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Compound T1059 (1-cyclohexanecarbonyl-2-ethylisothiourea hydrobromide) was found to be water soluble,

moderately toxic (i.p. LD
16

and LD
50

of 274 and 380 mg/kg), and capable of competitively inhibiting ni-

tric-oxide synthase (NOS) activity with significant selectivity toward inducible and endothelial isoforms (IC
50

for nNOS, iNOS, and eNOS of 60.3, 1.8, and 3.2 �M, respectively). T1059 was rapidly absorbed after a single

i.p. injection (dose range 10 – 30 mg/kg) and distributed in tissues, causing pronounced suppression of endog-

enous NO production. T1059 at a dose of 10 mg/kg in normotensive anesthetized Wistar rats produced

long-term vasoconstriction. The observed changes in vascular tone did not influence inotropic heart function

but were accompanied by weak bradycardia.
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Vasopressors (�
1
-adrenomimetics and peptide vasocon-

strictors) play important roles in treating acute and chronic

hypotension [1, 2]. However, they frequently fail to meet

clinical requirements, especially during the prehospital

phase, because of pharmacokinetic features (short duration

of action) and broad spectra of side effects [3, 4]. Also, the

weakness of prehospital medicines for serious cases associ-

ated with blood loss, especially where circulating blood can-

not be supplemented, is mainly responsible for negative out-

comes of acute hypotension. For example, data from

S. M. Kirov Military Medical Academy, Ministry of De-

fense, Russian Federation, indicate that up to 35% of irre-

trievable personnel losses in Afghanistan were due to inef-

fective prehospital aid for the wounded and the development

of serious hemorrhagic shock [5]. Furthermore, treatment of

vascular dysfunctions resistant to existing vasopressors (sep-

sis, endotoxemia, serious hemorrhages, etc.) remains an ex-

tremely complex problem. The development of vasoplegic

syndrome in the late stages of shock of any etiology in-

creases the hospital lethality of such conditions by 50 – 65%

[1, 6, 7]. These circumstances necessitate the development of

new original vasopressors capable of maintaining effectively

a target arterial pressure (AP) and thereby helping to save

lives.

Biologically active compounds that influence endoge-

nous nitric oxide (NO) production by vascular endothelium

are considered a possible platform for constructing innova-

tive vasopressors. Endothelium-produced NO is now known

to be a universal mediator (NO/cGMP-pathway) for manifes-

tation of the physiological and pathological vascular effects

of vasodilators such as acetylcholine, bradykinin, estrogens,

insulin, tissue growth factors, inflammatory cytokines, and
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microbial pathogens and endotoxins [8]. Many experiments

demonstrated convincingly that NO synthase (NOS) inhibi-

tors could considerably increase vascular tone [9 – 13].

Moreover, experimental results indicating that NOS in-

hibitors could suppress circulatory disorders caused by sep-

sis, endotoxemia, and blood loss were not confirmed clini-

cally. Thus, results of Phase III clinical trials of L-NMMA

(N
G
-monomethyl-L-arginine, tilarginine) enlisting patients

with serious septic shock were unsatisfactory. Although

L-NMMA (5 – 20 mg/kg for 7 – 14 d) without other vaso-

pressors maintained AP at 70 mm Hg and reduced lethality

from multiorgan dysfunction, overall lethality increased by

10% as compared with a placebo group (because of an in-

crease of cardiovascular deaths) in the second week of

L-NMMA administration. As a result, the trial was halted

[14, 15]. Possible causes of the failure were identified as

nonselective inhibitory activity of L-NMMA for NOS

isoforms and its ability to inactivate irreversibly NOS

[15, 16]. L-NMMA is structurally very similar to L-arginine

and competitively inhibits at practically the same level all

NOS isoforms. Part of the L-NMMA is metabolized by iNOS

and nNOS into the N-hydroxy derivative that reacts cova-

lently with the heme active center of these enzymes and inac-

tivates them [17].

Therefore, it seemed promising to design drugs based on

reversible selective iNOS and eNOS inhibitors because the

endothelial and inducible NOS isoforms are known to play

roles in regulation of vascular tone under normal and patho-

logical conditions [8, 17].

An expansive series of N-acyl-S-alkyl-substituted

isothioureas (ITUs) that were NOS inhibitors were recently

synthesized at the Radiation Pharmacology Laboratory,

A. F. Tsyb Medical Radiological Research Center (MRRC)

[10, 18, 19]. Screening of a series of ITU derivatives selected

the lead compound T1059 (1-cyclohexanecarbonyl-2-

ethyl-ITU hydrobromide). The goal of the present study was

to study systematically the NOS-inhibitory and vasopressor

activities of T1059.

EXPERIMENTAL PART

T1059 was synthesized using methods developed in the

MRRC and patented in Russia [19]. The purity of T1059 was

monitored using TLC on Silufol UV-254 plates (Czech Re-

public) and C
6
H

6
—EtOH—Et

3
N (9:1:0.1). PMR spectra

were taken in DMSO-d
6
with TMS standard on a DRX-500

spectrometer (Bruker, Germany) at 500 MHz. T1059 was

water soluble and was used in all in vitro and in vivo experi-

ments as aseptic aqueous solutions prepared ex tempore.

Tests in vivo used male white outbred mice

(4 – 5 months, 28 – 32 g), male F
1
(CBA�C

57
BL

6j
) mice

(2 – 2.5 months, 19 – 22 g), and male Wistar rats

(3 – 4 months, 230 – 320 g). Animals were obtained from

the nursery at the SCBMT, FMBA of Russia, had veterinary

certificates, and were quarantined in the vivarium at the

MRRC. Animals were kept in T-3 and T-4 cages with natural

lighting and 16-fold hourly ventilation at 18 – 20°C and rela-

tive humidity 40 – 70% on bedding of sterilized wood shav-

ings. Animals had free access to food and water and were fed

standard (GOST R 50258-92) PK-120-1 briquette feed

(OOO Laboratorsnab, RF). Operations with laboratory ani-

mals were performed according to accepted standards for

treatment of animals and were based on standard operating

procedures adopted at the MRRC that corresponded to rules

of European Convention ETS 123.

Acute toxicity of T1059 was studied in male white

outbred mice using i.p. injection of T1059 at doses of

100 – 1,000 mg/kg in solution (0.1 – 0.4 mL). Test animals
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Fig. 1. Synthetic scheme for T1059.

TABLE 1. Influence of T1059 on in vitro Catalytic Activity of

NOS Isoforms

T1059 concentra-

tion, �M

Catalytic activity, % (M � S.D.)
*

nNOS iNOS eNOS

0 100.0 � 3.3 100.0 � 4.2 100.0 � 3.0

0.1 101.2 � 3.7 92.2 � 4.6 97.9 � 2.9

1 96.4 � 3.1
#

58.8 � 5.4 70.8 � 6.1

10 72.5 � 3.7
#

25.2 � 4.1 30.9 � 4.5

100 43.6 � 4.2
#

11.3 � 3.4 19.7 � 5.2

1000 24.7 � 5.3
#

2.2 � 3.0 4.8 � 3.3

IC50 60.3 1.8 3.2

*
Values obtained with L-arginine (30 �M);

#
Statistically significant differences (p < 0.01) from iNOS and

eNOS by Dunnett’s test (n = 6 in groups).

TABLE 2. Inhibitory Activity of T1059 at Various L-Arginine

Concentrations

L-Arginine,

�M

Degree of inhibition, % (M � S. D.)

nNOS, T1059,

60 �M *

iNOS, T1059,

2 �M *

eNOS, T1059,

3 �M *

30 49.0 � 4.6 52.1 � 5.7 48.1 � 5.1

120 17.8 � 6.4 22.3 � 5.5 23.7 � 5.7

240 5.1 � 5.6
#

2.1 � 4.4
#

3.8 � 5.3
#

* Concentrations corresponding to IC
50

with L-arginine (30 �M);



were observed for 15 d. Acute toxicity parameters were cal-

culated using Litchfield—Wilcoxon probit analysis.

The NOS-inhibitory activity and selectivity of T1059

were quantitatively evaluated in vitro using a radiometric

method with recombinant NOS isoforms (Enzo Life Sci-

ences Inc., USA) and the reagents and measurement protocol

of an NOS Activity Assay Kit (Cayman Chemical, USA).

The catalytic activity of the NOS isoforms was studied in the

presence of various concentrations of T1059 (10
–1
– 10

3
�M)

and was estimated as the accumulation rate of [
3
H]-L-citru-

lline [20]. Radiometric measurements were made in an

LS-6000 scintillation counter (Beckman Coulter, USA). The

parameter of the inhibitory activity was IC
50
, the T1059 con-

centration suppressing NOS isoform activity by 50%. Selec-

tivity was judged from the ratios of IC
50

values for the

isoforms. This same method also estimated the competitive

nature of the NOS-inhibitory activity of T1059 using the

change of the effect with increasing excess of L-arginine.

The NOS-inhibitory activity of T1059 was studied in

vivo using male F
1
(CBA�C

57
BL

6j
) mice and EPR spectrom-

etry with diethyldithiocarbamate trap (Sigma-Aldrich, USA)

[21]. Test groups of 7 – 8 mice were used. The influence of

T1059 on spontaneous NO synthesis and that induced by

lipopolysaccharides (LPSs) from E. coli (0111:B4; Sigma-

Aldrich, USA; 2 mg/kg i.p.) in liver and brain of test animals

was studied using the published methods [10, 22]. EPR spec-

tra were recorded at 77 K and 9.61 GHz using an EMX-8

spectrometer (Bruker, Germany). NO contents in tissues

were estimated from the amplitude of the first component of

the triplet in the spectrum.

The influence of T1059 on the NO
2

–
/NO

3

–
contents in

tissues was studied using male Wistar rats and a photometric

method based on Griess reagent (Promega, USA) [23]. Test

groups of 7 – 8 male Wistar rats (3 – 3.5 months,

200 – 230 g) were used. The NO
2

–
/NO

3

–
contents in blood

plasma, liver, and cerebellum of untreated rats and those re-

ceiving E. coli LPS (5 mg/kg, i.p.) were assayed 24 h after a

single i.p. injection of T1059 (10 mg/kg). Blood plasma and

tissue homogenates were deproteinized by ZnSO
4
. Nitrates

were reduced by metallic Zn. Optical density was measured

at 520 nm using a KFK-3-01 photometer (ZOMZ, RF).

Cardiovascular effects of T1059 were studied using eight

male Wistar rats (3.5 – 4 months, 240 – 320 g). Anesthetized

animals (thiopental sodium; 60 mg/kg, i.p.; OAO Sintez, RF)

underwent tracheotomy and tracheostomy before catheteriza-

tion of the left jugular vein to measure central venous pres-

sure (CVP) and of the left carotid artery to measure AP. Hep-

arin (100 U) was injected i.v. EKGs (standard leads), heart

rates (HR), respiration rates (RR), systolic and diastolic arte-

rial pressure (SAP and DAP), and CVP were recorded after
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Fig. 2. Influence of T1059 (10 mg/kg) after a single i.p. injection on hemodynamics of anesthetized normotensive Wistar rats. Data were nor-

malized to the initial value and expressed in %. Error bars correspond toM � S. D. *Statistically significant differences (p < 0.05) by Dunnett’s

test from the starting values.



the animals stabilized using an RM-6000 polygraph (Nihon

Kohden, Japan). Instantaneous blood volume was measured

using thermodilution with the thermistor placed in the esoph-

agus [24]. The parameters were recorded for 120 min after a

single injection of T1059 (i.p., 10 mg/kg) that was the opti-

mal vasopressor dose for T1059 for such animals and such

administration mode according to preliminary investigations.

Hemodynamics were analyzed by calculating standard pa-

rameters such as ejection volume (EV), cardiac index (CI),

and specific peripheral vessel resistance (SPVR).

Differences between groups were checked statistically

using nonparametric criteria. The Mann—Whitney U-crite-

rion was used to compare pairs; Kruskal—Wallis one-way

analysis of variance by ranks and Dunnett’s and Dunn’s tests,

for multiple comparisons [25]. In all instances, differences

were considered statistically significant for p < 0.05.

RESULTS AND DISCUSSION

Figure 1 shows the synthetic scheme for T1059. Thus,

thiourea (TU) with R
1
= cyclohexane was reacted with an

equimolar amount or excess (up to 100%) of alkylating agent

R
2
–X in which R

2
was ethyl and X, a leaving group (halide,

sulfate, alkane/arenesulfonate, triflate, alkylsulfate, alkyl/

dialkylphosphate) in a polar inert solvent (DMSO, sulfolane,

Me
2
CO, MeCN) at temperatures from ambient or reflux.

Example synthesis. A mixture of 1-cyclohexanecarbo-

nylthiourea (3.7 g, 20 mmol), ethyl bromide (4.4 g,

40 mmol), and anhydrous MeCN (10 mL) was heated in a

sealed ampul on a boiling-water bath for 2 h. The precipitate

was filtered off and recrystallized twice from 4-methyl-2-

pentanone. Yield 2.8 g (48.5%).

PMR spectrum (500 MHz, DMSO-d
6
, �): 1.3 (m, 9H);

1.62 – 1.84 (m, 5H); 3.65 (m, 1H); 10.8 (br, 3H).

C
10
H

19
BrN

2
OS. mp 123 – 125°C. R

f
0.35 (C

6
H

6
—EtOH—

Et
3
N, 9:1:0.1).

The quantitative content of 1-cyclohexanecarbonyl-2-

ethylisothiourea hydrobromide in the substance was � 95%.

Acute toxicity tests of T1059 showed that it corre-

sponded to hazard class 3 or moderately hazardous com-

pounds [26]. The LD
16
, LD

50
� m, and LD

84
values for a sin-

gle i.p. injection to outbred mice were 274, (380 � 32), and

523 mg/kg.

Animals became lethargic and stationary and the respira-

tion rate increased moderately 2 – 3 min after i.p. injection of

T1059 at doses of 100 – 1,000 mg/kg. Doses >250 mg/kg

caused motor disturbances and tremors in some of the mice

at 10 – 20 min post-injection. Animals that received high

doses of T1059 developed adynamia accompanied by sup-

pressed reaction to tactile, painful, and audible stimuli. The

worsening condition manifested as reduced RR and develop-

ment of convulsive seizures, at the peak of which the animals

perished. The lethal action of T1059 appeared in the first

2 – 5 h at all used doses. No signs of intoxication and

changes of behavior, locomotor activity, external appearance,

and demand for food as compared with untreated animals

were observed in surviving mice 1 d after the injection and

for the subsequent 15 d.

T1059 exhibited dose-dependent inhibition of all NOS

isoforms in in vitro tests (Table 1). The quantitative parame-

ters of T1059 inhibitory activity indicated that the N-acyl

radical in this compound reduced in general its affinity for

NOS as compared with S-ethyl/isopropyl-ITU with IC
50
val-

ues in the �M range [27, 28]. The N-substituent also had a

positive effect, the 1-cyclohexanecarbonyl hindered interac-

tion of T1059 primarily with nNOS. Whereas S-ethyl/isopro-

pyl-ITU were practically nonselective NOS inhibitors,

T1059 showed substantial (by 15 – 30 times) statistically

significant (p < 0.01) selectivity for inhibition of iNOS and

eNOS. The inhibitory activity of T1059 for these NOS iso-

forms was quantitatively comparable with those of well-

known NOS inhibitors such as L-NMMA, L-NNA, and

L-NAME [28 – 30], which are currently regarded abroad as

new drug platforms.

A comparison of the effective IC values of T1059 and its

lethal doses showed that it could have a significant (>50%)

inhibitory influence on eNOS and iNOS at concentrations

2 – 3 orders of magnitude less than toxic ones. Therefore,

T1059 was expected to be highly physiologically active at

relatively safe doses.

Compound T1059, like S-ethyl/isopropyl-ITU, exhibited

fully competitive inhibitory activity in these in vitro tests. Its
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TABLE 3. NO Production in F1 (CBA�C57BL6j) Mouse Tissues

During the First Hour After i.p. Injection of LPS (2 mg/kg) and

T1059 (10 mg/kg) in Relative Units (M � S. D.)

Organ, tissue Control LPS LPS + T1059

Brain 2.6 � 0.6 2.2 � 0.6 0.9 � 0.6
*, #

Liver 5.1 � 1.0 14.6 � 8.6
1

2.4 � 0.8
*, #

Here and in Table 4:
*
and

#
are statistically significant differences

(p < 0.05) by Dunn’s criterion with a control and a group receiving

only LPS. Groups had n = 12 – 15.

TABLE 4. NO2
–/NO3

– Contents in Wistar Rat Tissues 24 h After

i.p. Injection of LPS (5 mg/kg) and T1059 (10 mg/kg) in �M

(M � S. D.)

Organ, tissue Control LPS LPS + T1059

Blood plasma 61.5 � 10.8 94.7 � 19.7
*

21.2 � 7.1
*, #

Brain 126.6 � 27.6 142.1 � 37.5 29.3 � 18.0
*, #

Liver 19.5 � 7.6 46.8 � 12.0
*

20.4 � 9.2
#

Note. Groups had n = 7 – 8.



influence on all NOS isoforms was completely neutralized

already with an eight-fold excess of L-arginine (Table 2).

NO production in the liver and brain of test mice with

LPS effects was reduced statistically significantly in the first

hour by a single i.p. injection of T1059 (10 mg/kg) (Table 3).

Spontaneous NO production in brain tissues that were unaf-

fected by endotoxins in these timeframes was suppressed by

T1059. It blocked both spontaneous and LPS-induced NO

synthesis in the liver. Table 4 shows that T1059 (10 mg/kg)

at 1 d after a single i.p. injection reduced statistically signifi-

cantly the NO
2

–
/NO

3

–
contents in various tissues of test ani-

mals. The reductions correlated with reduced endogenous

NO production.

According to the results, T1059 (10 mg/kg 	 1/27 LD
16
)

after a single i.p. injection had a long-term (80 – 90 min)

vasoconstricting effect that manifested as a pronounced (by

35 – 50%) increase of total peripheral vessel resistance and

increased DAP (Fig. 2).

Hemodynamic changes were biphasic in nature. The first

10 min gave a statistically significant hypertensive effect

(DAP and SAP increased by 15 – 20% from the starting

level) with slowing of the HR by 12 – 15%. Later,

bradycardia starting at 10 min was accompanied by progres-

sive reduction of SAP with elevated DAP and SPVR. At

90 min post-injection of T1059, peripheral vessel resistance

began to subside so that the SPVR returned to the starting

level by 120 min. Reduction of vessel tone was associated

with normalization of the AP and HR.

The results indicated that T1059, like several other NOS

inhibitors (aminoguanidine, L-NMMA, L-NNA, L-NAME,

L-TC) that suppress effectively eNOS, possessed pro-

nounced vasopressor activity [9, 11 – 13]. Furthermore, the

results suggest that T1059 (10 mg/kg) is relatively safe be-

cause the cardiac ventricular ejection and instantaneous vol-

umes practically did not change. Changes of peripheral

hemodynamics of normotensive rats were moderate and tran-

sitory.
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