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Abstract:

Tumor cells, unlike normal cells, are characterized by trace cystathionase (CST) activity and sulfane sulfur levels. The present studies

aimed to established whether cystathionine (CT), a substrate of cystathionase, can selectively influence the thiol-dependent antioxi-

dant power of the kidney and Ehrlich ascites tumor (EAT). CT treatment reversed the changes in renal concentrations of non-protein

thiols (NPSH), reactive oxygen species (ROS), sulfane sulfur and activities of rhodanese, cystathionase and glutathione S-trans-

ferase (GST) in tumor-bearing mice, which returned to the level observed in healthy animals. The results demonstrated that CT cor-

rected all harmful changes in the mouse kidney induced by EAT. In contrast, CT did not elicit such effect in EAT cells, in which it

only increased ROS level. It indicates that CT can selectively protect the kidney of tumor-bearing mice against nephrotoxicity of

drugs as well as restore biological function of sulfane sulfur. On the other hand, cisplatin (CP) did not affect any of the parameters un-

der study in the kidney of tumor-bearing mice. Interestingly, cisplatin markedly lowered glutathione S-transferase activity and in-

creased sulfane sulfur level and rhodanese activity in tumor cells. It is also worth noting that CP doses devoid of nephrotoxic effect in

tumor-bearing mice could enhance cystathionine action on the kidney, causing an additional increase in NPSH and CST and rho-

danese activity.
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protein thiols, TNF-� – tumor necrosis factor alpha

Introduction

Nephrotoxicity of drugs may be caused by formation

and biodegradation of glutathione S-conjugates in the

glutamyl cycle (Scheme 1). Biodegradation of cys-

teine S-conjugates by �-lyase in the kidney leads to

the release of toxic thiols aggravating peroxidative

processes (Scheme 1) [6], what was recently found

with cisplatin [51].

Cisplatin [cis-diamminedichloroplatinum (II)] (CP)

belongs to drugs with particularly serious nephrotoxic
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liability caused by peroxidative damage. This drug is

a potent anticancer agent used especially in treatment

of solid tumors. CP molecule easily crosses plasma

membrane and migrates to the nucleus, where it elic-

its changes in DNA structure by forming intra- and in-

terchain adducts [16]. However, clinical use of CP is

often limited by its adverse effects, of which renal

toxicity is the most serious dose-limiting factor. Signs

of injury, such as changes in urine volume, osmolality,

and reduction of the glomerular filtration rate charac-

terize the alterations induced by CP in kidney function

[27]. For this reason, compounds selectively shielding

the kidney but not impairing CP toxicity in tumor

cells are actively searched for. Up until now, several

compounds have been shown to exhibit nephroprotec-

tive effect against CP toxicity, e.g. L-methioninamide,

methionyl-L-alanine, (methylthio) acetic acid 4-(me-

thylthio) benzoic acid [21], and metallothioneins [31].

However, in the latter case, chronic CP administration

leads to an increase in metallothionein levels also in

urinary bladder cancer MBT2 cells, which impairs

therapeutic efficacy of the drug [38].

The earliest effect of CP nephrotoxicity is the drop

in cellular glutathione (GSH) level and the rise in ma-

londialdehyde level, which indicates acceleration of

peroxidative processes [4, 9]. A tripeptide GSH (�-glu-

tamyl-cysteinyl-glycine) is one of the most efficient

cellular antioxidants [37]. Therefore, a majority of

studies aiming to enhance antioxidant power of cells,

more and more often focus on elevation of GSH level.

Physiological cellular GSH level is high (2–10 mM),

and drops in various pathological states, like neurode-

generative diseases, diabetes, AIDS, malnutrition, etc.

[45]. This tripeptide is stable in the cell because it has

an atypical peptide bond (in � position in relation to

the amine group), which protects it from hydrolysis

by intracellular peptidases. In addition, it is character-
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ized by high pKa value of -SH group (9.2), which

makes it resistant to spontaneous oxidation to disul-

fide. Consequently, it is present in the cell mostly in

the reduced form (GSH), while its disulfide form

(GSSG) constitutes only 1% of its total content. Anti-

oxidant GSH action depends on its sulfhydryl group

-SH, which directly participates in reactions with re-

active oxygen species, e.g. superoxide radical anion

(-O2
•), hydroxyl radical (OH•), hydrogen peroxide

(H2O2) and peroxynitrite (ONOO–). The -SH group in

GSH molecule is also involved in regeneration of

damaged protein and DNA molecules with free-

radical structure. Antioxidant reactions with GSH

yield radicals (-GS•) then transformed into the disul-

fide (GSSG), whose increased cellular level is danger-

ous because it disrupts pro- and antioxidant balance.

An increase in glutathione disulfide level (GSSG) can

also lead to facilitation of thiol-disulfide exchange

(S-thiolation), i.e. formation of mixed disulfides with

proteins [23].

GSH and cysteine levels in cytosol and extracellu-

lar space under physiological conditions are regulated

by �-glutamyl cycle (described by Meister) [28], in

which GSH is translocated outside the cell, where it is

hydrolyzed to its component amino acids by trans-

membrane peptidases: �-glutamyl transpeptidase (�GT)

and cysteinylglycine dipeptidase. Amino acids re-

leased in this process return to the cell, where they

again participate in GSH biosynthesis. Therefore,

�-glutamyl cycle functions to maintain cysteine con-

centrations in the cell, extracellular space and plasma

at physiological level. The reaction catalyzed by �GT

is known as transpeptidation mechanism. Possibility

of hydrolysis was also described [41] (Scheme 1).

Cysteine is supplied to the organism with dietary

proteins and can be synthesized in the hepatic, renal

and pancreatic cells in the process of methionine trans-

sulfuration (Scheme 2). Plasma is the only source of

cysteine for the remaining tissues and organs. The

kidneys are characterized by the highest concentration

of cysteine [1] and sulfane sulfur [33], and the highest

�GT activity (from 800 to 100 times higher than in the

liver in different species) [18]. This indicates their

particular role in GSH and cysteine metabolism and

in preserving physiological concentrations of plasma

thiols. In terminal renal failure, enhanced peroxida-

tive processes are accompanied by changes in concen-

trations of different redox forms of the most important

plasma thiols. i.e. cysteine, GSH, cysteinylglycine and

homocysteine [48].

Despite exceptional antioxidant properties and lack

of toxicity, GSH cannot be administered as medica-

tion because it is not transported across plasma mem-

brane in most cells, except epithelial cells [25]. There

are papers describing that oral administration of GSH

can increased GSH concentration in several tissues

[3]. Cysteine, the rate-limiting substrate in GSH bio-

synthesis, also cannot be given directly due to its strong

neurotoxicity [47]. In addition, methionine, which is

a natural cysteine precursor, requires ATP for its me-

tabolism, so it depletes cellular ATP pool [17]. In con-

trast, cystathionine, a thioether formed in the process

of methionine transsulfuration, that does not require

ATP, can be used as a cysteine precursor, (Scheme 2).

Cystathionine (CT) is transformed by �-cystathionase

(CST) into cysteine and �-ketobutyric acid (Scheme 2).

Unique properties of CT have been confirmed by

some authors who reported that the CST inhibitor,

propargylglycine, enhanced anticancer effect of cis-

platin in MBT2 cells [38], which indicates that CST

inhibition, i.e. blockade of cysteine synthesis from

CT, can increase cytotoxicity of the drug.

Moreover, CST participates in anaerobic sulfur

metabolism, that leads to sulfane sulfur formation

(Scheme 2) [7]. Sulfane sulfur occurs in zero or –1

oxidation state and is always bound to another sulfur

atom. A disulfide, cystine is a �-cystathionase sub-

strate, while unstable cysteine hydropersulfide CysS-

-S*-H (thiocysteine) (S*-sulfane sulfur) and stable tri-

sulfide – thiocystine Cys S-S*-S-Cys are sulfane

sulfur-containing products of this reaction. Both these

compounds are substrates of rhodanese, which is the

enzyme transferring sulfane sulfur to different accep-

tors, which enables it to fulfill its biological role

(Scheme 2). Thiocysteine, i.e. cysteine hydropersul-

fide (R-C-S*SH) is characterized by higher ability to

donate protons and electrons, i.e. has stronger antioxi-

dant properties than cysteine -SH groups. Further-

more, perthyil radicals (RSS•) formed concomitantly

are more stable and less dangerous than thiyl radicals

(RS•) [10].

Lack or trace amount of sulfane sulfur and its

metabolic enzymes are a hallmark of all tumor cells

[19, 49].

The studies presented in this paper aimed to estab-

lish whether cystathionine, which is a potential source

of cysteine, can increase antioxidant power of the kid-

ney (by increasing non-protein thiol (NPSH) level),

and whether it can influence anaerobic cysteine me-

tabolism. These studies were further justified by the
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fact that tumor cells, unlike normal cells, are charac-

terized by only trace CST activity [19]. This led us to

expect that CT can be a more efficient cysteine pre-

cursor in the kidney than in tumor cells, and, thus that

it can serve as a nephroprotectant.

The present studies also aimed to determine the

changes in thiol antioxidant status of the kidney in the

course of Ehrlich ascites tumor (EAT) development.

For this purpose, we determined the levels of reactive

oxygen species, non-protein thiols and sulfane sulfur,

activities of enzymes involved in glutathione S-trans-

ferase (GSH) metabolism: �GT and GST, and enzy-

mes participating in sulfane sulfur transfer and me-

tabolism: CST and rhodanese, in the kidney of healthy

and EAT-bearing mice. Subsequently, we examined

the effect of CT and CP administered alone or in com-

bination on the above-listed parameters in the kidney

of EAT-bearing mice and in EAT cells. We expected

that results of these studies would demonstrate di-

verse CT action on thiol antioxidant defense and an-

aerobic cysteine metabolism in the kidney of EAT-

bearing mice and in EAT cells.

Materials and Methods

Animals

Female albino Swiss mice, weighing approximately

20 g, were randomly divided into five groups. Intrape-

ritoneal (ip) inoculation of EAT cells was performed

in animals of group 2–5, and the mice were main-

tained for 5 days. Control healthy mice – group 1 and
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EAT-bearing mice – group 2 were injected with the

same volume of 0.9% sodium chloride solution.

Chemicals dissolved in isotonic saline, were ip in-

jected at the following doses: group 3 – cystathionine

at 10 mg/kg, group 4 – cisplatinum at 5 mg/kg, and

group 5 – cystathionine plus cisplatin. Cystathionine

dose was taken from the paper by Wada [44] and ear-

lier experiments [24]. Nephrotoxic doses of CP com-

monly used in rodents are 5–10 mg/kg [2, 29]. On the

fifth day, the mice were sacrificed. The EAT cells

were collected and washed three times by suspending

in cold 0.9% sodium chloride solution, followed by

centrifugation at 650 × g for 5 min. The kidneys were

isolated, placed in liquid nitrogen and stored at –70°C

until biochemical tests were performed.

All procedures were approved by the Ethics Commit-

tee for the Animal Research in Kraków (no. 74/OP/

2002).

Reagents

1-Chloro-2,4-dinitrobenzene (CDNB), cis-diammine-

platinum(II) dichloride, cystathionine, 2’,7’-dichloro-

hydrofluorescein (DCHF-DA), 5,5’dithiobis-2-nitro-

benzoic acid, dithiothreitol, homoserine, L-�-gluta-

myl-p-nitroanilide, glycylglycine, 3-methyl-2-benzo-

thiazolinone hydrazone, NADH, p-nitroaniline, potas-

sium cyanide, pyridoxal 5’-phosphate, p-phenylenedi-

amine, trichloroacetic acid (TCA), were obtained from

Sigma Chemical Company, St. Louis, (USA). The re-

maining chemicals were purchased from POCh, Gli-

wice, (Poland).

Determination of non-protein sulfhydryl groups

[30]

In this assay 5,5’-dithiobis-2-nitrobenzoic acid is re-

duced by nonprotein sulfhydryl groups present in tri-

chloroacetic acid (TCA) extract to 2-nitro-5 mercap-

tobenzoic acid. For the estimation of NPSH, 0.05 ml

of TCA extract and 0.1 ml of 6 mM 5,5’dithiobis-2-

nitrobenzoic acid were added in succession to 0.850 ml

of 0.2 M phosphate buffer pH 8.2, and absorbance

was measured at 412 nm. The total content of nonpro-

tein sulfhydryl groups was determined from a stan-

dard curve for the glutathione.

Determination of �-glutamyl transpeptidase

activity [34]

In this method, the colorless substrate L-�-glutamyl-

-p-nitroanilide was enzymatically converted to p-ni-

troaniline. The reaction mixture (0.9 ml) contained

5 mM L-�-glutamyl-p-nitroanilide and 11 mM of

MgCl2 dissolved in 111 mM Tris-HCl buffer, pH 9

and was incubated for 5 min at 37°C with 0.1 ml of

liver homogenates. Adding 1 ml of 1.5 M acetic acid

stopped the reaction. The probes were centrifuged at

12,000 × g for 5 min, and the absorbance of p-nitro-

aniline that developed during 5 min was measured at

410 nm. The enzyme activity was expressed in �mo-

les of the product (evaluated from a standard curve for

p-nitroaniline) formed during 1 min of incubation per

1 mg of protein.

Determination of glutathione S-transferase

activity [14]

Glutathione S-transferase catalyzes reaction between

glutathione and 1-chloro-2,4-dinitrobenzene (CDNB)

yielding colored conjugate, 2,4-dinitrophenyl-S-gluta-

thione, which shows absorbance maximum at a wave-

length of 340 nm. An increase in absorbance after

1 min of incubation was used as a measure of reaction

progress. The activity of the enzyme was calculated

on the basis of millimolar absorbance index of the

formed conjugate, which is 9.6 mmol/cm. The 50 �l

of 20 mM GSH solution, the same volume of 20 mM

CDNB solution and 50 �l of the homogenate diluted

50 times were added to 850 ml of 0.1 M phosphate

buffer, pH 6.5. Thirty and ninety seconds afterwards,

an absorbance at 340 nm was measured against the

control sample, containing phosphate buffer instead

of the homogenate. A difference between an increase

in absorbance in the test sample and control sample

divided by molar absorbance index was the measure

of the enzyme’s activity. Activity of the enzyme was

expressed in millimoles of the conjugate formed

within one minute under the experimental conditions

applied in this study.

Determination of reactive oxygen species [5]

2’7’-Dichlorohydrofluorescein diacetate (DCFH-DA)

was deesterified in homogenates to dichlorohydro-

fluorescein, and was then oxidized to fluorescent di-

chlorofluorescein by ROS. To 1.2 ml of 0.1 M phosphate
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buffer, pH 7.4, 0.01 ml of homogenate and 0.01 ml of

DCFH-DA were added. Mixtures were incubated in

a water bath for 30 min at 37°C and then centrifuged

at 12,000 × g for 8 min. Fluorescence was measured

with a Hitachi F-2000 fluorescence spectrometer with

an excitation of 488 nm and an emission of 525 nm.

ROS were evaluated from a standard curve for dichlo-

rofluorescein.

Determination of sulfane sulfur level [49]

The level of the sulfur in kidney homogenate was de-

termined by cold cyanolysis according to Wood [49].

To 0.1 ml of liver homogenate 0.08 ml of 1 M NH3,

0.72 ml distilled water and 0.1 ml of 0.5 M KCN were

added. The samples were incubated at room tempera-

ture for 45 min. Then 0.02 ml of 38% formaldehyde

and 0.2 ml of Goldstein’s reagent [Fe(NO)3 + HNO3

+ H2O] were added. After centrifugation at 12,000 × g

for 10 min, the absorbance at 460 nm was determined.

A standard curve was prepared with 1 mM KSCN.

The pool of sulfane sulfur in EAT cells was assayed

by the modification of Ogasawara’s method [32]. In

this method, bound sulfur is easily liberated as sulfide

after reduction by dithiotreitol. The released sulfide is

converted into a fluorescent derivate, thionine, in the

reaction with p-phenylenediamine and ferric ion.

Thionine is determined by fluorimetric method.

Determination of rhodanese activity [40]

Enzymatic activity of rhodanese was determined ac-

cording to Sörbo. Assay mixture containing 100 �l of

homogenate diluted 100 times, 60 mM thiosulfate,

47.5 mM sodium phosphate buffer pH 7.4 and 71.5 mM

cyanide was incubated in final volume of 525 �l at

room temperature for 5 min. The reaction was stopped

by addition of formaldehyde. Reaction product, i.e.

thiocyanide and ferric ions formed colored complex,

whose absorbance was measured spectrophotometri-

cally at 460 nm. The enzyme activity was expressed

in �moles of the product (evaluated from a standard

curve for thiocyanide) formed during 1 min of incuba-

tion per 1 mg of protein.

Determination of �-cystathionase activity [39]

Enzymatic activity of cystathionase was determined

according to Soda [39] with modifications. The assay

mixture contained 0.02 �mol of pyridoxal 5’-phos-

phate, 4 �mol of homoserine, 0.065 mmol of potas-

sium phosphate buffer and liver homogenate in final

volume of 1 ml. The mixture was incubated at 37°C

for 30 min and the reaction was stopped by adding

50% TCA. After centrifugation (14,000 × g/10 min)

to 0.5 ml supernatant 1 ml of acetate buffer pH 8.0 and

0.4 ml of 0.1% 3-methyl-2-benzo-thiazolinone hydra-

zone were added. Incubation was carried out at 50°C

for 30 min. Absorbance at 320 nm was measured after

cooling the reaction mixture. The enzyme activity

was expressed in �moles of the product formed dur-

ing 1 min of incubation per 1 mg of protein.

Determination of protein content using Lowry’s

method [26]

Statistical analysis

The results are presented as the means ± SD, and sta-

tistical significance of differences was evaluated us-

ing ANOVA followed by the Least Significance Dif-

ference test for post-hoc comparisons. The differences

were considered statistically significant when p < 0.05.

Results

Renal NPSH level in EAT mice was significantly de-

creased in comparison with healthy animals (Fig. 1A).

Cisplatin administration increased NPSH level vs.

control tumor-bearing mice but it still remained lower

than in healthy animals. Cystathionine elevated NPSH

level but the largest increase to the level comparable

to healthy mice was seen in animals treated with

a combination of CP and CT (Fig. 1A). In contrast, in

EAT cells, cisplatin did not affect NPSH level, cys-

tathionine decreased it, while NPSH level in CP +

CT-treated animals was equal to the control, what

means that CP abolished CT action (Fig. 1B).

No significant differences were noted between

EAT-bearing mice and healthy animals in renal �GT

activity (Fig. 2A). CP did not influence renal �GT ac-

tivity in tumor-bearing mice, whereas CT signifi-

cantly increased activity of this enzyme. The com-

bined treatment with CP and CT also in this case

caused the highest and significant rise in �GT activity

vs. control group. In EAT cells, neither CP nor CP sig-
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nificantly altered �GT activity but their combination

drastically decreased activity of this enzyme (Fig. 2B).

Renal GST activity was significantly lowered in

EAT-bearing mice vs. healthy control group (Fig. 3A).

It was significantly increased only after treatment with

cisplatin and cystathionine in combination (Fig. 3A).

In EAT cells, GST activity was diminished by CP, un-

changed by CT and significantly increased by their

combination (Fig. 3B).

Renal reactive oxygen species (ROS) level in

tumor-bearing mice was significantly increased in

comparison with healthy animals (Fig. 4A), which in-

dicates acceleration of peroxidative processes. ROS

level was still elevated after CP treatment but CT

given alone or jointly with CP lowered it. In EAT

cells, ROS level was significantly lower than in nor-

mal kidney cells and significantly rose after CT and

CT + CP treatment (Fig. 4B).

Sulfane sulfur level in EAT-bearing mice was equal

to the healthy group. Cystathionine given either alone

or jointly with CP to EAT-bearing mice statistically

significantly increased sulfane sulfur above the con-

trol level (Fig. 5A). In EAT cells, CT had no effect on

sulfane sulfur level, whereas CP administered alone

or with CT markedly and significantly increased

bound sulfane sulfur level (Fig. 5B).

Renal activity of rhodanese, the enzyme participat-

ing in transfer of sulfane sulfur-containing com-

pounds was significantly diminished in EAT-bearing

animals vs. healthy mice. Activity of this enzyme rose

to the level observed in healthy animals both after CT

alone and in combination with CP (Fig. 6A). On the

other hand, in EAT cells, CT had no effect on rho-

danese activity, while CP augmented activity of this

enzyme, what was not observed after combined treat-

ment with CT + CP (Fig. 6B).
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Renal �-cystathionase activity was reduced in

tumor-bearing mice vs. healthy control group. Cysta-

thionine alone and in combination with CP increased

CST activity to the control level (Fig. 7A). Trace CST

activity in EAT cells was even more lowered by CT or

CP given alone, but, interestingly, it was increased al-

most to the control level after the CT + CP combina-

tion (Fig. 7B).

Discussion

It is assumed that nephrotoxic action of many drugs

and other xenobiotics, including CP, is most often

caused by acceleration of peroxidative processes. There

are different hypotheses explaining the mechanism of

oxidative stress generation by cisplatin. Since renal

proximal tubules express NADPH oxidase, it was

suggested to be responsible for excessive ROS pro-

duction elicited by CP [12]. It was substantiated by

the observation that the NADPH oxidase inhibitor (di-

phenyleneiodonium chloride), lowered ROS level and

prevented renal cell dysfunction [22]. Superfluous

ROS formation was also attributed to a potential CP-

induced Ca2+ influx into mitochondria due to a decrease

in inner mitochondrial membrane potential [43]. This

hypothesis was corroborated by studies on renal epithe-

lial cell culture, which indicated that CP enhanced Ca2+

release and peroxidative cell damage (measured by lac-

tate dehydrogenase release) [22]. The increased concen-

tration of calcium ions can also provoke necrosis by ac-

tivation of proteases and phospholipases.

Low CP doses constantly present in renal tubule

cell culture induced apoptosis, while its high doses

caused necrosis. In the latter case, it was accompanied

by excessive generation of NO, O2
•, TNF-�, and per-

oxynitrite (ONOO–), which is considered to be a marker

of nephropathy induced by high CP doses [20].
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Fig. 3. Glutathione S-transferase (GST) activity in the kidney of
healthy and EAT-bearing mice (A) and in EAT cells (B). NaCl (control
groups), cystathionine (CT) at 10 mg/kg, cisplatinum (CP) at 5 mg/kg
and cystathionine plus cisplatin were ip injected for 5 days. �� p <
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The present studies showed the marked weakening

of GSH-related antioxidant and detoxifying mecha-

nisms in the kidneys of EAT-bearing mice in compari-

son with healthy mice, as demonstrated by the de-

crease in NPSH level (of which GSH constitutes over

95% under physiological conditions) (Fig. 1A), dimi-

nution of GST activity (Fig. 3A) and rise in ROS

(Fig. 4A). Physiological GSH level is essential for

normal kidney function, particularly for proximal tu-

bules, characterized by accelerated oxygen metabo-

lism [25]. However, progression of carcinogenesis in

the body makes the kidney even more “defenseless”

against nephrotoxic action of drugs. We observed

similar situation earlier in livers of tumor-bearing

mice, which was the cause of enhanced hepatotoxicity

of drugs [24].

EAT-bearing mice had also significantly lower re-

nal activity of CST (Fig. 7A), the enzyme involved

in sulfane sulfur formation, and rhodanese, participat-

ing in sulfane sulfur transfer to different acceptors

(Fig. 6A). Sulfane sulfur occurs in cells mostly in the

form of protein hydropersulfides and trisulfides,

which enables it to fulfill the regulatory role. This

means that EAT growth disrupts anaerobic cysteine

metabolism in the kidney, impairing regulatory me-

chanisms dependent on sulfane sulfur.

CP doses used in his study did not enhance peroxi-

dative processes in EAT-bearing mice (ROS level did

not change) (Fig. 4A), which was accompanied by

a slight but significant rise in NPSH level (Fig. 1A). It

indicates that CP at these doses did not induce peroxi-

dative damage in the kidney. These observations are

in line with other reports which demonstrated that

chronic administration of low CP doses, in contrast to

acute treatment, did not disturb antioxidant status of

the kidney [13]. Administration of CP alone also did

not cause any changes in �GT, GST, rhodanese and

CST activities (Fig. 2, 3, 6, 7) or in the concentrations

of sulfane sulfur-containing compounds (Fig. 5A) in

the kidney of EAT-bearing mice. It means that CP at
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the doses used in these experiments elicited no

changes in any of the parameters under study in the

kidney of EAT-bearing mice.

Cystathionine administration to tumor-bearing mice

significantly increased renal NPSH level (Fig. 1A)

and lowered ROS concentration vs. healthy animals

(Fig, 4). It demonstrates beneficial effect of CT, own-

ing to unique properties of this compound, namely its

ability to be a source of cysteine, indispensable for

GSH biosynthesis, and free radical scavenger proper-

ties (mostly superoxide radical anion O2
• scavenging

ability) [45]. Moreover, CT is capable of reducing

GSH efflux from the cells [11]. It has been shown that

this mechanism underlies its protective antiapoptotic

action on HepG2 cells and monocytes, since cells ex-

trude GSH before the development of apoptosis [11].

The obtained results indicate that this compound can

fulfill a protective role in the kidney, therefore, neph-

roprotective potential of CT appears promising.

Furthermore, CT administered alone elevated renal

level of sulfane sulfur (Fig. 5A) and activity of rho-

danese and CST (Fig. 6A and 7A). It means that CT

could restore proper anaerobic cysteine metabolism

and biological function of sulfane sulfur.

Unique properties of CT were also noted in earlier

reports, which demonstrated the induction of cys-

tathionine synthase activity under oxidative stress

conditions in tumor (HLE, HepG2) and normal cells

(crystalline lenses) [35]. Cisplatin-induced oxidative

stress, implicating TNF-�, also increased cystathioni-

ne synthase activity in HepG2 cells [52]. It indicates

that prooxidant conditions stimulate CT biosynthesis

what can be considered to be a defensive mechanism

of the cell.

Noteworthy, the administration of CP and CT in

combination more strongly augmented renal NPSH

level in tumor-bearing mice than CT alone (Fig. 1A).

The non-toxic CP doses administered jointly with CT

exerted such synergistic effect also on GST, �GT and

CST activities (Fig. 2A, 3A, 7A).

In contrast, CT significantly reduced NPSH level

(Fig. 1B) and enhanced ROS generation in the EAT

cells themselves (Fig. 4B). It indicates that CT effect

is selectively beneficial in the kidney and harmful in

EAT cells. It is most probably due to the marked dif-

ference in CST activity between renal and EAT cells,

because of that CT can efficiently protect the kidney

from peroxidative action of drugs.

High �GT activity in tumor cells is more and more

often considered to be a source of a moderate oxida-

tive stress, which can play a regulatory role [8, 36].

Recent reports have revealed the role of oxidative

stress in the regulation of cell proliferation and apop-

tosis in tumor cells. For his reason, the drop in ROS

level, observed in our study, may have diverse effect

in tumor cells.

Glutathione S-transferase is an enzyme responsible

for biodegradation of drugs by formation of their glu-

tatione S-conjugates. Its activity in tumor cells is

increased [15]. For his reason, inhibitory effect of CP

on GST activity in EAT cells seems very interesting

(Fig. 3B).

Like other tumors, EAT cells are characterized by

a very low sulfane sulfur level, which occurs only in

the “bound” form. Sulfane sulfur deficit and lack of

its regulatory effect is considered by Toohey to be one

of causes of uncontrolled growth of tumor cells [42].

In our studies, CT alone did not affect the bound sul-

fane sulfur level in EAT cells (Fig. 5B). However, its
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combined administration with CP increased sulfane

sulfur level in EAT cells (Fig. 5B), which was accom-

panied by the increase in rhodanese activity (Fig. 6B).

It indicates that the anticancer drug, CP, can increase

sulfane sulfur level in tumor cells and facilitates its

transfer to different acceptors (Scheme 2). This obser-

vation is interesting because such effect has never

been achieved by supplementation of different sulfur

compounds and cysteine precursors [46, 50]. It should

be remembered that sulfane sulfur level and rho-

danese activity in the cells under study was very low,

therefore, the quantitative changes were small. On the

other hand, sulfane sulfur is believed to act as a pre-

cise and efficient regulator with very high potential

activity.

In summary, the present studies demonstrated that

CT was able to correct some harmful changes in the

mouse kidney induced by progressing EAT, i.e. weak-

ened thiol antioxidant defense and disrupted sulfur

metabolism. It indicates that CT, which is a natural

cysteine precursor, can protect the kidney against po-

tential nephrotoxicity of drugs and restore biological

function of sulfane sulfur. Although we did not detect

nephrotoxic effect of CP, we demonstrated that this

drug could influence rhodanese and GST activities

and sulfane sulfur level in EAT cells. Interestingly, CP

doses devoid of nephrotoxic effect, in tumor-bearing

mice could enhance CT actions on the kidney, causing

the increase in NPSH level and CST and GST activity.
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