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SUMMARY

The effects of N-substituted tricyanovinylamines (N-TCVA;
RNHC(CN)=C(CN),) have been studied on rat hepatocytes and liver
mitochondria.  Derivatives of N-TCVA act on oxidative
phosphorylation as uncouplers, and react with thiols within pH 5.0-8.5.
N-Isobutyl-, N-benzyl-, and N-cyclohexyl-TCVA influence the level of
GSH and GSSG in isolated hepatocytes. They can act as oxidants, but
the level of GSSG increases (about 40%) only if the concentration of
N-TCVA is higher than 1 pumol/l. If N-TCVA is added to a final
concentration higher than 50 umol/l a decrease of GSH and GSSG
level is observed. Derivatives of N-TCVA also influence the level of
GSH and GSSG in mitochondria. At 40-400 umol/l N-TCVA in the
incubation medium the level of GSSG increased and the ratio GSH/
GSSG was influenced, but the level of total SH groups did not
decrease.

©Freund Publishing House Ltd., 1994 111



Vol. 11, No. 2, 1994 Effect of N-Tricyanovinylamines

INTRODUCTION

Glutathione (y-glutamylcysteinylglycine; GSH) is the major non-
protein thiol in living systems. It is involved in several cellular
processes, such as the synthesis of proteins, nucleic acids,
prostaglandins and leukotrienes, cell division and amino acid transport
/1,2/. GSH plays a critical role in detoxification reactions with
xenobiotics and oxygen radicals /3/. A change of the redox status of
glutathione can be achieved by using GSH oxidants, e.g. diazenes,
hydroperoxides or N-substituted tricyanovinylamines (R-NH-
C(CN)=(CN),; N-TCVA) /4-6/. N-TCVA derivatives were synthetized
in 1957 by McKusick ef al. /7/ and in 1987 their fungicide properties
were observed /8/. In our previous work we studied the reactions of N-
TCVA with thiols in aqueous solution /9/. Reduction of the C=C
double bond of N-TCVA derivatives and oxidation of the thiols was
observed. Derivatives of N-TCVA react with thiols as oxidizing agents
at pH 5.0-8.5. N-Substituted TCVA resemble carbonylcyanide
phenylhydrazone derivatives (R-NH-N=C(CN),; CCP) in their
structure. Two nitrile groups of carbonyl cyanide phenylhydrazone
(CCP) derivatives are highly reactive with thiols /10/ and the
uncoupling effect of CCP derivatives can be reversed by the addition of
thiols /11/. We found that N-TCVA stimulate the respiration of
hepatocytes and mitochondria, influence membrane potential of
mitochondria and reduce the level of TSH groups of the mitochondria
and hepatocytes /6,12/. N-TCVA derivatives act as uncouplers on the
process of oxidative phosphorylation. Because N-TCVA can react with
thiols as oxidizing agents in the cell, these compounds can affect the
integrity of cells. After the incubation of isolated hepatocytes with N-
TCVA (at a concentration equal to 0.05-3.0 umol/l), no change in the
integrity of hepatocytes was observed /12/. This result indicated that
the stimulating effect of N-TCVA on cell respiration is not due to a
change in the integrity of the cytoplasmic membrane.

In the present study, we looked at the effect of N-TCVA on the
level of GSH and GSSG in isolated hepatocytes and mitochondria. We
attempted to compare the effect of N-TCVA on the level of
glutathione with their ability to influence oxidative phosphorylation.
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MATERIALS AND METHODS
Chemicals

The N-substituted tricyanovinylamines were prepared /7/ in our
laboratory. These compounds were chromatographically pure and their
structure was verified by IR, UV and NMR spectroscopy. Mannitol,
GSH, GSSG and N-ethylmaleimide (NEM) were supplied by
Calbiochem (La Jolla, USA). HEPES, carbonylcyanid-p-
trifluormethoxy-phenylhydrazone (FCCP), albumin and $5,5'-dithio-
bis(2-nitrobenzoic acid) (DTNB) were obtained from Sigma Chemical
Co. (St. Louis, USA). NADPH was supplied by Reanal (Budapest,
Hungary) and ADP by Serva (Heidelberg, FRG). Collagenase was a
product of USOL (Bohumile, CSFR). LDH-kit (lactate dehydrogenase,
E.C. 1.1.1.27) and other chemicals were products of Lachema (Brno,
CSFR).

Preparation and incubation of hepatocytes

The hepatocytes were isolated from male Wistar rats (200-400 g)
fed with Larsen diet, according to Moldéus et al. /13/. Liver was
perfused with Krebs-Henseleit bicarbonate buffer supplemented with
HEPES (25.0 mmol, pH 7.4) and bubbled continuously with a gas
mixture of O,/CO, (19/1). Cell viability was assessed by trypan blue
exclusion and lactate dehydrogenase leakage.

Incubation of hepatocytes (1x106 cells/ml) was carried out at 37°C
in a rotating round flask with a gas mixture of O,/CO, (19/1). The N-
TCVA derivatives, FCCP and NEM, were added to the incubation
medium in the form of methanolic solutions (the concentration of
methanol in the incubation medium never exceeded 1%, v/v).

Determination of total SH groups

The total SH groups (TSH; TSH = protein SH groups + non-
protein SH groups) were measured by Ellman’s method /14/. A 1 ml
sample of incubation medium (1x106 cells) was centrifuged (2 min,
500 g) and the sediment was suspended in 2 ml of buffer solution (0.2
mol Tris.HCI and 20 mmol EDTA, pH 8.0). To 1 ml of this suspension
was added 0.1 ml 10 mmol DTNB and 15 minutes later 2 ml of ice-
cold methanol. After centrifugation (10 min, 800 g) the absorbance at
412 nm was measured in the supernatant.
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Preparation of samples for glutathione analysis

The incubation of isolated hepatocytes was finished by adding 2 ml
of the incubation medium (2x106 cells) to 1 ml of 1 mol HCIO,
containing 1 mmol EDTA. After 10 minutes, 0.8 ml of 1.3 mol
K,HPO, was added, the solution was centrifuged for 10 minutes
(800 g) and afterwards the concentration of total glutathione
(ex L+ llular) was determined in the supernatant.

2 ml of the incubation medium were centrifuged (1 min, 500 g) and
subsequently both the sediment and the supernatant were processed as
follows: 0.2 ml 1 mol HCIO, containing 1 mmol EDTA was added to 1
ml of supernatant and after 10 minutes 0.1 ml of 1.3 mol K,HPO, was
admixed. After centrifugation (10 min, 800 g) the supernatant was
used for determining the extracellular glutathione.

The sediment was resuspended in 2 ml of the Krebs-Henseleit
solution supplemented by HEPES (20 mmol, pH 7.4), and for
deproteination, 2 ml 1 mol HCIO, containing 1 mmol EDTA was
added. After 10 minutes 1.6 ml of 1.3 mol K,HPO, was added and the
mixture was centrifuged for 10 minutes at 800 g. The intracellular
glutathiope was determined in the supernatant.

Preparation and incubation of rat liver mitochondria (RLM)

The liver mitochondria were isolated from male Wistar rats (200-
400 g) fed with Larsen diet /15/. The isolation medium was composed
of 0.25 mol sucrose, 10 mmol Tris.HCl and 0.5 mmol EDTA (pH 7.2).

RLM (8 mg protein) were incubated in 2 ml of incubation medium
(0.25 mol sucrose, 10 mmol Tris. HCl, 0.05 mmol EDTA, pH 7.4)
supplemented by 2.5 mmol K,HPO, and 7.5 mmol succinate at 25°C.
Methanolic solutions of N-TCVA derivatives were added to the
incubation medium.

Determination of the concentration of GSH and GSSG

0.3 ml of 1 mol HCIO, was added to 1 ml of incubation solution
and after 10 minutes the pH value was adjusted to 7.2 by addition of
1.3 mmol K,HPO,. After centrifugation (10 min, 800 g) the
supernatant was used for the determination of glutathione.
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Assays

Glutathione (GSH and GSSG) was measured by the kinetic
recycling assay with DTNB and glutathione reductase /16/. For the
determination of GSSG, GSH was trapped with N-ethylmaleimide.
Excess N-ethylmaleimide was quantitatively removed by extraction
with ethyl acetate. The concentration of proteins was determined
according to Lowry ef al. /17/. All concentrations were expressed as
final concentrations.

Statistical analysis of the data was carried out using Student’s t-
test.

RESULTS
The viability of hepatocytes

Derivatives of N-TCVA are SH reagents and can influence the
viability of hepatocytes. The viability of hepatocytes was investigated
by measuring extracellular LDH activity. The level of total glutathione
in the extracellular space was estimated continuously.

Figure 1a shows the cell damage by 5 mmol N-isobutyl-TCVA. The
viability of cells decreased to about 50% 30 min after N-TCVA
addition. In our previous work we found that N-TCVA in the
concentration range of 10-6-10-5 mol/l stimulated the respiration of
hepatocytes /12/. This concentration of TCVA did not influence the
release of LDH and even the higher concentration of N-TCVA (50
umol/l) after 20 min incubation caused 25% cell damage (Fig. 1b).

The increased levels of glutathione in the extracellular space may be
directly or indirectly responsible for cellular damage. The addition of
1.15 mmol N-isobutyl-TCVA decreased the intracellular glutathione
(GSH+GSSG) by more than 50% after 5 min, but the level of
extracellular glutathione increased only about 5% (Fig. 1c). The level
of extracellular glutathione increased about 60%, but only after 60 min
incubation. This increased level of glutathione is, at least partly,
explained by the oxidation initiated by N-TCVA.

Derivatives of N-TCVA react with SH groups and they can not
only cause depletion of glutathione but also decrease the level of total
SH groups (TSH) in hepatocytes. N-Isobutyl-N-cyclohexyl- and N-
benzyl-TCVA (in milimolar concentrations) decrease the level of TSH
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Fig. 1a: Time course of the loss of cellular viability by N-isobutyl-TCVA.
Hepatocytes (1x106 cells in 1 ml incubation medium) were incubated
with N-TCVA (final concentration 5 mmol/l). For controls, incubation
solution was complete medium plus methanol (0.1%, v/v). Cell killing
was assessed by the release of LDH into the medium. Experimental
details are given in Materials and Methods. Each point represents the
mean value of three determinations.
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Fig. 1b: Effect of N-isobutyl- TCVA on cellular viability. Hepatocytes (1x106 cells
in 1 ml incubation medium) were treated with varying concentrations of
N-TCVA for 20 min. Cell killing was assessed by the release of LDH into
the medium. Experimental details are given in Materials and Methods.
Each point represents the mean value of three determinations.
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Fig 1c: The level of intracellular glutathione (GSH+GSSG) and corresponding
extracellular glutathione during incubation of isolated hepatocytes (1x10°
cells in 1 ml incubation medium) with N-isobutyl-TCVA (final
concentration 1.15 mmol/1). Other conditions are given in Materials and
Methods. The control values were (t=0 min): extracellular glutathione
4.2 = 1.2 pmol/l; intracellular glutathione 59.5 = 4.8 pumol/l. Each point
represents the mean value of three determinations.

in isolated hepatocytes about 20-60% after 10 min incubation (Fig. 2).
The reason for the different effects of N-TCVA on TSH could be their
different reactivity with the thiols /9/ and their different hydrophobic
properties. Derivatives of N-TCVA can react with SH groups in
different locations in proteins.

The level of GSH and GSSG in hepatocytes

A loss of glutathione occurs during incubation of hepatocytes /13/.
The levels of GSH and GSSG were estimated during 60 minutes
incubation in controls (Fig. 3a). Extracellular GSH and GSSG content
increased about 20-25% after 10 min incubation. The increase of
extracellular GSSG content can be explained as a result of autoxidation
of GSH, which is released from hepatocytes. The level of intracellular
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GSSG did not change significantly, but the level of GSH decreased
about 20%.
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Fig.2: Effect of N-TCVA derivatives on the TSH level in hepatocytes after 10
min incubation. The control value of TSH was 196 £ 13 pumol/l.
Experimental details are given in Materials and Methods. Each point
represents the mean value of three determinations.

Figure 3b and c show the time course of GSH and GSSG content in
isolated hepatocytes (in the extra- and intracellular space) treated with
derivatives of N-TCVA. During half an hour both a decrease in
intracellular GSH and an increase in extracellular GSH was seen. The
level of GSSG did not change significantly during the first 15 min of
incubation. After half an hour incubation of hepatocytes with N-TCVA
the level of GSSG was increased about 10%. This increase could be
caused by the oxidation of extracellular GSH.

Derivatives of N-TCVA in milimolar concentrations are able to
influence GSH content, but the level of GSSG did not change
significantly. In this case these compounds did not act as oxidants.

The effect of N-TCVA, at a final concentration of 2-250 umol/l, on
GSH and GSSG in isolated hepatocytes was investigated. The action
of the most effective derivative, N-isobutyl-TCVA, is shown in Figure
4. After 5 min incubation of isolated hepatocytes with N-TCVA at a
concentration below 4 pumol/], the content of GSH decreased and the

118



D. Podhradsky et al Drug Metabolism and Drug Interactions

level of GSSG increased; N-TCVA acted as an oxidant. When the
concentration of N-TCVA was higher than 50 umol/, the levels of
both GSH and GSSG decreased.

The level of GSH and GSSG in rat liver mitochondria

The role of mitochondrial glutathione is much less defined than its
role in cellular metabolism (i.e. transport, catalysis and protection
against toxic compounds). Its major or possibly only function appears
to be a protective effect against oxidative stress. The action of N-
TCVA derivatives as oxidizing agents and uncouplers of oxidative
phsophorylation is striking if total cellular glutathione and
mitochondrial glutathione are considered.

glutathione conc. (% control)

200
150 F /
100 /;: * 5 3 s f
e b
501
O - L 1 | e b
0 10 20 30 40 50 60
incubation time (min}
—— extracellular GSSG —>— egxtracellular GSH
* intraceliular GSSG O intracellular GSH

Fig. 3a: Time course of extra- and intracellular glutathione content during
incubation of hepatocytes in incubation medium plus 0.5%, viv
methanol. For experimental details see Materials and Methods. The
control values (t=0 min) were in pmol/l; extracellular GSH 14.3 + 1.2,
GSSG 5.2 + 0.8, intracellular GSH 66.8 + 1.9, GSSG 1.1 + 0.6. Each
point represents the mean value of three determinations.
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Fig. 3b,c: Time dependent effects of N-cyclohexyl- (b) and N-benzyl-TCVA (c)
(final concentration 1.18 mmol/l) on the levels of GSH and GSSG in
extra- and intracellular space. For experimental details see Materials and
Methods. The control values (t=0 min) were in pmol/l: extracellular
GSH 7.8 = 1.3, GSSG 4.2 = 0.8; intracellular GSH 63.1 = 1.6, GSSG 1.8
£ 0.7. Each point represents the mean value of three determinations.
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Fig.4: Concentration dependent effect of N-isobutyl-TCVA on the GSH and
GSSG contents in hepatocytes after S min incubation. For experimental
details see Materials and Methods. The control values of total cellular
glutathione (t=0 min) were in umol/l: GSH 68.7 = 1.9; GSSG 3.2 + 0.8.
Each point represents the mean value of three determinations.

The effect of N-TCVA on the level of SH groups of rat liver
mitochondria was studied earlier; we observed changes of glutathione
content after the action of N-TCVA in concentrations higher than the
concentration of TSH in RLM /6/. The specific action of the most
effective derivative, N-cyclohexyl-TCVA, on the level of GSH and
GSSG in RLM is shown in Figure 5. In spite of the protection by
succinate against oxidant, N-cyclohexyl-TCVA induced glutathione
depletion; at a concentration of N-TCVA below 400 umol/l, the level
of GSSG increased and the level of GSH decreased. Maximal effect
was achieved at a concentration of N-TCVA of 40 umol/l, when the
level of GSSG increased by approximately 180%.

As seen from Tables 1 and 2, the effect of N-TCVA on the
glutathione level depends on the ratio of TSH/N-TCVA concentration
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TABLE 1
The effect of N-isobutyl-TCVA (final concentration) on GSH/GSSG ratio
and the rate of respiration® (STIM [%] = stimulation of respiration) in

hepatocytes
N-TCVA GSH GSSG
TSH/N-TCVA GSH/GSSG STIM2
[pmol/1]  [nmol/1x10%cells] (%]
& 68.70 3.23 = 21.26 100
10 27.48 4.41 19.6 6.23 205
20 40.11 3.70 9.8 10.84 =
30 - - - 155
50 41.22 2.50 2.5 16.48 127
120 49,41 1.61 1.6 30.68 111
240 50.69 1.50 0.8 33.79 o
560 35.66 3.04 0.3 11.73 =

TSH 196.13 nmol/1x108 cells; 2the values are from /12/.

TABLE 2

The effect of N-cyclohexyl-TCVA on GSH/GSSG ratio and the rate of

respiration? (STIM [%] = stimulation of respiration) in mitochondria

N-TCVA GSH  GSSG
TSH/N-TCVA GSH/GSSG  STIM?
[pumol/1] [nmol/mg prot.] [%]
- 7.21  0.67 - 10.74 100
10 6.60 1.27 20.39 5.19 -
20 6.24 1.20 10.01 5.17 400
30 - - - - 500
40 5.80 1.07 5.00 5.48 526
60 5.76 0.73 3.30 7.81 350
200 3.25 0.50 1.00 6.50 =
420 1.19 0.47 0.47 2.50 =

TSH 200.39 nmol/mg protein; 3the values are from /6/.

122



D. Podhradsky et al Drug Metabolism and Drug Interactions

glutathione conc. (% control)

200
150
GSSG
100
GSH
50+

0 1 1 ! 1 1 1 1 [l
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

N-cyclohexyi-TCVA mmoi/|

Fig.5: Concentration dependent effect of N-cyclohexyl-TCVA on the GSH and
GSSG content in rat liver mitochondria after 5 min incubation. For
experimental details see Materials and Methods. The control values (t=0
min, the content of methanol was 0.1%, v/v, in the incubation medium)
were in umol/l: GSH 28.8 + 1.2; GSSG 2.4 + 0.8. Each point represents
the mean value of three determinations.

in the incubation medium. N-TCVA derivatives at a concentration of
10-6 mol/l stimulate the respiration of hepatocytes and mitochondria,
depolarize their membranes and cause the oxidation of GSH in
mitochondria and hepatocytes. An increase of GSSG content was
observed only if the ratio TSH/N-TCVA was approximately 10 or

higher.
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DISCUSSION

N-Tricyanovinylamines can react with thiols within pH 5.0-8.5 /9/.
Results of studying these reactions indicate that N-TCVA derivatives
are oxidants for thiols. Some of the N-TCVA derivatives are able to
penetrate through biological membranes /6,12/. It was expected that
these compounds would influence the intracellular content of
glutathione.

We have previously studied the effects of N-TCVA on the
respiration of hepatocytes and rat liver mitochondria /6,12/. It was
found that these compounds resemble uncouplers of oxidative
phosphorylation. The content of SH groups of mitochondria decreased
in the presence of uncouplers /4,6,18,19/. Derivatives of N-TCVA, like
other uncouplers, are able to decrease the level of TSH in RLM and
hepatocytes, but only at a concentration of N-TCVA higher than the
concentration of TSH (Fig. 2).

N-TCVA derivatives are probably able to modify the SH groups of
proteins and to influence the integrity of membranes and/or activity of
the SH-enzymes /6/. It was expected that N-TCVA would damage the
isolated hepatocytes. The viability of hepatocytes was decreased only
at a high concentration of N-TCVA (>1 mmol/l). N-TCVA derivatives
are able to decrease the activity of SH-enzymes. For example, the
activity of succinate dehydrogenase is reduced in the presence of N-
TCVA at a concentration of 1x10-> mol/l /6/ and the activity of
glutathione reductase is reduced at a concentration of N-TCVA higher
than 1x106 mol/1 (results not shown). It was expected that N-TCVA at
concentrations higher than 1x10-6 mol/l (glutathione reductase is
inhibited) would increase the level of GSSG. The effect of N-TCVA
derivatives on the GSH and GSSG levels in isolated hepatocytes or
RLM depends on the concentration ratio of TSH and N-TCVA in the
incubation medium (Tables 1 and 2). The level of GSSG in hepatocytes
and mitochondria increased (or did not change) only when glutathione
reductase was inactivated or when the concentration of N-TCVA was
lower than the concentration of the total SH groups.

Some derivatives of N-TCVA stimulated the respiration of
hepatocytes and RLM and influenced their membrane potential /6,12/.
The abolition of the N-TCVA effects on respiration by thiol was
observed /6/. The effects of N-TCVA on oxidative phosphorylation
were compared with the effects of N-TCVA on the levels of GSH and
GSSG. N-TCVA derivatives stimulated the respiration of hepatocytes
at a concentration of 108-106 moll and the respiration of
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mitochondria at a concentration of 10-7-10-5 mol/l /6,12/, but a
concentration of N-TCVA below 106 mol/l did not influence the
content of GSH and GSSG in hepatocytes and RLM. At this
concentration the activity of glutathione reductase is not changed and
this enzyme can regenerate GSH from GSSG.

It is remarkable that derivatives of N-TCVA in micromolar
concentrations decrease the membrane potential /6/. This property of
N-TCVA does not cause the release of glutathione from hepatocytes,
but it is important to note that in the presence of N-TCVA the level of
total cellular glutathione decreased together with decrease of
membrane potential. The observed release of GSH and GSSG from
hepatocytes at the higher concentrations of N-TCVA derivatives is a
result of cell damage.
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