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Specificity of targeting of the oxidative stress towards lipid and protein fractions in

a model of estrogen-induced Syrian hamster nephrocarcinogenesis was evaluated.

The amount of proteins modified by oxidative stress was significantly elevated as

early as one month after the initial implantation of estradiol to the experimental ver-

sus the control group, while the stress did not affect lipids. Subcellular localization of

the oxidative stress target was determined by the analysis of protein oxidation in

subcellular fractions of kidney cells. The endoplasmic reticulum membranes were the

fraction most affected by the oxidative stress.

Estrogen dependent kidney cancer in male

Syrian hamster was first described by Kirk-

man in the late fifties [1]. This model is re-

stricted to male hamsters only [1, 2]. Since the

first report, the model has been thoroughly in-

vestigated in order to determine the molecu-

lar site of pathogenesis and histopathological

origin of the cancer [2–5]. Although it has

now become an accepted and very popular

model of experimental tumorigenesis that is

assumed to mimic hormone dependent hu-

man cancer (e.g. of the breast, ovary or

endometrium), there is still much to be ex-

plained [6–9].

It has been suggested that the cancer may be

induced by oxygen free radical-mediated DNA

damage in kidney cells. Liehr and coworkers

[10, 11] and Li & Li [12] proposed oxido-

reductive cycling between hydroxylated deriv-

atives of estradiol and its semiquinone and

quinone metabolic intermediates as a possible

way of superoxide anion generation. On the
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other hand, these authors also postulated that

estrogen semiquinones could induce DNA ad-

ducts and, in this way, mutagenesis [10–12].

It has been suggested that hydroxylation in

the position 2 or 4, that leads to formation of

catecholestrogens, may be a trigger point in

the process of carcinogenesis [13, 14]. High

activity of estradiol-4-hydroxylase has been

observed in the organs susceptible to estro-

gen-induced carcinogenesis, i.e. in mouse

uterus and male Syrian hamster kidney [15,

16] as well as in human breast cancer cells

[17]. The catecholestrogen formed can be eas-

ily oxidised to semiquinone and quinone de-

rivatives by cytochrome P450 [18, 19]. Zhu &

Conney [20] pointed to some properties of

4-hydroxyestradiol that might be of crucial im-

portance for potential carcinogenicity, espe-

cially its ability to stimulate cell proliferation

and growth, which was observed in cell lines

of kidney epithelium [20–22].

The aim of this study was to investigate

which of the subcellular fractions of the chron-

ically estrogenized kidney tissue is most af-

fected by oxidative stress and, moreover,

which biomolecules, lipid or proteins, are

most susceptible to this stress.

MATERIALS AND METHODS

Chemicals. Cumene hydroperoxide,

2,4-dinitrophenylhydrazine (DNPH) and

guanidine-HCl were purchased from Sigma

Chemical Co. (St. Louis, MO, U.S.A.). All

other reagents were of the highest grade com-

mercially available.

Thirty male Syrian hamsters aged 4 weeks

were divided into two groups: 15 hamsters

(group 1) were implanted subcutaneously

with 25 mg of 17-�-estradiol (Sigma-Aldrich

Co.). The other 15 animals (group 2) did not

receive any treatment. After one-month exper-

iment the animals were killed and their kid-

neys were excised for biochemical assays. The

mass of testes was taken as a marker of

estrogenization effectivity and proved to be at

least 12 times lower in each of the animals

treated with the estrogen as compared to the

control.

All the animals were kept in the animal facil-

ity at room temperature, standard humidity

and 12 h day/night circadian cycle. They were

fed with standard chow and given water ad li-

bitum.

All the procedures concerning animals were

approved by Local Ethical Committee (LEC)

and performed according to the instructions

authorized by LEC.

Preparation of homogenates. The kidneys

from 5 animals of each group were combined

and homogenized in 150 mM KCl, 10 mM

Tris/HCl, pH 7.4, to form a 10% (for

sufhydryl, carbonyl and lipid hydroperoxide

assessments) or 20% (for subcellular fractions

isolation) suspension.

Isolation of subcellular fractions. A 20%

homogenate was prepared from excised kid-

neys in 150 mM KCl, 10 mM Tris/HCl, pH 7.4,

in a Potter-Elvehjem Teflon homogenizer by

50 gentle up-and-down strokes. Nuclei and cell

debris were removed by centrifugation (600 �
g, 10 min), the supernatant was collected and

centrifuged again (10000 � g, 90 s). The pel-

let (mitochondrial fraction) and supernatant

were separated. The supernatant was

recentrifuged (15000 � g, 30 min) in order to

remove the light mitochondrial fraction. The

supernatant obtained (cytosolic fraction) was

centrifuged 60 min at 100000 � g in order to

obtain the microsomal fraction.

Carbonyl group assessment. This was per-

formed as described by Oliver et al. [23]. Each

sample to be measured was prepared by com-

bining 100 �l of the homogenate with 100 �l

of DNPH (Sigma-Aldrich Co.), whereas the re-

spective control sample was made of the

equivalent amount of the homogenate and

100 �l 2 M HCl (Sigma-Aldrich Co.). All the

samples were incubated at room temperature

for 60 min and vigorously shaken every 10

min. The reaction was stopped by addition of

500 �l of 20% trichloroacetic acid solution

(Sigma-Aldrich Co.) with further centrifu-
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gation at 1000 � g for 7 min. The super-

natant was poured out and the pellet was

washed twice with 1 ml and then with 2 ml of

1 :1 (v/v) ethanol/ethyl diacetate (POCh S.A.,

Sigma-Aldrich Co.). Each washing step was

followed by centrifugation at 1000 � g for 7

min and disposal of the supernatant. After the

final centrifugation the pellet was suspended

in a solution of 6 �M guanidine (Sigma-

Aldrich Co.), pH 6.5 and then incubated at

50�C with continuous shaking till the pellet be-

came dissolved. The colorimetry was per-

formed at the wavelength of 360 nm and the

carbonyl group level was quantified per 1 mg

of protein versus the respective control sam-

ple.

Sulfhydryl group assessment. This was

performed as described by Lou et al. [24].

Three hundred �l of the 10% homogenate was

mixed with 600 �l of sodium dodecyl sulphate

(SDS; Sigma-Aldrich Co.), 1800 �l of 10 mM

sodium-phosphate buffer, pH 8.0, and 300 �l

of 0.4 mM solution of 5,5�-dithio-bis(2-nitro-

benzoic acid) (DTNB or Ellman’s Reagent;

Sigma-Aldrich Co.) in sodium-phosphate

buffer. After 15 min of incubation at room

temperature the colorimetry was performed

at the wavelength of 412 nm. The sulfhydryl

group level was quantified per 1 mg of protein

versus the control sample (600 �l SDS + 2100

�l of sodium-phosphate buffer + 300 �l

DTNB).

Lipid hydroxyperoxide assessment.

Lipid hydroperoxides (LOOH) in samples of

Syrian hamster kidneys were determined ac-

cording to Thomas & Poznansky [25]. This

high sensitive method permits to measure

lipid peroxides at level as low as 2 nmol per 1

mg of protein. The assay mixture contained

50 mM sodium acetate (pH 4 for lipid perox-

ides and pH 4.5 for standard cumene hydro-

peroxide), 0.1% Triton X-100, 100 �l of 1.6

mM N,N,N�,N�-tetramethylbenzidine in dime-

thylformamide, hemoglobin (100 �g for lipid

peroxides and 300 �g for cumene hydro-

peroxide) and 5–50 nmol of peroxide in a total

volume of 2 ml. The reaction was started by

adding pure hemoglobin and the tubes were

immediately transferred to an ice bath, kept

closed with a lid in order to protect lipid perox-

ides from light. After 5 min of incubation in

the ice bath, tubes were taken one at a time,

100 �l of 1 M HCl was added and mixed and

absorbance at 466 nm was measured immedi-

ately against a blank.

Electron paramagnetic resonance spec-

troscopy and spin labeling techniques.

Characteristics of microsomal membrane po-

larity can be examined by 5-doxylstearic acid

(5-DSA). 5-DSA dissolved in chloroform was

evaporated under argon. Freshly prepared

microsomal fractions (10 mg of protein) were

incubated in spin label-coated tubes with gen-

tle agitation for 30 min at 20�C. Microsomal

membrane lipid peroxidation was assessed by

EPR spectroscopy using a paramagnetic re-

porter group incorporated into membranes

which give a characteristic spectrum upon ex-

citation with microwaves in a magnetic field.

In brief, the increased production of reactive

oxygen species can result in a significant accu-

mulation of more polar hydroperoxides. The

amphipathic spin probe 5-DSA is thought to

intercalate within both halves of a lipid bilayer

so that its long alkyl chain is roughly parallel

to the alkyl chain of membrane lipids, and its

paramagnetic nitroxide moiety near the

lipid–water interface [26]. Rapid anisotropic

motion occurs about the long axis of the spin

probe providing opportunity to detect polarity

changes at the relevant EPR parameter of +1

low-field line. A reliable parameter of the envi-

ronment of 5-DSA calculated from direct mea-

surements of the parallel and perpendicular

components of the hyperfine tensor of the

spin label, is the isotropic splitting factor a0. A

high a0 reflects increased polarity of the

microsomal membrane.

Statistical analysis. Each assessment was

performed three times and as the data were

not significantly different, the results were

combined. The analysis was performed using

ANOVA models, Student’s t test and r-Pear-

son correlation test.
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The analysis was made using statistical soft-

ware SPSS/93, thanks to generous assistance

of Prof. B. Wojciszke (University of Gdañsk,

Poland).

RESULTS

Oxidative stress to proteins, measured by

the content of the carbonyl and sulfhydryl

groups per 1 mg of total protein, appeared

higher in the estradiol receiving group of

hamsters than in control group (Table 1). The

difference was statistically significant.

In detail, the levels of carbonyls in sub-

cellular fractions of the control group were

similar and did not exceed 3 nmol/mg of pro-

tein. The carbonyl levels in the fractions of the

estrogen-receiving group were significantly

higher as compared with the respective frac-

tions of the control group. The most signifi-

cant increase was observed in the microsomal

fraction (Table 2).

The levels of sulfhydryl groups showed a re-

ciprocal correlation in comparison with those

of carbonyls. Their level in fractions of the es-

trogen receiving group was lower both in mi-

tochondrial and microsomal fractions, the lat-

ter difference being more significant. Statisti-

cal analysis displayed a significant decrease in

the sulfhydryl group content in fractions of

the estrogen receiving group as compared

with the respective fractions of the control

group. The decrease was most significant in

the microsomal fraction (Table 3).

In control group of hamsters LOOH level

was not different from that detected in estro-

gen treated hamsters (Table 1). No significant

EPR spectral changes of 5-DSA in microsomal

membranes were visible after estradiol treat-

ment as compared to respective control

(Fig. 1), which is in accordance with a parallel

lack of accumulation of lipid hydroperoxides.

The correlation between carbonyl and

sulfhydryl group levels in the respective

subcellular fractions of either group displayed
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Table 1. Levels of carbonyl and sulfhydryl groups and lipid hydroperoxide (LOOH) in postnuclear

supernatants of kidney tissue of male Syrian hamsters treated with estradiol for one month and in un-

treated control group (statistical significance in Student’s t tests)

Group
Carbonyl groups Sulfhydryl groups LOOH

nmol/mg of protein

Group 1 — Estradiol 4.43 69.73 40

Group 2 — Control 2.31 101.52 39.5

Statistical significance P < 0.005 P < 0.05 not significant

Table 2. Carbonyl group levels in subcellular fractions of kidneys of male Syrian hamsters.

Statistics (measured by Student’s t test): in rows — within each group between subcellular fractions, in columns

— between groups.

Group

Subcellular fraction

Statistical significancemitochondria microsomes

carbonyl groups/mg of protein

Group 1 — Estradiol 2.86 13.77 P < 0.001

Group 2 — Control 1.97 2.14 not significant

Statistical significance not significant P < 0.001



a similar r-Pearson correlation factor for the

estrogenized group r = –0.73; for the control

group r = –0.67. Both correlations were statis-

tically significant at the level of P < 0.05. The

values of r-Pearson correlation between the

level of carbonyl and sulfhydryl groups and

the level of the hydroperoxide were calculated

as 0.12 and 0.07, respectively, and were not

statistically significant.

DISCUSSION

Chronic exposure of male Syrian hamsters

to estradiol (E2) or other estrogens (e.g. dieth-

ylstilbestrol) results in induction of estrogen

dependent kidney neoplasm that is observed

as a macroscopic tumor. The incidence of tu-

mor occurrence in estrogenized animals

reaches a 100% of cases within a period of 9 to

12 months [8, 9, 27]. The cancer is estrogen

dependent regarding both its induction and

growth — it is found to spontaneously differen-

tiate back to normal kidney tissue after

estrogenization has been ceased [28–29].

Although this neoplasm has been widely de-

scribed in the literature, its pathogenesis still

remains unclear, and nevertheless, many au-

thors suspect free radical-mediated cancer in-

duction.

Liehr and coworkers [30–33] reported a de-

crease in quinone reductase and catalase ac-

tivities and increase in glutathione peroxidase

I and II activities in kidney of male Syrian

hamsters treated with E2 for one month. In

the same study they described an increase in

microsomal cytochrome P450 content in ani-

mals treated with E2 for the same time. They

did not manage to show a significant increase

in peroxidative activity of that cytochrome,

which may suggest that the oxidative stress is

targeted specifically at certain biomolecules

and does not affect all the microsomal frac-

tion particles. Although many authors suggest

that protein peroxidation may be preceded by
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Table 3. Sulfhydryl group levels in subcellular fractions of kidneys of male Syrian hamsters.

Statistics (measured by Student’s t test): in rows — within each group between subcellular fractions,

in columns — between groups.

Group

Subcellular fraction

Statistical significancemitochondria microsomes

sulfhydryl groups/mg of protein

Group 1 — Estradiol 54.67 23.54 P < 0.05

Group 2 — Control 84.67 96.68 not significant

Statistical significance P < 0.05 P < 0.005

Figure 1. EPR spectra of 5-doxylstearic acid in

microsomal fraction from kidneys of estradiol-

treated male hamsters and control animals



lipid peroxidation, there is also strong evi-

dence supporting the hypothesis that the oxi-

dation pattern of proteins may be different

from that of lipids [34]. Schnurr et al. [35]

have proposed that the reaction of mamma-

lian 15-lipoxygenases with submitochondrial

particles displays the peculiarity of a high oxy-

gen consumption that is not due to oxidative

conversion of polyenoic fatty acids or other

lipids, but due to oxidative breakdown of

amino-acid residues of the membrane pro-

teins. Lipoxygenase-induced oxidative modifi-

cation of mitochondria membrane proteins

has been found to be coenzyme Q-mediated

[35]. Such a finding points to a possible spe-

cific interaction of semiquinone radical with

membrane proteins. A significant oxidative

stress affecting proteins measured by changes

of carbonyl and sulfhydryl group levels proves

that even at an early stage of carcinogenesis

the kidney proteins are susceptible to im-

mense free radical-induced oxidative damage.

We also noticed a significant increase in car-

bonyl group level in hamster kidneys after

5-hour exposition to estradiol: 4.23 vs. 1.76 for

the control (P < 0.05) (results not shown). It is

interesting that such changes persisted after

one month of treatment, i.e. close to the

time-point when the first morphological

changes become evident. Our histopatho-

logical results suggest that the first

preneoplastic lesion cannot be seen earlier

than 4 weeks after the initial estradiol implan-

tation (results not shown). Moreover, Hou et

al. [36] reported only transient protoonco-

gene expression (c-myc, c-fos, c-jun) in ham-

sters after initial exposition to estradiol for 2

and 5 h. On the other hand, prolonged exposi-

tion (1 to 5 months) resulted in significant

and stable elevation of protooncogene expres-

sion in hamster kidney [36]. The localization

of the stress seems to support the hypothesis

that estradiol-4-hydroxylase is the key enzyme

involved in the process of carcinogenesis. The

enzyme producing large amounts of 4-hydro-

xyestradiol provides the substrate for oxido-

reductive cycling catalyzed by the increased

amount of cytochrome P450 [37, 38]. This re-

sults in extensive induction of semiquinones

and quinones, which can damage DNA as well

as proteins. In conclusion, our results suggest

that kidney endoplasmic reticulum mem-

brane proteins are the early target bio-

molecules at the inductive stage of estro-

gen-induced model of nephrocarcinogenesis.
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