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Abstract—Exposure of rat hepatocytes to hydrazine, carbon tetrachloride or 1,4-naphthoquinone results
in cytotoxicity determined as uptake of Trypan blue and leakage of lactate dehydrogenase (LDH).
After exposure of hepatocytes to hydrazine and 1,4-naphthoquinone, ATP was also measured and was
found to be depleted. Addition of the S-amino acid taurine to the hepatocyte incubation buffer partially
protects the cells against the cytotoxicity of these three different cytotoxic compounds, as indicated by
Trypan biue uptake and LDH leakage. Taurine also reduces the depletion of ATP caused by 1,4-
naphthoquinone but not hydrazine. It is suggested that taurine may have a cytoprotective effect in vitro
and may be a useful tool for the investigation of mechanisms of cytotoxicity.

We have shown recently: (i) that depletion of liver
taurine in rats increases their susceptibility to the
hepatotoxicity of carbon tetrachloride [1]; (ii) that
there is a correlation between liver taurine and
urinary taurine and between urinary taurine (as a
predictor of liver taurine level) and degree of
susceptibility to various hepatotoxic compounds [2].
Other workers have shown that taurine protects
against pulmonary damage caused by bleomycin
[3, 4] and against carbon tetrachloride-induced lipid
peroxidation [5]. These data suggest that taurine
may have a protective effect in vivo. Studies in
lymphoblastoid cells in vitro {6, 7] demonstrated that
the presence of extracellular taurine (5 mM) was
able to protect cells against iron-ascorbate-induced
calcium accumulation and cytotoxicity and 20 mM
taurine co-administered with zinc chloride protected
lymphoblastoid cells against retinol and retinoic acid
toxicity. Studies in hepatocytes in vitro have
demonstrated that taurine can exert a protective
effect by decreasing lipid peroxidation due to
hyperoxygenation thus preventing cell death [8].
Taurine is also believed to protect neutrophils against
the toxic effects of hypochlorous acid generated in
situ [9] and against bronchiolar damage induced by
nitrogen dioxide [10]. The protective effects in other
systems have been suggested to involve membrane
stabilizing properties [11, 12].

The objective of this study was to determine if
taurine would protect isolated rat hepatocytes against
the cytotoxic effects of three different toxic com-
pounds. The three compounds used, carbon tetra-
chloride, hydrazine and 1,4-naphthoquinone are all
cytotoxic but probably via different mechanisms. The
mechanism by which hydrazine is cytotoxic is not
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clearly understood. However, hydrazine interferes in
a number of crucial metabolic processes [13] and the
cytotoxicity certainly involves depletion of ATP [14].
1,4-Naphthoquinone causes redox cycling and oxi-
dative stress which will result in oxidation of critical
thiol groups and is thought to be toxic via this mech-
anism [15]. Plasma membrane changes such as bleb-
bing also occur, reflecting possible loss of membrane
function [15]. Carbon tetrachloride is toxic via a reac-
tive free radical metabolite produced in the smooth
endoplasmic reticulum which causes lipid peroxi-
dation [16-18]. This gives rise to breakdown of lipids,
particularly unsaturated phospholipids which will
damage intracellular membranes and the plasma
membrane. The breakdown products such as reactive
aldehydes spread throughout the cell and cause other
damage and effects such as increased membrane
permeability. Carbon tetrachloride may also have a
significant direct solvent effect on cell membranes
in isolated cells.

MATERIALS AND METHODS

Male, Sprague-Dawley rats (200-300 g) obtained
from Glaxo Group Research were used to prepare
hepatocytes. Hydrazine hydrate (100%) was obtained
from the Sigma Chemical Co. (Poole, U.K.), 1.4-
naphthoquinone (99%) was obtained from Fluka
Chemie AG (Buchs, Switzerland) and carbon
tetrachloride (99.8%) was obtained from BDH
(Lutterworth, U.K.). Luciferase, NADH, dimethyl
sulphoxide (DMSO*%), pyruvate and collagenase
(Type 1) were obtained from Sigma.

Isolation of rat hepatocytes

The technique used was essentially the two-step
perfusion method [19]. Hepatocyte preparations
were suspended in Krebs—Henseleit buffer. Except
for studies with carbon tetrachloride cells were
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gassed with 95% 0,/5% CO, and were incubated
in rotating siliconized round-bottomed flasks
(100 mL) at a live cell density of 2 x 10%/mL (20 mL).
Cells were preincubated for 30-60 min before
addition of the compounds. Initial viability was
87 = 2%. Samples were taken just prior to the
addition of taurine, then 1, 2 and 3 hr after, for
measurement of Trypan blue uptake, lactate
dehydrogenase (LDH) leakage and ATP content.
An aliquot (0.5mL) was added to trichloroacetic
acid (0.5 mL, 20%, 4°) and frozen at —80° for later
analysis of ATP. Taurine was added to cell
suspensions dissolved in Krebs-Henseleit buffer
immediately before the addition of the cytotoxic
compounds.

Carbon tetrachloride studies

In studies with carbon tetrachloride (CCl,) an
aliquot of cell suspension (2 mL) was transferred to
25-mL Erlenmyer flasks fitted with a centre well.
Taurine dissolved in Krebs-Henseleit buffer was
added to the cell suspensions to give final
concentrations between 0.05 and 20.0mM with
no addition being greater than 200 uL. Carbon
tetrachloride was added directly to the centre wells
(0.0, 7.5, 10 or 15 uL) and allowed to diffuse into
the flasks, which were sealed. Flasks were prepared
in triplicate. These were placed in an oscillating
water bath at 37° moving at 2 cycles/sec. LDH
leakage into buffer was determined after 45-50 min
of incubation (see below).

Studies with 1,4-naphthoquinone and hydrazine

1,4-Naphthoquinone was dissolved in DMSO and
added to hepatocytes to give final concentrations of
20-200 uM. Control cells were also exposed to the
same DMSO concentration (0.1%). Hydrazine was
added to cell suspensions dissolved in degassed water
to give final concentrations of 12-24 mM. Viability,
LDH leakage and ATP were measured in aliquots
of cell suspension taken at hourly intervals (see
below). The cells were incubated for 3 hr.

Assessment of viability of isolated hepatocytes

Trypan blue uptake. The viability of isolated
hepatocytes was measured using the uptake of the
dye Trypan blue by damaged cells.

LDH leakage. Leakage of the cytosolic enzyme,
LDH, into the suspension buffer was used as a
marker of cell membrane integrity. LDH was
measured by the method of Bergermeyer [20] as
described previously [13].

ATP determination. The assay for ATP in isolated
hepatocytes used the detection of luciferase-linked
bioluminescence [21] in trichloroacetic acid extracts
of hepatocytes as described previously [13, 14].

Statistical analysis

Statistical significance was assessed using the
Student’s t-test to compare treated with control
values.

RESULTS
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Fig. 1. Effects of various concentrations of taurine on

carbon tetrachloride cytotoxicity measured as LDH leakage

in isolated hepatocytes. Hepatocytes were exposed to the

vapour from 15 uL of carbon tetrachloride for 45 min. (W)

Control, not exposed to carbon tetrachloride. Values are

means * SEM, N = 5. *P < 0.05; **P < 0.01 compared to
control with no taurine added.

and 15 uL. CCl, showed a decline in viability with
time compared with controls. However, only the
cells exposed to 15 ul. CCl, showed a marked loss
of viability (70%) and leakage of LDH (35%).
Therefore, this exposure level of CCl, was
subsequently used.

Addition of taurine to the incubation buffer in the
range 0.05 to 20mM showed a dose-related
protection against cytotoxicity measured as leakage
of LDH after 45 min (Fig. 1). This protection became
statistically significant at taurine concentrations of
10 mM. The protection also seemed to be maximal
at this concentration as there was no further
protection even at a taurine concentration of 20 mM.
The protection afforded by taurine did not however
reduce LDH leakage to control levels (Fig. 1).

1,4-Naphthoquinone

1,4-Naphthoquinone caused a dose-related
decrease in hepatocyte viability (Fig. 2a), a
corresponding increase in LDH leakage (Fig. 2b)
and a decrease in ATP after 180 min of incubation
(Fig. 2¢). For each parameter there was a significant
difference from the control group at exposure
concentrations of 100 and 200 uM.

In the presence of 15 mM taurine, the cytotoxicity
was attenuated with the dose-response relationship
being shifted to the right with a statistically significant
difference in viability, LDH leakage and ATP
depletion compared to 1,4-naphthoquinone alone at
an exposure level of 100 uM (Fig. 2a, b and c).
However with all three parameters measured, the
cells exposed to the highest concentration of 1,4-
naphthoquinone (200 uM) were not protected against
cytotoxicity or ATP depletion. Therefore, for the
next studies, an exposure concentration of 100 uM
was used.

When different concentrations of taurine were
used it was found that even 5 mM taurine significantly
reduced cytotoxicity as measured by Trypan blue
uptake at all three time points (Fig. 3a), but LDH
leakage was only significantly reduced for the first
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Fig. 2. Effect of taurine on the dose-dependent cytotoxicity
of 1,4-naphthoquinone in isolated hepatocytes. (a) Loss of
viability measured as uptake of Trypan blue; (b) leakage
of LDH; (c) depletion of ATP. (@) 1,4-Naphthoquinone
alone; (A) 1,4-naphthoquinone plus taurine (15mM).
Values are means*SEM, N=3-4. **P<0.0];
**+P < 0,001 compared to control. °P < 0.01; °P < 0.001
compared to 1,4-naphthoquinone alone.

hour by 5mM taurine (Fig. 3b). However, 10 and
15mM taurine both significantly reduced LDH
leakage at all three time points (Fig. 3b). Similarly
ATP depletion was attenuated by the presence of
all three concentrations of taurine after 1 and 2 hr,
but only 10 and 15 mM taurine afforded a statistically
significant protection at 3 hr (Fig. 3c). Thus, with all
three parameters the protection afforded by taurine
was dose dependent.

The time course of the cytotoxicity of 1,4-
naphthoquinone (100 uM) in the presence and
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Fig. 3. Effect of various concentrations of taurine on the
time course of 1,4-naphthoquinone cytotoxicity in isolated
hepatocytes. (a) Loss of viability measured as uptake of
Trypan blue; (b) leakage of LDH; (c) depletion of ATP.
(O) No taurine; (&) 5 mM taurine; (8§) 10 mM taurine;
(W) 15mM taurine. All hepatocytes were exposed to
100 uM 1,4-naphthoquinone. Values are means = SEM,
N=3-4. *P<0.05; **P<0.0l; ***P<0.001 when
compared to hepatocytes exposed to 1.4-naphthoquinone
in the absence of taurine.

absence of taurine also revealed that taurine (15 mM)
had a significant protective effect, with both Trypan
blue uptake (Fig. 4a) and LDH leakage (Fig. 4b)
being significantly reduced at 2 and 3 hr compared
to cells exposed to 1,4-naphthoquinone alone.
Furthermore, in cells exposed to 1,4-naphthoquinone
plus taurine, LDH leakage was not significantly
different from that in control cells and control cells
plus taurine at all time points. ATP depletion caused
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Fig. 4. Effect of taurine on the time course of 1.4-
naphthoquinone cytotoxicity in isolated hepatocytes. (a)
Loss of viability measured as Trypan biue uptake; (b)
leakage of LDH; (c) depletion of ATP. (0O) Control; (B)
100 uM  1,4-naphthoquinone; (8N) 15mM taurine; (W)
100 uM 1,4-naphthoquinone plus 15 mM taurine. Values
are means = SEM, N =36 *P<0.05 **P< 0.01;
***P < 0.001 when compared to control hepatocytes.
°P < 0.01; ‘P <0.001 when compared to hepatocytes
exposed to 1,4-naphthoquinone alone. ““P < 0.01 when
compared to hepatocytes under the same conditions but
after 2 hr of incubation.
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Fig. 5. Effect of taurine on the dose-dependent cytotoxicity
of hydrazine in isolated hepatocytes. (a) Loss of viability
measured as Trypan blue uptake; (b) leakage of LDH:; (c)
depletion of ATP. (@) Hydrazine alone: (A) hydrazine
plus taurine (15 mM). Values are means + SEM, N = 4—
7. *P < 0.01; **P < 0.01 compared to hepatocytes exposed
to hydrazine alone. “P < 0.05: "P < 0.001 compared to
control hepatocytes.

by naphthoquinone was also significantly ameliorated
by taurine compared with cells treated with 1.4-
naphthoquinone alone at 1, 2 and 3 hr, although
even in the presence of taurine ATP was still
significantly depleted after exposure for 3 hr when
compared to cells exposed for 2 hr or control cells
plus taurine (Fig. 4c).

Hydrazine

Hepatocytesincubated with various concentrations
of hydrazine showed a dose-dependent loss of cell
viability (Fig. 5a) and an increase in leakage of LDH
(Fig. 5b). Trypan blue uptake and LDH leakage
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Fig. 6. Effect of various concentrations of taurine on the
time course of hydrazine cytotoxicity in hepatocytes. (a)
Loss of viability measured as uptake of Trypan blue; (b)
leakage of LDH; (c) depletion of ATP. (O) Control; (2)
24 mM hydrazine; (&) 24 mM hydrazine plus S mM taurine;
(N) 24 mM plus 10 mM taurine; () 24 mM hydrazine plus
15mM taurine. Hepatocytes were exposed to 24 mM
hydrazine. Values are means = SEM, N = 4. *P <0.05;
**P < (.01 compared to control hepatocytes. “P < 0.05
compared to hepatocytes exposed to hydrazine alone.

were significantly reduced by 15 mM taurine after
exposure to hydrazine at concentrations of 20 and
24mM (Fig. Sa and b). Hydrazine also caused a
dose-dependent decline in ATP, but the presence of
taurine (15 mM) had no significant effect on depletion
at any hydrazine concentration (Fig. 5¢). After
exposure to a single cytotoxic concentration of
hydrazine (24 mM) there was a time-dependent loss
of viability measured by Trypan blue exclusion and
LDH leakage (Fig. 6a and b). However, the
cytotoxicity of hydrazine measured by dye uptake
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and LDH leakage was reduced in a concentration-
dependent manner by the addition of different
concentrations of taurine (5, 10 and 15 mM) to the
incubation buffer, although this was only statistically
significant after 15 mM taurine. However, addition
of taurine to the incubation buffer at any of these
concentrations failed to protect significantly the
hepatocytes from hydrazine-induced ATP depletion
at any time point.

DISCUSSION

These studies have shown that taurine is able
to protect against the cytotoxicity of carbon
tetrachloride, 1,4-naphthoquinone and hydrazine in
vitro, and that this protection is dose related. After
exposure to cytotoxic concentrations of each of these
compounds, viability as indicated by LDH leakage
and/or Trypan blue uptake was significantly
improved by the presence of taurine. Protection
against carbon tetrachloride cytotoxicity was maximal
at 10 mM whereas against 1,4-naphthoquinone and
hydrazine cytotoxicity there was greater protection
at a taurine concentration of 15 mM. After exposure
to 1,4-naphthoquinone (100 uM), ATP depletion,
which may be partly a consequence of cytotoxicity,
was also significantly attenuated by taurine in a dose-
related manner.

The protection of other types of isolated cell by
taurine has previously been demonstrated by
Pasantes-Morales et al. [6,7] where similar con-
centrations of taurine were used to reduce
the cytotoxicity of retinol and iron-ascorbate to
lymphoblastoid cells. They demonstrated that taurine
(5 mM) provided complete protection against the
loss of viability of lymphoblastoid cells exposed to
0.2mM ferrous sulphate and 0.4 mM ascorbate
(Trypan blue exclusion). They also showed that
taurine (5mM) reduced the accumulation of Ca®*
caused by ferrous sulphate and ascorbate to levels
similar to those in controls after 30 min incubation.
However, this concentration of taurine did not
preventlipid peroxidation due to these concentrations
of ferrous sulphate and absorbate. Similar work with
lymphoblastoid cells exposed to retinol and retinoic
acid demonstrated that taurine (20 mM) combined
with zinc chloride (100 uM) was able to reduce cell
death almost to control levels [7]. Taurine and zinc
alone afforded some protection and when combined
with a-tocopherol, viability was the same as for
control cells. It was noted that taurine and zinc or
taurine and zinc combined with a-tocopherol were
able to reduce retinol-induced cell swelling after
90 min incubation. This protection was believed to
result from stabilization of the cell membrane,
preventing flux of ions and water. Taurine did
not however affect lipid peroxidation in these
experiments. Incubations for a longer period still
resulted in cell death, despite the fact that the cells
had not swollen, but maintained the same volume
as control cells. The additive effects of these three
compounds suggested that their mechanisms of
protection were different. Taurine has been shown
to stabilize membranes, reduce cellular calcium
accumulation, remove HOCI by forming the stable
taurochloramine and help to maintain the osmotic
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potential of cells. Thus, any or all of these
mechanisms might have been involved in the
protection of lymphoblastoid cells.

In the present studies the leakage of LDH and
uptake of Trypan blue caused by three different
cytotoxic agents was shown to be reduced by taurine.
Asboth these parameters reflect membrane damage,
the effect of taurine may be due to stabilization of
the hepatocyte membrane.

In hepatocytes exposed to hydrazine and 1,4-
naphthoquinone where both LDH leakage and
Trypan blue uptake were measured, the two
measurements were in agreement in that protection
occurs at the same taurine concentration (15 mM)
and the same exposure times. In the case of 1,4-
naphthoquinone, ATP depletion is also comple-
mentary to the other two parameters. However,
ATP was still significantly depleted in cells
significantly protected by taurine (Fig. 4c). Thus,
ATP depletion may be only partially a resuit of the
process of cell death and therefore is only partly
attenuated by taurine. In the case of hydrazine the
situation is different. Hydrazine also depletes
hepatocytes of ATP but this occurs at concentrations
which are not cytotoxic (12 mM) (Fig. Sa—c). Indeed,
it has been shown previously that hydrazine causes
ATP depletion at the lower concentration of 8 mM
which is clearly not cytotoxic [14] and it was
concluded that ATP depletion was therefore a
possible cause of the cytotoxicity of hydrazine rather
than a consequence. If ATP depletion is a result of
cytotoxicity and cell death then it should be reduced
by taurine as taurine protects against cytotoxicity
(Fig. 5a and b). The lack of effect of taurine on
hydrazine-induced ATP depletion, which still
occurred even in protected cells where viability
(Trypan blue uptake and LDH leakage) was not
significantly different from that of control cells, may
therefore reflect the role of ATP depletion in the
underlying mechanism of toxicity of hydrazine. This
is consistent with our previous data which showed
that hydrazine caused ATP depletion in hepatocytes
in the absence of cytotoxicity [14] (Waterfield and
Timbrell, 1992, unpublished observations). The data
also shows that depletion of ATP by hydrazine to
10-15% of normal cellular levels does not lead to
cell death in the presence of taurine. Further changes
in the cell must therefore be necessary for cell death
to occur and taurine presumably protects against
these changes.

The mechanism by which taurine was able to
protect hepatocytes from the three toxic compounds
in the current studies may be the result of one
or more mechanism either individually or in
combination. It would appear that the plasma
membrane was made less “leaky” by the addition of
taurine as both LDH leakage and Trypan blue
uptake were reduced by taurine. This may be an
effect either on the surface of the plasma membrane
or one initiated intracellularly. The observation that
a reduction in cell death was achieved by using
similar but not identical concentrations of taurine
against three different compounds, might suggest
that the mechanism of protection involves one of
the fundamental events leading to cell death. This
protection could involve the maintenance of

membrane integrity, a reduction in membrane
permeability or reduction in ion fluxes. All of these
have been ascribed to taurine {9, 11, 12]. Taurine is
also postulated to be able to influence Ca’" levels
in cells [8,22]. As an increase in intracellular Ca’*
level is believed to be an important event in cell
death, this might be one point at which taurine acts
protectively. Recent studies have been carried out
on the protective effects of cyclosporin A against
the toxicity of several compounds causing oxidative
stress in isolated hepatocytes. These studies
concluded that the mechanism of protection may
involve prevention of mitochondrial Ca** cycling
and mitochondrial damage [23]. Taurine could also
protect in a similar manner, as has been suggested
previously in relation to myocardial damage [24].
Taurine might thus reduce ATP depletion due
to calcium-induced mitochondrial damage after
exposure to 1.4-naphthoquinone. However hydra-
zine directly affects mitochondrial function [25],
inhibits the mitochondrial enzyme succinate dehydro-
genase and also may deplete ATP via other
mechanisms [13]. Consequently, the lack of
protection by taurine against ATP depletion due to
hydrazine could be due to the absence of involvement
of calcium. Further work is being carried out to
determine the mechanism by which taurine protects
against cytotoxicity.

This study has shown that taurine is able to protect
hepatocytes against cytotoxicity caused by different
compounds. Furthermore, in the presence of taurine
the process of cell death induced by hydrazine was
separated from ATP depletion. Taurine may thus
prove to be a useful tool for probing the mechanisms
of toxicity of compounds in isolated cells.
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