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Abstract:

Organic nitrates, derivatives of piperazine, incubated with L-cysteine hydrochloride in phosphate buffer at appropriately high pH

and temperature underwent decomposition, releasing nitric oxide (NO). NO generated in this reaction was quantitated by

polarographic method using a selective ISO NO sensor.

Spontaneously hypertensive rats were used in the tests of hypotensive activity of both investigated organic nitrates and their

hydroxyl analogues. The experiments with both groups of compounds were performed under identical conditions.

The results of the study demonstrated that the ability of individual compounds to release NO influenced in a different manner their

pharmacological activity.

Only the compound which released the largest quantity of NO during in vitro tests exhibited in vivo the most prolonged hypotensive

effect and significant decrease in all arterial blood pressure parameters.
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Introduction

Nitric oxide (NO) has been demonstrated to be an en-

dothelial factor causing vasodilatation. NO elicits its

effects by activation of guanyl cyclase, which results

in smooth muscle relaxation and decrease in blood

pressure, with additional antiaggregative effect [4, 9].

Organic nitrates used in the therapy (glyceryl trini-

trate, isosorbide-2,5-dinitrate) are used in case of in-

sufficient biosynthesis of endogenous NO from ar-

ginine [9]. Particular stages of organic nitrate bio-

transformations have not been fully elucidated so far.

However, it has been established that the presence of

thiols is necessary for guanyl cyclase activation by or-

ganic nitrates. In vitro incubation of glyceryl trinitrate

with an excess of cysteine, N-acetylcysteine or

thiosalicylic acid leads to spontaneous, nonenzymatic

release of NO and related S-nitrosothiols (SNT). Re-

duction of glyceryl trinitrate to NO in the cells is more

complex and probably involves both a nonenzymatic

and an enzymatic process [2]. Same routes of organic

nitrates biodegradation have been suggested to lead

mainly to therapeutically inactive metabolites – nitrite

and nitrate ions [1, 10]. Formation of pharmacologi-

cally active products, such as NO and SNT, is only

one of the directions of these transformations, which,

however, due to exceptionally potent biological activ-
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ity of NO, makes organic nitrates effective hypoten-

sive and antiaggregative agents.

The exceptional biological activity of NO incited

intensive search for new compounds, which could ac-

tivate or inhibit biochemical changes associated with

its release, or supply additional amounts of exogenous

NO. Particular attention was paid to compounds with

organic nitrates structure, i.e. chemical structure po-

tentially enabling to release the active mediator – NO.

Our previous chemical and pharmacological stud-

ies of asymmetric 1,4-disubstituted hydroxyderiva-

tives of piperazine demonstrated that these com-

pounds had cardiovascular effects, including a spas-

molytic effect on blood vessels, decrease in blood

pressure and increase in coronary blood flow [7, 8].

Then, nitrate groups (ONO2), which could undergo

decomposition and release NO in the course of meta-

bolic changes, were introduced into the structures of

piperazine hydroxyderivatives exhibiting the most

significant pharmacological activity. The formation of

exogenous NO could cause an increase in the previ-

ously observed hypotensive effect [5, 6].

The obtained asymmetric 1,4-disubstituted hy-

droxyderivatives of piperazine were tested in vitro by

subjecting them to reactions with selected thiols. The

nitrite and nitrate ions obtained as a result of these re-

actions were detected by potentiometric method, us-

ing nitrite and nitrate ion-selective electrodes. The in-

vestigated compounds were observed to react with the

selected thiols with varied dynamics, which was re-

flected by different quantities of nitrite and nitrate

ions yielded as a result of the reactions. The production

of such ions was one of the signs indicating that the

tested organic nitrate reacted with thiol compounds, i.e.

underwent the reaction determining the pharmacologi-

cal activity of therapeutic organic nitrates [5].

The paper presents analytical and pharmacological

studies of those nitrate derivatives of piperazine 1–3

(Scheme 1) which produced the largest quantities of

nitrite ions in in vitro tests. They were considered as

the compounds most active in the reaction with thiols.

The analytical studies involved assessment of the

potential of compounds 1–3 to release NO in the reac-

tion with thiols: L-cysteine hydrochloride monohydrate

(LC) and L-cysteine ethyl ester hydrochloride (LCEE).

The pharmacological studies were designed to

compare hypotensive activity of compounds 1–3 with

hypotensive activity of their hydroxyl analogues,

compounds 1a–3a. The experiments with all the

tested compounds were performed under the same

conditions.

The study was expected to provide an answer to the

question whether the tested nitrates 1–3 were capable

of NO release in reactions with the used thiols, as well

as verification, consequent to such capability, of their

pharmacological activity in an animal model of hy-

pertension in SHR.

It should be emphasized that nitrate group carriers

(ONO2) in the nitrates used in medicine (glyceryl tri-

nitrate, isosorbide-2,5-dinitrate) are devoid of phar-

macological activity, whereas 1,4-disubstituted hy-

droxyderivatives of piperazine (1a–3a), i.e. the parent

compounds for the tested nitrates (1–3) demonstrated

their favorable effect on the cardiovascular system in

previous studies [7, 8]. The above can justify the pres-

ent studies of these substances.
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Materials and Methods

Analytical studies

LC and LCEE, were purchased from Sigma-Aldrich

Co. Phosphate buffer pH 7.70 50 mmol was used

throughout the experiments through which deoxygen-

ated argon was purged.

The investigated nitrates 1–3 and their hydroxyl ana-

logues 1a–3a were synthesized by the author [5, 7, 8].

They were: 1-(3-piperidinepropionyl)-4-(2-nitrooxy-3-

piperidinepropyl)piperazine trihydrochloride 1, 1-(3-

piperidinepropionyl)-4-(2-hydroxy-3-piperidinepropyl)-

piperazine trihydrochloride 1a, 1-(3-piperidinepropio-

nyl)-4-[2-nitrooxy-3-(4-methylpiperazine)propyl]pipe-

razine tetrahydrochloride 2, 1-(3-piperidinepropio-

nyl)-4-[2-hydroxy-3-(4-methylpiperazine)propyl]pipera-

zine tetrahydrochloride 2a, 1-(3-piperidinepropio-

nyl)-4-(2-nitrooxy-3-isopropylaminepropyl) pipera-

zine trihydrochloride 3, 1-(3-piperidinepropionyl)-

4-(2-hydroxy-3-isopropylaminepropyl)piperazine tri-

hydrochloride 3a.

Quantitation of NO generation

NO was generated from the interaction between com-

pounds 1–3 and sulfhydryl agents in phosphate buffer

pH 7.70.

Measurements of gaseous NO released as a result

of reaction with thiols were carried out with polaro-

graphic method using an ISO-NO sensor selective for

NO and an ISO-NO Isolated Nitric Oxide Meter [11].

The measurements were recorded and the results

were analyzed using Duo –18TM software package de-

signed for electrochemical measurements associated

with NO release.

All the determinations were carried out under iden-

tical conditions: in aqueous solutions of the same vol-

ume (10 ml), at 37°C, under anaerobic conditions in

argon atmosphere, with automatic stirring of the solu-

tion. The measuring electrode was introduced into the

test solution to the depth of 5 mm.

Calibration of the method involved synchroniza-

tion of the readings from the electrode (pA) immersed

in water and then in 1 mol NaCl. Sensor calibration

was carried out using the method of chemical genera-

tion of nitric oxide in the reaction of potassium nitrite

with potassium chloride in acid medium. The sensor

was immersed in a solution containing 0.1 mol H2SO4

and 0.1 mol KJ, into which 50, 100, 150 and 200 µl of

50 µmol KNO2 were consecutively added. The quan-

tity of NO generated in the solution corresponded to

the quantity of the added KNO2. It was calculated (in

nmol) from the following equation: M1V1=M2V2 (M1

– initial concentration, V1 – initial volume, M2 – final

concentration, V2 – final volume). A curve illustrating

the dependence of current intensity changes (pA) on

NO concentration changes (nmol) was drawn. The

slope of the curve was 4.8 pA/nmol of NO, and the

linear correlation coefficient was r = 0.99815.

Nitric oxide generation from compounds 1–3

and sulfhydryl compounds in incubation media

The effects of aliphatic sulfhydryl compounds on the

generation of NO from nitrate derivatives of pipera-

zine (1–3) degradation were examined in phosphate

buffer (pH 7.70) at 37°C, under anaerobic conditions.

A selective ISO NO sensor connected with an

ISO-NO Isolated Nitric Oxide Meter apparatus was

placed in the solution containing 2.5 mmoles of LC or

LCEE in phosphate buffer. Then, the solution contain-

ing 0.5 mmoles of the investigated nitrate in phos-

phate buffer was added. The solutions were mixed

with a magnetic stirrer at 37°C and measurements of

the generated NO (in µmol) were conducted after

1 min. Five separate determinations were carried out

for each investigated nitrate.

The mean values ± SEM were calculated. The re-

sults from the reactions of the investigated nitrates

(1–3) with LC are listed in Table 4.

Pharmacological studies

The study was conducted on spontaneously hyperten-

sive male rats (SHR) weighing 270–320 g (16–18

weeks of age), which had free access to standard feed

and water. The animals were housed in standard plas-

tic cages, 10 animals per cage, in a constant tempera-

ture of 22°C and under a 12 h light-dark cycle. All ex-

periments were conducted between 8 a.m. and 2 p.m.

The experiments were performed with the permis-

sion of the Local Ethics Committee for the Experi-

ments on Animals (no. £/BD/149).

The animals were divided into 6 experimental

groups consisting of 6–8 rats each. All compounds (1,

1a, 2, 2a, 3, 3a) were dissolved in 0.9% NaCl and

were given ip (in the volume of 2 ml/kg). The investi-

gated compounds 1, 1a, 2, and 2a were given at a dose
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of 7 mg/kg and compounds 3 and 3a were administered

at a dose of 3.5 mg/kg (in the volume of 1 ml/kg).

For each compound, measurements of arterial

blood pressure (systolic, diastolic and average pres-

sure) were carried out before the drug administration

and at three time points thereafter: 30th, 60th and 90th

min. Arterial blood pressure was measured with a ma-

nometer according to Górska and Andrzejczak [3].

Statistical analysis

The results obtained in the experimental part were

analyzed with the use of STATISTICA 5.0 program.

Normality of distribution was checked with the use of

Kolmogorow-Smirnoff test with Lillieforse correc-

tions. To estimate the variation of differences in the

obtained results, a test with separate estimation of

variance (Fisher’s test) or Mann-Whitney U-test

(non-parametric test) was used. The initial values of

arterial blood pressure were assumed as 100%.

Results

In the experiments, we examined NO release as a re-

sult of incubation of nitrate piperazine derivatives

with sulfhydryl compounds (LC and LCEE) in phos-

phate buffer (pH 7.70) at 37°C. The quantities of gen-

erated NO varied and were dependent both on the

type of the nitrate and of the thiol used. LC and LCEE

were used as sulfhydryl compounds.

No measurable NO quantities spontaneously re-

leased from compounds 1–3, without any cofactor,

could be detected.

Stereospecificity of the thiols used in the experi-

ments had no significant influence on the quantity of

the generated NO, because the use of both stereoiso-

mers yielded similar NO quantities.

It was observed during initial, pilot tests that the

quantity of generated NO was dependent on the tem-

perature, at which the reagents were incubated, on pH

of the medium, and on concentrations of both the or-

ganic nitrate and the thiol. Therefore, we tested four

temperature ranges between 25–39°C, two pH values

(pH 7.50 and pH 7.70), and four different ratios of

thiol concentrations to the nitrate: 2:1, 3.5:1, 5:1, 6:1,

respectively. The quantity of the generated NO was

noted to increase with the increase of temperature,

with higher pH and higher thiol concentrations in re-

lation to nitrate. The dynamics of the reaction varied

according to the nitrate type and the tested parameter

(data not shown). Eventually, temperature 37°C, pH

7.70, and thiol to nitrate ratio of 5:1 were adopted as

the optimal conditions for the reaction of the tested ni-

trates 1–3 with thiols.

As far as the investigated thiols are concerned, LC

was the factor generating higher quantities of NO

from the tested nitrates under the above described ex-

perimental conditions. The activity of LCEE was sig-

nificantly lower as compared with that of LC. Thus,

increasing the thiol lipophilicity by its estrification

seems to decrease its catalytic activity in in vitro NO

generation from compounds 1–3. Most NO was do-

nated, in reaction with LC, by compound 1, followed

by 2 and 3 (Tab. 4).

The activity of LCEE in reaction with the tested ni-

trates was definitely lower, yielding small amounts of

NO, which could not be reproducibly measured with

the used method. That is the reason why the results

were discarded as unsuitable for publication.
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Tab. 1. .�� ��	����� �	 �� �������������� �	 �������� 1a ��� 1 �� �������� /���� ������� �� ,01

Time after
compound
administration
[min]

Mean changes in arterial blood pressure [% of initial values]

systolic diastolic mean

1a 1 1a 1 1a 1

0 100 100 100 100 100 100

30 106.10 ± 21.80 76.53 ± 19.87* 93.00 ± 21.86 72.03 ± 26.02* 98.89 ± 20.06 72.45 ± 21.02*

60 99.87 ± 19.45 76.791 ± 11.74* 102.12 ± 29.16 78.52 ± 10.42* 102.68 ± 4.12 77.05 ± 10.20*

90 103.48 ± 10.90 79.45 ± 6.60* 98.54 ± 14.79 76.45 ± 27.81* 101.36 ± 1.20 76.18 ± 16.15*

2��� ��������� �� ��������� �� ��� ���� ��� �������� ��������� 3,�4� � 5 6� 7 � 8 %+%' �� ���������� 9��� % ���



SHR selected for the experiments had medium ar-

terial blood pressure values as follows: systolic pres-

sure 224.62 mmHg, diastolic pressure 149.85 mmHg,

mean 178.75 mmHg.

The administration of 1a (the hydroxyderivative of

piperazine, 7 mg/kg) did not cause statistically sig-

nificant changes in the values of blood pressure in

SHR rats. The nitrate analogue 1 caused a statistically

significant decrease in systolic, diastolic and mean

pressure at all time points of examination (Tab. 1).

Compound 2a at a dose of 7 mg/kg caused a sig-

nificant decrease in diastolic and mean blood pressure

at the 30th min of observation. No influence of this

drug on systolic blood pressure was observed. Parent

compound number 2 caused a statistically significant

decrease in systolic, diastolic and mean blood pressure

at the 30th and 60th min of the experiment (Tab. 2).

The injection of compound 3a caused a statistically

significant decrease only in systolic blood pressure at

the 90 min of observation. No significant influence on

blood pressure was demonstrated after administration

of compound 3 (except for the diastolic blood pres-

sure at the 60th min). The results are shown in Table 3.

No symptoms which could indicate additional or

adverse effects of the investigated compounds were

observed during the experiments on the animals.

Discussion

Our results show that NO can be generated in vitro by

organic nitrate derivatives of piperazine in phosphate

buffer without the presence of hemoglobin or blood
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Tab. 2. .�� ��	����� �	 �� �������������� �	 �������� 2a ��� 2 �� �������� /���� ������� �� ,01

Time after
compound
administration
[min]

Mean changes in arterial blood pressure [% of initial values]

systolic diastolic mean

2a 2 2a 2 2a 2

0 100 100 100 100 100 100

30 80.65 ± 16.00 66.58 ± 21.74* 78.98 ± 8.34 * 66.54 ± 26.02* 79.60 ± 9.64* 66.48 ± 21.90*

60 86.18 ± 12.74 66.61 ± 20.43* 83.37 ± 30.54 76.25 ± 20.67* 88.27 ± 16.92 71.85 ± 10.54*

90 98.06 ± 11.74 75.37 ± 23.90 102.96 ± 25.75 90.51 ± 25.24 101.22 ± 15.56 83.03 ± 27.22

2��� ��������� �� ��������� �� ��� ���� ��� �������� ��������� 3,�4� � 5 6 7 � 8 %+%' �� ���������� 9��� % ���

Tab. 3. .�� ��	����� �	 �� �������������� �	 �������� 3a ��� 3 �� �������� /���� ������� �� ,01

Time after
compound
administration
[min]

Mean changes in arterial blood pressure [% of initial values]

systolic diastolic mean

3a 3 3a 3 3a 3

0 100 100 100 100 100 100

30 88.00 ± 16.48 95.59 ± 12.27 96.99 ± 23.10 98.05 ± 11.92 92.87 ± 20.23 94.15 ± 10.60

60 89.95 ± 20.06 81.39 ± 9.38* 95.59 ± 30.58 93.92 ± 8.39 93.99 ± 25.17 88.49 ± 8.50

90 80.58 ± 11.71* 86.49 ± 8.79 93.57 ± 17.89 92.60 ± 18.08 87.62 ± 13.77 89.93 ± 13.27

2��� ��������� �� ��������� �� ��� ���� ��� �������� ��������� 3,�4� � 5 6� 7 � 8 %+%' �� ���������� 9��� % ���

Tab. 4. :; ���������� 	��� �������� 1–3 ��� #&�������� �����&
�������� �����������

Compound Nitric oxide release [µmol/min]

1 0.0098 ± 0.0003*

2 0.0076 ± 0.0002

3 0.0054 ± 0.0003

� ���� ����� 	��� ' �������� �-��������� < ,2�



plasma. NO release from compounds 1–3 does not oc-

cur spontaneously, but it requires an additional cofac-

tor, i.e. a thiol compound. It can be hypothesized that

the formed NO is a product of reaction of an organic

nitrate with the specific thiol used. The thiol com-

pounds used in the study: LC and LCEE caused the

breakdown of all three nitrates tested to nitrite ions

[5], but only LC caused generation of measurable NO

quantities. Contrary to earlier observations [2], the in-

crease in lipophilic properties of LC, due to introduc-

tion of an ester group to the compound and formation

of LCEE, was not observed to exert any positive effect

on NO-generating activity of the thiol. None of the

tested nitrates 1–3 produced measurable, reproducible

quantities of NO in their reactions with LCEE.

The quantitation of nonenzymatic NO release from

organic nitrates 1–3 and their hypotensive effect may

suggest a dependence between these parameters. It

seems that compound 1, generating the largest quan-

tity of NO, has the most pronounced hypotensive ef-

fect. The quantity of nitric oxide released by com-

pounds 1–3 in reactions with LC was also in direct

proportion to the amounts of nitrite ions generated by

these compounds [5].

In pharmacological studies of SHR rats, hydroxy-

derivatives of piperazine 1a–3a demonstrated an in-

fluence on blood pressure only at single time points of

the experiments. Nitrooxy analogues 1–2 of hydroxy-

derivatives 1a–2a demonstrated a hypotensive effect

different from that of the parent compounds. The

strongest and the most stable effect was demonstrated

by compound 1. Compound 1, releasing the largest

quantity of NO in in vitro tests, demonstrated the most

prolonged hypotensive effect and significantly de-

creased all arterial blood pressure parameters in vivo.

Compound 2 demonstrated longer-lasting hypoten-

sive effect, up to 60 min in duration, as compared

with the parent substance 2a. Substance 2a did not af-

fect the systolic pressure, while nitrooxy analogue 2

reduced it significantly at 30th and 60th min of the

observation.

Compound 3 provides evidence that the capability

of NO release in vitro does not fully determine the ac-

tivity of the compound in a living organism. Com-

pound 3, as well as its hydroxyl analogue 3a, did not

affect the values of diastolic or mean blood pressure,

and affected to a very small extent (at single time

points) the systolic pressure. During in vitro experi-

ments, compound 3 released almost two-fold fewer

active NO groups than substance 1 exhibiting the

most prolonged activity. It is possible that the quantity

of NO released in vitro was insufficient in vivo for

a more pronounced hypotensive effect.

The results indicate that the aim of the study, which

was to confirm the hypothesis that introduction of the

ONO2 groups to hydroxyderivatives of piperazine ex-

hibiting low hypotensive activity would increase this

effect in case of compounds 1 and 2, was fulfilled.

Compounds 1–2 generate NO in their reactions

with LC and it can be supposed that their increased

hypotensive effect is associated with the supply of ex-

ogenous NO originating from these compounds.

Compound 3 also releases nitric oxide in the reaction

with LC; however, it does not affect significantly its

hypotensive activity in comparison with compound 3a.

Nonenzymatic, intracellular decomposition of or-

ganic nitrates in the presence of LC is important at the

molecular level for induction of the pharmacological ef-

fect, i.e. vasodilatation and decrease in blood pressure.
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