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Free radicals occur naturally in the body and
are scavenged by antioxidants in physiological
processes. Any disturbance of this equilibrium may
lead to severe tissue abnormalities, even to cancer.
Chromium is widely present in the environment; the
toxicity of this metal is directly dependent on its
valency. Chromium III (CrIII) is an essential factor
of glucose metabolism as a constituent of the glu-
cose tolerance factor GTF; it is occasionally supple-
mented to human diet. Chromium VI (CrVI) is a
proved carcinogen responsible for a number of dis-
orders of variable background in humans.
Chromium is one of metalloestrogens that has the
ability to replace zinc in zinc fingers area of estro-
gen receptor (1, 2). It generates reactive oxygen
species; CrVI, easier than CrIII, translocates through
biological membranes and is subsequently reduced
intracellularly to CrV, CrIV and CrIII with a simul-
taneous reactive oxygen species (ROS) generation
(3, 4). Chromium III was in general considered not
toxic, it was found, however, able to generate
hydroxyl radicals (5), its toxicity has been also
demonstrated recently by decreasing the ferric

reducing ability of plasma (6) or increasing the lipid
peroxidation (7). Additionally CrIII has a well-doc-
umented ability of binding to DNA (8). 

Estradiol, next to the hormonal activity, is
involved in the anti- and pro-oxidative transforma-
tions as the inducer or scavenger of ROS. Estrogens
have a well-documented ability to scavenge free
radicals (9ñ11), they may, however, induce oxida-
tive stress as well (12, 13). It has also been shown,
that peroxidation of low-density lipoprotein is inhib-
ited in postmenopausal women after administration
of estradiol (10, 14). Apart from the free radical
scavenging activities, estradiol binds to the estrogen
receptor (ER) activating the transcription of a vari-
ety of estrogen-dependent genes. 

Interactions between xenobiotics and estradiol
are limitedly described. It has been shown, that the
exposure to xenobiotics present in cigarette smoke
can abolish the positive effects of the hormone
replacement therapy (HRT) in women (15).
Estradiol has been shown to minimize the toxic
effects of fluoride exposure (16) and to be involved
in the ethanol toxicity (17). It was also known, that
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alcohol consumption increases the levels of blood
estrogens (18). The influence of estradiol on
chromium-induced free radical formation has not
been characterized to date. Since the chromium sup-
ply increases in the form of diet supplements, it
seems crucial to investigate this problem further to
determine whether chromium exposure may abolish
the antioxidative or other biological properties of
estradiol. This paper demonstrated that estradiol can
play a protective role in the chromium-induced
oxidative stress, it may, however, in some cases
interact with chromium and aggravate the toxicity of
this metal.

The aim of this study was to investigate the
role of 17β-estradiol in chromium-generated oxida-
tive stress in order to determine whether it has a
detoxifying activity or increases the toxic effects of
chromium compounds. Analyses described in this
study were performed in an in vitro model of whole
human blood or purified erythrocytes and mitochon-
dria isolated from placenta obtained from physio-
logical deliveries. The results show varying influ-
ence of estradiol on the chromium-induced oxida-
tive stress. 

EXPERIMENTAL

Human blood, erythrocytes, or placental mito-
chondria were used in experiments. Mitochondria
were isolated from human placenta from natural
deliveries essentially as described (19). Fresh
human blood taken on EDTA (for GSH, SOD, and
MDA determination) or heparin (for GPx measure-
ments) was obtained from healthy donors of the
Academic Hospital and used directly (GPx) or after
fractionation into erythrocytes. Erythrocytes were
isolated by the whole blood centrifugation for 10
min at room temperature (3000 rpm). Subsequently
plasma and white blood cells were rejected and the
resulting pellet of erythrocytes was washed three
times in a phosphate buffered saline (PBS).
Erythrocytes were suspended in PBS at 50% densi-
ty for GSH determination or 10% density for SOD
and MDA measurements. 

Mitochondrial protein content was measured
with a method of Lowry (20). Mitochondrial lipid
peroxidation [malondialdehyde (MDA) levels] was
determined with thiobarbituric active reagent
species (TBARS) method (21) and expressed in
nmol per milligram of protein (nmol/mg).
Hydroxyl radical (OHˇ) formation in mitochondria
was measured with deoxyribose degradation
method of Rice-Evans (22) and expressed in
nmol/mg protein. 

Reduced glutathione (GSH) content of erythro-
cytes was determined with Ellmanís modified
method (23) and expressed in mmol per gram of
hemoglobin (mmol/gHb). SOD activity was meas-
ured with a RANSOD kit from Randox Laboratories
according to manufacturerís instructions and
expressed in U/gHb (24). GPx acivity was deter-
mined with a RANSEL kit from Randox
Laboratories and expressed in U per liter (25). 

CrCl3 (chromium chloride hexahydrate, Riedel
de HaÎn) and K2Cr2O4 (P.P.H. POCh S.A.) were
used as CrIII and CrVI sources, respectively.
Chromium concentrations of 0.05 to 10.0 µg/mL
were used. The exact Cr concentrations for every
parameter tested are specified in the text. Estradiol
(E2; 17β-estradiol; >98%, Sigma-Aldrich) was dis-
solved in 96% ethanol and used in concentrations
0.75 nM; 1ñ10 µM (exact concentrations for each
parameter are specified in the text).

All statistical analyses were performed with a
Studentís t-test, differences between the groups
were considered significant at p < 0.05. Pearson cor-
relations of the linearity of estradiol concentrations
used to the effects invoked were determined as neg-
ative or positive (rxyî+î or rxyîñì) and were consid-
ered significant at p < 0.05.

RESULTS

Estradiol did not show harmful interactions with
chromium on SOD and GPx activities measured in
human erythrocytes. The data obtained demonstrate,
that 17β-estradiol does not influence the activities of
antioxidant enzymes upon chromium exposure.

Previous studies have shown that estradiol (E2)
plays a protective role on the thiol (-SH) groups of
mitochondria exposed to NaF (16) and that CrVI
reduces the levels of glutathione (GSH) in erythro-
cytes exposed to 5 and 10 µg/mL CrVI (6). In this
work, the protective ability of 17β-estradiol in con-
centrations of 1.0, 5.0 and 10.0 µM towards GSH
was tested on erythrocytes exposed to 5 and 10
µg/mL of chromium VI and III. No interactions
between CrIII and E2 influencing the GSH content in
erythrocytes were noted as the erythrocytes exposed
to both CrIII and E2 did not show any significant dif-
ferences when compared to control treated with
CrIII alone.

Similar results were obtained when evaluating
the interactions between estradiol and chromium VI
used at the highest concentration of 10 µg/mL,
where the levels of GSH remained reduced and did
not differ significantly from the control erythrocytes
exposed to CrVI. However, a positive effect of
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estradiol on the GSH levels was evident in the
chromium VI induced oxidative stress used at lower
(5 µg/mL) concentrations. Erythrocytes exposed to
5 µg/mL of CrVI alone showed reduced level of
GSH (2.70 mmol/gHb) when compared to control
erythrocytes not treated with chromium (3.01
mmol/gHb). After addition of estradiol (0.75 nM; 1
and 10 µM) the levels of GSH were increasing and
reached the concentration of 2.92 µmol/gHb with 10
µM E2. While this value of GSH concentration was
somewhat lower than of control erythrocytes not

treated with CrVI, it was shown statistically signifi-
cantly higher (p = 0.00) than of erythrocytes
exposed to chromium VI at 5 µg/mL (Fig. 1). The
relation of estradiol concentrations used to the grad-
ual increase of GSH in 5.0 µg/mL chromium VI
treated erythrocytes was confirmed with a Pearson
linear correlation test, where rxy = 0.805 demonstrat-
ing a very strong, linear and positive correlation
with the significance of p = 0.00 (Fig. 1).

Estradiol in erythrocytes showed generally
positive effect on lipid peroxidation caused by both

Figure 1. Influence of estradiol on GSH levels in erythrocytes exposed to chromium VI.
* Significant differences vs. control containing chromium without estradiol (black bar) # Significant cor-
relation of estradiol influence are given

Figure 2. Influence of estradiol on MDA levels in mitochondria exposed to chromium III. 
* Significant differences vs. control without estradiol.
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CrIII and CrVI measured as MDA levels. In chromi-
um treated erythrocytes, estradiol caused a decrease
of MDA when compared to control erythrocytes
exposed to chromium. Estradiol prevented the lipid
peroxidation in erythrocytes exposed to moderate
concentrations of CrIII (0.5 µg/mL). Estradiol at
concentrations of 1, 2 and 5 µM decreased the MDA
levels in erythrocytes to 0.373; 0.387 and 0.397
nmol/gHb, respectively, compared to control
exposed to 0.5 µg/mL chromium (0.422 nmol/gHb)

with a statisctical significance of p = 0.00 (Table 1).
A positive influence of estradiol on erythrocytal
membrane lipid peroxidation caused by a high CrVI
concentration (1 µg/mL) could also be noted.
Estradiol at concentrations 2, 5 and 10 µM
decreased the levels of MDA to 0.415; 0.405 and
0.408 nmol/gHb, respectively, when compared to
control erythrocytes exposed to CrVI (0.432
nmol/gHb MDA) with p = 0.00 (Table 1). Minor
interactions of estradiol with both chromium forms

Table 1. Influence of estradiol on MDA levels in erythrocytes exposed to chromium. 

ifferences significant vs. control without estradiol.

Figure 3. Influence of estradiol on MDA levels in mitochondria exposed to chromium VI. * Significant differences vs. control without
estradiol. # Only significant correlations of estradiol influence are given

vs.

vs.

* Difference significant vs. control without estradiol.
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could be noted as well, they are, however, sporadic
and not linear (MDA level measured in these limit-
ed cases were not corresponding to estradiol con-
centration range used) and thus should be regarded
as inconclusive (Table 1).

In mitochondria, estradiol showed an advert
interaction with both CrIII and CrVI leading to an
increase of mitochondrial membrane lipid peroxida-
tion. At the highest CrIII concentrations of 1.0
µg/mL for example, the MDA levels in mitochon-

dria statistically significantly (p = 0.00) increased
upon 1, 2; 5 and 10 µM estradiol addition to 8.14,
7.56, 7.52 and 7.36 nmol MDA/mg protein, respec-
tively, compared to control mitochondria exposed
do CrIII (6.43 nmol/mg) (Fig. 2). Pearson correla-
tions of the linear dependence of estradiol concen-
trations used to the effect of MDA level reduction
were in the range of ñ0.94 < rxy < ñ0.92 in the back-
ground of CrIII 0.5 and 1.0 µg/mL, which depicts a
strong, negative dependence, they were, however,

Figure 4. Influence of estradiol on hydroxyl radical levels in mitochondria exposed to chromium III. * Significant differences vs. control
without estradiol. # Only significant correlations of estradiol influence are given

Figure 5. Influence of estradiol on hydroxyl radical levels in mitochondria exposed to chromium VI. * Significant differences vs. control
without estradiol. # Only significant correlations of estradiol influence are given
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not significant. Similar results were obtained for
mitochondria exposed to 0.5 µg/mL CrVI, where
estradiol (used in 1, 2, 5 and 10 µM solutions) sta-
tistically significantly (p = 0.00) increased the mito-
chondrial membrane lipid peroxidation expressed as
MDA levels to 8.90; 8.76; 8.48; 8.36 nmol/mg,
respectively, compared to the control (7.98
nmol/mg) (Fig. 3). Pearson correlations of the linear
dependence of estradiol concentrations used to the
effect of MDA level reduction were in the range of
ñ0.976 < rxy < ñ0.969 in the background of CrVI 0.5
and 1.0 µg/mL, which depicts a strong, negative
dependence with a significance p < 0.03 and p <
0.02. respectively (Fig. 3).

To get further insight into the cause for the
mitochondrial lipid peroxidation increase resulting
from the interaction between chromium and estradi-
ol, the hydroxyl radical formation was evaluated in
mitochondria exposed to CrIII, CrVI and 17β-estra-
diol. This experiment showed, that estradiol differ-
entially influences the OH formation resulting from
mitochondrial exposure to both forms of chromium.
In chromium III exposed mitochondria estradiol
decreased the OHˇ generation. As an example, in 1.0
µg/mL CrIII treated mitochondria, where the
hydroxyl radical levels of control mitochondria were
9.68 nmol/mg protein, estradiol in concentrations of
1, 2, 5 and 10 µM decreased the OHˇ levels to 9.49;
8.84; 8.77 and 7.33 nmol/mg, respectively (Fig. 4).
Correlation of the linear dependence of estradiol
concentrations used to the effect of OHˇ level reduc-
tion was shown with Pearson coefficient equaling
ñ0.978 (strong and negative) with p = 0.02 for this
concentration (Fig. 4). An opposite effect was noted
for CrVI, for example, in 0.05 µg/mL of CrVI,
where 1, 2, 5 and 10 µM of estradiol increased the
OHˇ levels to 9.79; 9.78; 9.48 and 9.35 nmol/mg,
respectively, when compared to control mitochon-
dria exposed to CrVI alone (9.24 nmol OHˇ/mg of
protein) (Fig. 5). Correlation of the linear depend-
ence of estradiol concentrations used to the effect of
OHˇ level increase was shown with negative
Pearson coefficient values in the background of
CrVI and at the chromium VI concentration of 0.05
ˇg/mL equaled ñ0.965 (strong and negative) with p
= 0.035 (Fig. 5).

DISCUSSION 

In this paper, it was investigated the role of
17β-estradiol in a variety of chromium-induced free
radical reactions. In human erythrocytes exposed to
chromium VI estradiol played a positive role and
partially ameliorated the negative effects of this

metal on the reduced glutathione (GSH) content in
these cells. This effect could be seen at moderately
high (5 µg/mL) chromium VI concentrations only.
The response to estradiol treatment was linear and
GSH levels were correlating with the increasing
concentrations of estradiol used, demonstrating the
specificity and biological relevance of this process
in vitro. It also conformed to the previously pub-
lished data on the estradiol-based increase of the
general content of -SH groups in human mitochon-
dria (16). At the highest concentration of chromium
VI (10 µg/mL), the positive effect of estradiol on the
erythrocyte GSH levels was not observed. This
chromium concentration appeared too excessive for
the cellular (erythrocyte) system to accommodate,
and thus the effect of estradiol under these condi-
tions might have been missed. It was known, that
high chromium concentration increases the apopto-
sis and destroys the glutathione antioxidant system
in L-41 cell line (26). Most probably, no cellular
activities (and thus no estradiol influence) could be
detected after exposure of erythrocytes to such high
chromium VI concentration. 

Most striking were the differences between the
influence of estradiol on lipid peroxidation caused
by chromium in erythrocytes and mitochondria. In
general, E2 showed a positive effect on lipid peroxi-
dation caused by chromium in erythrocytes, howev-
er, an opposite, negative interactions were observed
between estradiol and chromium in mitochondria.
These differences might be attributed to the bio-
chemical differences between erythrocytes and
mitochondria. Human erythrocytes are non-nucleat-
ed cells lacking the majority of organelles (27). The
energy for metabolic processes in erythrocytes is
derived only from glycolysis; in general, these cells
of the human body are moderately active metaboli-
cally. Consequently, the redox processes in isolated
erythrocytes are characterized by a low intensity,
thus the free radical formation is minimal. Isolated
erythrocytes that lack the mitochondria ñ an
organelle with a high affinity to estradiol, are also
apparently less sensitized to estrogen influence.
Estradiol alone did not influence the levels of ery-
throcytal GSH (data not shown).

Malondialdehyde is formed (synthesized) in
erythrocytes as a result of chromium-derived ROS
action. Since (isolated) red blood cells are character-
ized by a low metabolic rate, the actual response of
these cells to chromium will most probably be slow.
Apparently, estradiol influences this process by
scavenging free radicals before they could damage
the membrane lipids in cells with a lower metabo-
lism. Estradiol also might chelate chromium ions
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more quickly than it takes for the MDA formation,
prior to their entry into erythrocytes or already in the
cytosol. All of these proposed mechanisms exclude
the involvement of estrogen receptor influence. It is
known, that human erythrocytes do not possess
estrogen receptors at their membrane (28), however,
some positive influence of estradiol on erythrocyte
shape in rats was documented (28, 29).

Mitochondria, on the other hand, are described
as the energy center of the eukaryotic cell. They are
responsible for the intense oxidative phosphoryla-
tion reactions and house the majority of the redox
reactions. They are responsible for the formation of
ROS that might cause the lipid peroxidation. It is
also known, that mitochondria serve as the intracel-
lular reservoir of estradiol, where extracellularly
added estrogens are efficiently transported into this
organelle (30). The increase of MDA levels in mito-
chondria under the influence of estradiol in chromi-
um-induced lipid peroxidation might be caused by a
high metabolic activity of these organelles. In this
environment, even a minor free radical reaction ini-
tiation triggers a cascade response that might result
in variety of mitochondrial protein and lipid dam-
age. Additionally, estradiol alone has been shown to
promote the free radical formation in mitochondria
(31, 32). In the background of free radicals formed
by chromium ions in highly metabolically active
mitochondria, estradiol not only does not show a
positive influence on lipid peroxidation, but also
interact with this metal. This most probably is
caused by the ability of estradiol alone to induce
oxidative stress in this organelle (31, 32), that in turn
accelerates the negative effects of chromium and
diminishes the ability of this estrogen to block the
lipid peroxidation triggered by either CrIII or CrVI
in mitochondria. 

This proposed mechanism is reflected in
Pearson correlation tests of the linear dependence of
estradiol concentrations and exhibited effects in this
study. Linear correlations showed that MDA forma-
tion in mitochondria negatively correlated with
estradiol concentration and that at lowest concentra-
tions of estradiol, interaction with chromium was
the strongest. This demonstrated that in highly
metabolically active mitochondria already small
amounts of estradiol interact with chromium and
accelerate the lipid peroxidation. The levels of
MDA were lowering with increasing estradiol con-
centration, (which was probably due to partially
retained ability of this estrogen to scavenge free rad-
icals); however, the overall balance was always
shifted towards acceleration of MDA formation at
all the concentrations of estradiol used. Estradiol

never exhibited a positive influence on mitochondr-
ial lipid peroxidation in the background of chromi-
um-induced oxidative stress and interacted with
chromium accelerating the lipid peroxidation in this
organelle. 

Additionally, estradiol showed an interaction
with CrVI and promoted the hydroxyl radical for-
mation in mitochondria. This corresponded to MDA
increase described in this paper and suggested that
this radical was responsible for the lipid peroxida-
tion in CrVI exposed mitochondria. An opposite
effect was noted for OH∑ generated by chromium III
where estradiol reduced the levels of hydroxyl radi-
cals generated. Since in the mitochondria exposed to
CrIII and estradiol, reduced levels of MDA were
observed, it suggested that radical different from
OHˇ is responsible for lipid peroxidation in CrIII
exposed mitochondria.

CONCLUSIONS

Estradiol showed a differential influence on the
ROS generation upon erythrocyte and mitochondria
exposure to chromium.

In erythrocytes, estradiol reduced the MDA
formation caused by chromium, while in mitochon-
dria it showed an interaction with this element and
aggravated the negative effect of exposure to both
forms of chromium.

It appeared that estradiol played a protective
role in the lipid peroxidation caused by chromium in
erythrocytes but showed an interaction with Cr in
mitochondria, which partially correlated with the
hydroxyl radical formation in this organelle.
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