrated HPLC-reference solutions. The standardized
amount of methanol was 50% (v/v). For recording the nitrogen
HO OH HO ONO, calibration curve caffeine dilutions in the concentration range of
2.79x 108 t0 2.79x 10~° g N/ml were used.
OH OH

PEMonoN: C;H,,NO,

PEDIN: C.H,N,O,

2.1.2. Investigated solutions
Investigations of the hydrolysis and redox stability were per-

181,14 u 226,14 u formed at 37C with 2x 10->M PETN-solutions £=23) in
7,73 % N 12,38 % N aqueous solutions: demineralized water; acetate buffer, pH 5.5;
phosphate buffer, pH 7.4; enzyme containing buffer solutions:
ONO ONO gastric fluid, simulated, TS, according to USP 26 (pepsine con-
2 2 taining, pH 1.2); intestinal fluid, simulated, TS, according to
HO ONO, O,NO ONO, USP 26 (pancreatine containing, pH 7.5); human plasma pH 7.4;
sodium hydroxide solution pH 10.0. To investigate the influence
of thioles the following solutions were added: )5 x 10~°
ONO, ONO, and 104 M cysteine solutions in phosphate buffer pH 7.4720

5x 107° and 104M thioglycolic acid solutions in phosphate
buffer, pH 7.4. Solutions without proteins were prepared by
dispergation of PETN in the solvent at 3Z, sonification for
about 10 min and subsequent stirring of the suspensions for fur-
ther 20 min. Ten times oversaturatest 20~* M solutions were
obtained from which some PETN crystallized within 60 min.
The resulting saturated solutions were stable and contained

x 10~°mol/l PETN after filtration through a 042m mem-

ane filter (Rotilab8, Roth, Karlsruhe, Germany). Protein and
thiol containing test solutions were freshly prepared by diluting
the oversaturated PETN solution 1:10 with the respective media.
No further crystallization was observed. The amounts of PETN
dissolved were determined by HPLC using a PETN-calibration
curve and taken asg-value. During the incubation period of 14
days (2 days, respectively in case of the protein containing solu-

) ] o tions) the well closed sample flasks were held &G a water
LiChrosol® methanol, gradient grade for liquid chromatog- bath.

raphy, sodium chloride, sodium hydroxide, sodium acetate-

trinydrate, sodium dihydrogenphosphate-dodecahydrate, dis-» Samples

odium hydrogenphosphate, phosphoric acid 85%, hydrochlo-

ric acid 37%, cysteine and thioglycolic acid, all of analyt-  after 30 min, 1, 2, 4, 8, 16, 24h, 2, 7 and 14 days aliquots

ical grade, were obtained from VWR International (Darm-\yere sampled and diluted 1:1 with methanol. All the samples

stadt, Germany). Caffeine, pancreatine from hog pancreggere centrifuged 15min at 3000 rpm to separate denaturated

(specification as described in USP P®]) and pepsin from  qteins in case of the protein solutions. The clear supernatants

hog stomach (322 U/mg) were purchased from Sigma—Aldrichyere girectly injected into the HPLC. Residues were tested

Chemie GmbH (Steinheim, Germany). PETN, PETTN, PEDiNor coprecipitations by extracting them three times with 1.0 ml

and PEMonoN (HPLC-purity >98%) were donated by ISIS-methanol. The extracts were dried in a gentle stream of nitro-

Alpharma (Monheim, Germany). gen, resolved in 1.0 ml methanol/water (1:1 v/v) and analyzed by
HPLC.

PETriN: C;HN,O
271,14 u
15,49 % N

PETN: C4HgN,O,,
316,13 u
17,71 % N

Scheme 1. PETN and its major degradation products.

an N-selective chemoluminescence-detection (CLND) for th
analysis of PETN and its degradation products PETriN, PEDi
and PEMonoN. CLND was expected to detect these compoun
more sensitively than UV-detection.

2. Materials and methods

2.1. Chemicals

2.1.1. Solvents and solutions
All solutions were prepared in deionised water (Serdlpur  2.3. Equipment
Acetate buffer, pH 5.5 and phosphate buffer, pH 7.4 were pre-
pared in accordance to the general regulations of the European Separation of the analytes was performed with a LC-10
Pharmacopoeifl 3], Gastric Fluid, simulated, TS (containing  Series HPLC consisting of two LC-10AS-pumps in an iso-
pepsine, pH 1.2) antktestinal Fluid, simulated, TS (containing  cratic mode, an autoinjektor SIL-10A, a UV-detector SPD-10A
pancreatin, pH 7.5) are described in the USH28. Human  (Shimadzu Europe GmbH, Duisburg, Germany) and an Antek
plasma was obtained from the clinic of the Friedrich-Schiller-8060 Nitrogen Specific HPLC Detector (Antek Instruments L.P.,
University, Jena and stored aR5°C. Houston, TX, USA). A Bus-Module SCL-10A VP with Class
The 10°3M-stock solutions of caffeine (ext. standard), VP-Software, version 6.12 (Shimadzu Europe GmbH, Duisburg,
PETN, PETriN, PEDIN and PEMonoN were prepared inGermany) was used for computer controlling and analysis. The
methanol and diluted with water and methanol to obtainsimultaneous UV- and N-detection as well as the flow reduction
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below the maximum eluent flow of 0.3 ml/min as required for R )

the CLND was possible by using a Quick Splipost-column R—N  + 0, _10s0°C_ NO' + CO, + H,0
adjustable flow splitter 600-P0O10-06 (Richard Scientific Inc., R

Novato, CA, USA). NO'+ O, —= NO," + O, —= NO, + O, + hv

Test solutions were stored in a thermostated water bath GFL
1042 (Gesellschaftif Labortechnik mbH, Burgwedel, Ger- Scheme 2. The nitrogen containing analytes are pyrolyzed inp#hrGtream
many). For pH adjustment a pH 526 pH-meter (WTW Weilheim,at 1050°C for*ming selectively NO, which is further oxidized to excited nitrogen
Weilheim Germany) was used. All samples were Centrifuge(?iOXide (NG") by in situ generated ozone. During transition to the ground state

. ’ ) NO2) a quantum of red light, proportional to the injected amount of nitrogen,
with a Labofuge 200 (Haereus Instr., Osterode, Germany). i< emitted and recorded by the CLND.

2.3.1. Chromatographic conditions e . .
Analyses of the samples were performed isocraticall)}he expected quantification ranges and evaluated in compari-

on a Chromolith Performance RP-18e (10@.6) column/ son to the UV-calibration curves recorded separately for every

Chromolith RP-18e Guard Cartridge £54.6) (Merck, Darm- organonitrate. The examinati_on of possibleinteracti'ons bet.vyt.een
stadt) with methanol/water (1:1) at a flow rate of 0.5 mi/min; (€ €luent and sample matrix residues, such as insolubilities,
injection volume 10Qu; split ratio UV:CLND = 3.2:1.8; detec- p_reC|p|taF|0ns or copre_C|p|tat|ons has shown none such side reac-
tion A: UV 215 nm: detection B: CLND, calibrated with caffeine tions. This was of main interest, because the eluent should also
in the concentration range of 27.9 ng/mi N to 2Z@mi N. be used as sample solvent that means 50% MeOH plus 50%
aqueous media. So a sensitive and selective separation of PETN
and its lower nitrate derivatives could be achieveid (1). Quan-
tification was more convenient because the CLND is calibrated

For demonstrating the reproducibility concerning capacity-2n "9/ml nitrogen by using a nitrogen standafe( 1a). Indi-
dual calibration curves for every compound are not required.

factors, response-factors and inter-assay variation the day to dar\%

precision was determined and the experimental instructions were°VINg the nitrogen-amount by the formula mass O,f every
executed by several lab technicians(). analyte, the obtained AUC-values could be converted into any

other unit e.g. concentration, mass or [mole]. In contrast to UV-
detection, the size of the detector signal is independent to the
oxidation number, ion charge and hybridisation of the nitro-

Standard curves of the organonitrates and caffeine, eaddfn Scheme  Fig. 1demonstrates the ability to detect PETN
diluted in the eluent were prepared in the concentration rang@nd its degradation products by HPLC/CLNBEg. 1b shows

from 0.1 to 10Qumol/l (n=6). The UV- and CLND-responses the baseline of a protein containing sample. Validation param-

were considered linear when adjusted to a correlation coeff€ers such as linearity, LOD and LOQ are givenTable 1

cient of at least 0.9990. The limit of detection (LOD) and limit The LOD- and LOQ-values were in the range as expected for

of quantitation values (LOQ) were determined by calculatingthe determined response-factors. Depending on the detection

2.4. Reproducibility

2.5. Linearity

the signal/noise ratio (S/N (LOD) = 3; S/N (LOQ) = 10). mode the signals of equimolar organonitrate-samples corre-
' lated with the percentage of nitrogen calculated from formula

3. Results and discussion mass.

3.1. Method development 3.2. In vitro-experiments

Several HPLC methods have been described in the literature In the first incubation experiments it was demonstrated, that
for the determination of PETILO—15] which we screened to PETN is obviously stable against hydrolysis not only under
find a basic method for our analytical problem. physiological pH-conditions but also in a pH-range from 1.2 to

In view of this some restrictions had to be taken in consid-7.4. Consequently, a non-enzymatic degradation of PETN even
eration. Because using an N-selective detector we had to avoid case of long-time-incubations and extraction from acidified
N-containing eluents such as acetonitrile as well as N-containingiological matrices can be excluded. The slopes observed at the
buffer substances. The differences in polarity and the absend®ginning of the concentration/time curves of PETN in aque-
of ionisable structures in the organonitrate molecules led us toaus and buffered solutions (pH 5.5 and 7 Big( 2) are not due
method described in the US Pharmacopd&® which is used to an initial hydrolysis, but to the precipitation of PETN from
for the assay of PETN in PETN triturations. We reduced thethe oversaturated solutions on the glass surface. After remov-
MeOH amount in the MeOH/water mixture from 60 to 50%. ing the supernatant liquid these deposits of PETN were resolved
So we got a buffer free eluent with high polarity that could with methanol and examined by HPLC. Only PETN but none of
differentiate among the lower nitrates PEMonoN, PEDIN andthe lower nitrates were detected. After 90 min the concentration
PETTrIN very well. Furthermore the retention times even of theof PETN remained stable at210~° mol/l and this concentra-
most lipophilic analyte PETN were short enough to guarante¢éion was used in all of the following degradation experiments.
a high sample throughput. The standard calibration method fdbegradation was found in alkaline solutiofi$g(. 2). In 10~* M
the CLND using caffeine as external standard was adapted &odium hydroxide solution at 3TC, all nitric acid ester moieties
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Fig. 1. (a) HPLC-chromatogram of caffeine (internal standard x 10~> M) recorded by CLND, (b) HPLC-chromatogram of an organonitrate-free human plasm
blanc; recorded by CLND after sample preparation (see Seét@rand (c) HPLC-chromatogram of PETN=10-°M) and its possible hydrolysis products
(¢=2x 10"5M) recorded by CLND.

were hydrolyzed within~75 h. The intermediate formation and containing digestive fluids. In the strong acidic gastric fluid
subsequent degradation of lower nitrates was observed but nas well as in the weak basic intestinal fluid, PETN remains
analyzed quantitatively. In order to simulating the gastric andunchanged for at least 50 h which was definitely longer than the
intestinal situation, PETN was incubated in artificial, enzymephysiological time of residence in the digestive tragg( 3).

Table 1

Analytical data of PETN and its degradation products; caffeine is used as external standard

Substance Miel N [%] (m/m) K Linearity (uwM) Correlation coefficient LOD (nmol) LOQ (nmol)
PEMonoN 181.14 7.73 1.45 0.57-100 0.9995 16.2 53
PEDIN 226.14 12.38 2.42 0.5-100 0.9997 10.7 36
PETrIIN 271.14 15.49 5.58 0.35-100 0.9999 8.9 30

PETN 316.13 17.71 11.35 0.2-100 0.9999 54 22

Caffeine 194.19 28.8 5.20 0.18-400 >0.9999 6.2 20
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1200 PETN-hydrolysis (37 °C) PETN/cysteine (pH 7,4 ; 37 °C)
—— water iOO
1000 PETN precipitates —o—pH 7,4 50
‘/ partially on the ——pH 5,5 400
_ 800 surface —epH 9,0 350 ——cysteine 111
M -
2 600 o 300 ——cysteine 5:1
= <=t 250 ——cysteine 10:1
400 200 —without cysteine
150
200 i
degradation 100
0 4 - 50
0 50 100 150 200 250 300 350 400 450 0
time [h] 0 50 100 150 200 250 300
(a) time [min]

Fig. 2. PETN-concentration/time-diagram depending on solvent pH.
PETN/thioglycolic acid (pH 7,4 ; 37 °C)

500
Quantification of xenobiotics in biological, that means pro- 450
tein containing matrices, can be impaired by enzymatic reactions 400 " —
. . . . . . 350 —+—thioglycolic acid
following the defined incubation period. For this reason a denat- _ —o—thioglycolic acid 5:1
uration of the proteins, e.g. by phosphoric acid/methanol is S Zgg —a—thioglycolic acid 10:1
essential, which on the other hand may induce coprecipitations < 200 —=without thioglycolic acid
with compounds such as PETN. So PETN was examined before 5,
and after denaturation. In human plasma a small but signifi- 100 N
cant decrease of PETN was obsenig)(3), obviously caused 50
by deg_radation reactions with the_ p_roteins, since the comp_let_e 0. = 50 1% 250 250 200
extraction of the denaturated precipitate has not shown any inci- () time [min]

dence of absorbed or coprecipitated PETN. _ _ . _
A limited number of free thiol groups in the human p|asma_F|g. 4. The PETN concentration decreases more (a) or less (b) rapidly with
increasing thiol/PETN-ratio.

may be responsible for the limited degradation of PETN. The
interaction of nitrates with thioles could indeed be confirmed

by our experiments. Addition of cysteine or thioglycolic acid So this mechanism is supposed to be one factor in development
caused a rapid decrease of PETRN( 4). of nitrate tolerance.

To understand the meaning of these results it is necessary to Up to now nitrate tolerance has not been observed dur-
explain the role of thioles during bioactivation of organonitratesing PETN therapy[18] because PETN provokes only a min-
in vivo. It was found that an organpnitrate treatment increaseﬁnal stimulation of superoxide radical formation. Since the
th_e formatlon_of sgperomde ¢0*®) in blood vessels and t_hat development of nitrate tolerance was reported to be associated
this seems to inactivate NO; further the vascular NADH-oxidasgy i, increased vascular oxidative stress, induced by organic
activity is elevated. The latter significantly enhances the bas%trates and antioxidant co-treatment (e.g. ascorbic acid) had
generation of @ * radicals and promotes the inactivation of NO p . | i) effect$19], the lack of tolerance upon PETN treat-
and the formation of peroxynitrite. Superoxide radicals19  ment \was explained by antioxidative side-effects of PETN
react effectively with NOX=6.7x 10°M~'s1) to form per- oo
oxynitrite, which is a strong oxidafit6] that mediates oxidation On the other hand thioles have repeatedly been discussed
of both non—p_rotein and protein sulfhydryls to disulfi.des and into act as cofactors in the enzymafiij bioactivation as well
case of protein bound SH-groups probably to sulfenic Gl ¢ reducing agents in the non-enzym@#@] bioactivation of

organic nitrates via formation of nitro- and nitroso-thioles as

500 PETN-hydrolysis (37 °C) precursors of nitric oxidg21]. Because this has been observed

only for other organonitrates like GTN or ISDN but not for

& Siant degradation (formation of PETHN) PETN itself the rapid degradation of PETN after addition of

= — % cysteine and thioglycolic acid in our studies is very surpris-

g 400 : : ing. In former in vitro-studies it could only be proved, that a
=4 ——intest. fuid pH 6,8 cystine-pool reacts as a selective moderator inside the reduc-

—o— gastric fluid pH 1,2
-+ human plasma

tion of the PETN metabolite PEDIN without being interfered
by superoxide, yielding pentaerythityl mononitrate (PEMonoN)
meanwhile in the absence of cystine only pentaerythrite (PE) is
0 10 20 30 40 50 60 formed[22]. Clarifying the reaction mechanism and the struc-
time [h] tures of the intermediates and the final products resulting from
the reaction of PETN with thioles has to be the subject of further

Fig. 3. Level of PETN after addition of enzymes in acidic or neutral solutions o
and proteins. Investigations.

300
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4. Conclusions [4] U. Hess, H. Bisig, G. Konig, M. Stoeter, in: E. Mutschler, D. Schnei-
der, D. Stalleicken (Eds.), Pentaerythrityltetranitrat: NO-substitution als

HPLC combined with CLND is a convenient method pharmakologisch begndetes Therapieprinzip, Steinkopff-Verlag, Darm-

. e L. T . stadt, 2000, pp. 18-26.
for the identification and quantification of PETN and its [5] Z. Chen, J.S. Stamler, Proc. Natl. Acad. Sci. US.A. 99 (2002)

metabolites. Sensitivity showed to be about four times higher ~ g3p6-8311.

than the parallel performed UV-detection. The detection lim- [6] W. Weber, K. Michaelis, V. Luckow, U. Kuntze, D. Stalleicken,
its found were 1.6< 10-'M=50ng PETN/ml for CLND Arzneim.-Forsch./Drug Res. 45 (1995) 781-784.

and 6.4x 107 M =0.2ug PETN/mI for UVD. Furthermore [7] D. Stalleicken, U. Kuntze, B. Schmid, R. Hiebl, J. Ring, K. Michaelis,

. . . Arzneim.-Forsch./Drug Res. 47 (1997) 347-352.
oligopeptides, but not the usual organic solvents needed fOTS] A. Schutz, J. Kotting, F. Epple, R. Ziegler, H. Maier-Lenz, D. Stalle-

extraction, or other compounds without nitrogen interfere with * ~ jcken, Arzneim.-Forsch./Drug Res. 49 (1999) 891-895.

the chromatograms. With regard to quantification, CLND proved[9] I.W.F. Davidson, F.J. DiCarlo, E.I. Szabo, J. Chromatogr. 57 (1971)
to be highly favourable, since only one calibration curve usin% 345-352. _

caffeine in the range of 3 ng-3Qy N/injection had to be estab- 10] W.C. Yu, E.U. Goff, D.H. Fine, Proc. Int. Symp. Anal. Detect. Explos.

: . . . (1983) 329-340.
lished. A peaks size only depends on the amount of nitrogen IA1] W.C. Yu, E.U. Goff, Biopharm. Drug Dispos. 4 (1983) 311-319.

the compound. [12] The United States Pharmacopeia, 26th ed., The United States Pharma-
In our study, PETN showed to be surprisingly stable at copeial Convention Inc., Rockville, MD, 2003.

37°C in agueous systems of pH 1.2, 5.5, 6.8 and 7.4 and ifi3] European Pharmacopoeia, 4th ed., Deutscher-Apotheker-Verlag,
simulated intestinal and gastric fluids. According to this, a non-_ _ Stuttgart, 2002.

. LT . [14] J.B.F. Lloyd, J. Chromatogr. 257 (1983) 123-127.
enzymatic hydrolysis in vivo can be ruled out. Total hydronS|s[15] C.E. Parker, et al., J. Foren. Sci. 27 (1982), 495-450.

of PETN takes place at 3T at pH 10 within 75 h. Arapid, dose- [16] s. Dikalov, B. Fink, M. Skatchkov, D. Stalleicken, E. Bassenge, J. Phar-
dependent degradation of PETN was observed after addition of macol. Exp. Ther. 286 (1998) 938-944.
thioglycolic acid and cysteine. This confirms the discussion, thaf.7] R. Radi, J.S. Beckman, K.M. Bush, B.A. Freeman, J. Biol. Chem. 266

endogenous thioles are involved in the bioactivation or at least  (1991) 4244-4250. .

in the biotransformation of organic nitrates. 18] T. Gc_)n, A. AI-Hgsayen, et al., Am. J. Cardiol. 91 (2003) 1392_—1394.

in the g [19] S. Dikalov, B. Fink, M. Skatchov, E. Bassenge, Free Rad. Biol. Med.
27 (1999) 170-176.
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