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Combined toxicity of inorganic substances: Ag(I)—Cu(II), Cr(VI)—Ni(Il) is studied in a
culture of Saccharomyces cerevisiae yeasts. The dynamics of yeast growth in the presence
of individual metals an their combinations is examined. A diagram method for the
evaluation of combined toxicity is proposed.
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Evaluation of biological activity of various toxic
agents with the use of protozoa has a number of
advantages over the use of laboratory animals. Proto-
zoan cultures provide sufficient information, are less
expensive, and can be employed as basic models for
evaluation of toxic activity towards the cells of a
higher organism. Hormonal, neurophysiological and
other systemic factors of higher organisms are con-
sidered theoretically, which is regarded as a drawback
of cell models [9].

Biotransformation of d-elements in a unicellular
organism is quiet simple [4]. The following processes
occur upon interaction of a d-element with a cell:
dissolution in the extracellular medium, contact with
the plasma membrane, transport of its ions or poorly
soluble forms through ion channels or by phago-
cytosis, intracellular dissolution and distribution,
binding to macromolecules or other ligands, and
modulation of the degree of its oxidation. It can be
hypothesized that analogous processes occur in ani-
mal cells [4].

Since DNA serves as a genetic template in all
biological systems (from bacteria to man), the use
of cell models is feasible. Thus, the molecular mech-
anisms underlying genetic toxicity of various ions are
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identical for biological systems at different levels of
evolution.

It was demonstrated that unicellular organisms
can be used for the elucidation of stress mechanisms
operating in higher nervous activity {12]. It is note-
worthy that unicellular models can be employed for
the investigation of combined action of inorganic
compounds.

Combined action of chemical compounds has
been poorly investigated. The mechanisms underlying
binary effects are known only for a small number of
systems [6-8,13]. There is a variety of problems as-
sociated with quantitative estimation of combined
toxicity. Evaluation of combined toxicity requires large
experimental series with a wide concentration range of
the studied compounds. This is necessary for sub-
stantiating the toxicological profile and statistical correct-
ness of the results. In our view, none test system em-
ploying multicellular organisms can meet this demand.

Previously, we studied combined effects of in-
organic compounds and y-radiation on animal cells
[2]. The kinetics of the release of endogenous in-
organic elements caused by combined action of the
salts of these elements was studied in mammals [10].
Combined effects of essential and contaminating
elements upon their accumulation in plants and ani-
mals have been investigated [1,11]. Basic principles
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Fig. 1. Light absorbance—ceil content relationship.

for evaluation of toxicity at metabolic and physio-
logical levels have been developed [3].

In the present study we examined individual and
combined effects of copper, silver, chromium, and
nickel salts on Saccharomyces cerevisiae yeasts.

MATERIALS AND METHODS

The salts of the studied metals were added to the
culture medium before seeding the yeast cells: AgNO,
and Cu(NO,), to a final concentration of 5X10~"-
5x10-% and 5x10—4-5%X10-* mol/liter, respectively,
and solutions K,Cr,0, and NiSO, to a final con-
centration 5x10~4-5%10—3 mol/liter. These concen-
tration ranges were selected empirically: from the
concentration at which the metal produces neither
toxic nor biological effect to the concentration in-
hibiting growth and reproduction of the yeasts.

Distilled water was added to control test tubes.
The yeasts were grown for 96 h at 28°C on malt wort
(dry matter content 6-8%, pH 5.6-6.0). Samples
were taken after 0, 24, 28, 32, 48, 52, 56, 60, 72,
76, and 96 h of culturing.

Cell growth was assessed by light absorbance
(A=590 nm, a KFK-2 photoelectrocalorimeter) and
cell counting in a Goryaev chamber, after which a

TABLE 1. Individual and Combined Effects of Silver and Copper
Nitrates on Saccharomyces cerevisiae

Sample Ag*, cu*, Combined
No. mol/liter mol/liter effect
1 5X10—7 “—" | x40~ " “+"
2 8%10~7 “—" | 8x10—* "+’ 4"
3 1x10-8 “+" | 1x10™° *“+” ‘4"
4 2X10-8 “+* 2x10° + +
5 5%10—% + 5x10—% + +

Note. “—" = no effect, "+” = cytostatic effect, + = cell death.
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calibration curve was constructed (Fig. 1, dilution is
taken into consideration). The culturing time—cell
number plots (Figs. 2 and 3) were then analyzed, and
the effects of silver, copper, chromium, and nickel
salts were evaluated.

RESULTS

Individual effects of silver, copper, nickel, and chro-
mium salts as well as effects of silver—copper and
nickel—chromium combinations differed from each
other. At 5x10-7-10-¢ mol/liter, silver ions had no
appreciable effect on the yeast growth: the experi-
mental curve coincided with the control (Fig. 2, a).
At higher concentration (2x10~° mol/liter) a cyto-
toxic effect was observed, and the light absorbance
reached the maximum 5 h later than in the control.
A 2.5-fold increase the AgNO, concentration (5x10~
¢ mol/liter) resulted in cell death.

The concentrations at which copper ions pro-
duced cytostatic and cytotoxic effects are about three
orders of magnitude higher compared with those of
silver ions. However, similar to silver, copper pro-
duced cytostatic effect in a relatively narrow con-
centration range (Table 1).

When added together, silver and copper exhibi-
ted cytostatic activity at concentrations at which thetr
individual effects were not observed (Fig. 2 and
Table 1). Although silver (8§x10-7 mol/liter) had no
effect in sample 2, in combination with copper (8X
10—* mol/liter) it had cytostatic effect. Hence, it can
be suggested that copper ions play a more important
role in this combination.

Since the curves reflecting cell growth in culture
are unnecessary for evaluating combined effects of
the studied compounds, we have employed special
approaches.

Chromium and nickel acted as synergists (Fig.
3). When added together to culture medium in the
concentration range 5x10~*-5x10~* mol/liter, K,Cr,0,
and NiSO, had a more pronounced inhibitory effect
on the growth of yeast cells in comparison with their
individual effects.

Individual cytostatic effects of NiSO, were ob-
served at concentrations higher than 2x10—* mol/liter
and for K,Cr,0, at concentrations higher than 5X10~
3 mol/liter.

Two- and three-dimensional dose—effect bolo-
grams can be employed for characterization of com-
bined action [5].

In the present study, the response of the yeasts
to silver—copper and chromium—nickel combination
was calculated as the ratio of the difference between
the experiment and the control to the control. Fig-
ures 4 and 5 show experimental and theoretical dose—
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Fig. 2. Effect of silver (a), copper (b), and silver+copper (c) combination on the growth of S. cerevisiae 776. Here and in Fig. 3: ordinate:

cell number, X10—%/ml.

response curves. Theoretical curves were constructed
by summing individual effects [8] calculated from the
following formula:

[NAzcxp__NAsc]-(- [NCuexp__NCuc]

R=
N# NS,

where, N and N_ is the number of cells in the
presence otP the glven ion in experiment and control,
respectively.

A comparison of theoretical and experimental
curves shows that combined action cannot be in-
terpreted as a sum of individual effects. Specifically,
the sum of individual toxic effects of copper and silver
ions is equal to their combined effect but only in the
high concentration range: 5% 10~% mol/liter for Ag* and
5x10-3mol/liter for Cu?*. At lower concentrations the
differences are statistically significant (Fig. 4). In this

case the experimental curve is above the theoretical curve,

indicating that copper and silver act as synergists {7].



522

Bulletin of Experimental Biology and Medicine, Ne 5, 1997 METHODS

o - control .
m - Cr, 5X107
e -Cr8x10"
o -Cr 13107
-3
& -Cr,2%x10"
A-Cr5%10”
100
709
601
! © - control P
501 m - N, 5%10
40 ® - Ni, 8x10™
. -3
10 G- Ni, 1X10
A -Ni,2x107
=3
201 A-Ni, 5%10°
104
0 =
20 100
70
60+
50+ O - control . )
& -Cr, 5%107 +Ni, 5X10°
40 o -Cr8%107 +Ni,8x10”
30+ 0~ Cr, 1X107 +Ni, 1X10°
, A-Cr.2X107 +Ni,2%10
20 A -Cr, 5107 +Ni, 5%107
10+
G Y T " T + T Y gl

20 30 40 50 60 70
Time in culture, h

Fig. 3. Effect of chromium (a), nicke! {b}), and chromium+nickel (¢) combination on the growth of S. cerevisiae 776.

A similar situation was observed in experiments
with Cr(V]) and Ni{II}: their effect was additive in
the concentration range >2x10-3 mol/liter, at lower
concentration it was synergistic. Since the dose—
effect isoboles for nickel and chromium lie close to
each other, we managed to employ the method for
evaluation of combined action [7]. The “sail line”
obtained at a constant total concentration of Ni and
Cr equal to 1.5%x10-3 mol/liter is convex towards the
abscissa (dose). As expected, the corresponding ex-
perimental point is above the “sail.” The effect of

nickel in this combination is prevailing: the “sail” is
raised in the region of nickel higher concentration
(Fig. 6).

Thus, the effects of silver—copper and nickel~—
chromium combinations are examined for the first
time in S. cerevisiae yeasts (strain 776). New method-
ological approaches have been employed in the ex-
periments: construction of the growth curves, mo-
ment of the toxic agent addition, and choice of the
concentration range. A modified method for the
evaluation of combined effects of inorganic sub-
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Fig. 4. Dose (D)—response (R) curves for combined action of silver
and copper during 48 h (a), 60 h (b) and 72 h (¢).

Fig. 5. Dose (D)—response (R) curves for combined action of
chromium and nickel during 48 h (a), 60 h (b) and 72 h (c).
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stances has been proposed. It is shown that com-
bined effects of Cu, Ag, Ni, and Cr are additive or
synergistic depending on their concentrations in a 13
combination.

EFERENCES

. N. N. Glushchenko, I. P. OF’khovskaya, T. V. Pleteneva, er
al., Irv. Akad. Nauk SSSR, Ser. Biol., No. 3, 415-421 (1989).

. Yu. A. Ershov, L. N. Kublik, T. V. Pleteneva, and L. Kh.
_ Eidus, Byull. Eksp. Biol. Med., 113, No. 3, 280-283 (1992).

. Yu. A. Ershov and N. N. Mushkambarov, Kinetics and Thermo-
dynamics of Biochemical and Physiological Processes [in Rus-
sian], Moscow (1990).

. Yu. A. Ershov and T. V. Pleteneva, Mechanisms of Toxicity
of Inorganic Compounds [in Russian], Moscow (1989).

. Yu. A. Ershov, T. V. Pleteneva, N. N. Glushchenko, and P.
Dobrovol’skii, Ecology (Lithuania), No. 3, 18-24 (1991).

. A. Yu. Ivanov, Microbiologiya, 61, No. 3, 455-463 (1992).

. A. N. Kudrin and G. T. Ponomareva, Application of Mathe-
matics in Experimental and Clinical Medicine [in Russian],
Moscow (1967).

. P. A. Nagornyi, in: Combined Action of Chemical Substances
and Methods of Its Hygienic Study [in Russian], Moscow
(1984), pp. 3-4.

. Kh. Zigel and A. Zigel (Eds.), Some Aspects of Toxicity of

Metal Ions [in Russian], Moscow (1993).

T. V. Pleteneva, Yu. A. Ershov, N. N. Glushchenko, and S.

V. Podstanitskii, Khim.-Farm. Zh., No. 8, 13-15 (1993).

T. V. Pleteneva, 1. A. Samylina, E. N. Vanivskaya, and V.

A. Orlova, Ibid., No. 2, 178-180 (1990).

12. N. A. Tushmalova, Functional Mechanisms of Acquired Be-

havior in Lower Invertebrates [in Russian], Moscow (1986).
. B. Venugopal and T. D. Luckey, Meral Toxicity in Mammals,
Vol. 2, New York—London (1978), p. 573.




