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ANTAGONISTIC EFFECT OF SELENIUM ON OXIDATIVE STRESS, 
DNA DAMAGE, AND APOPTOSIS INDUCED
BY FLUORIDE IN HUMAN HEPATOCYTES

Aiguo Wang,a Tao Xia, Rian Ru, Jing Yuan, Xuemin Chen, Kedi Yang
Wuhan, China

SUMMARY: To evaluate the toxicity of fluoride and the antagonistic effect of
selenium, normal human primary hepatocytes were incubated with sodium
fluoride (80 µg/mL) and/or sodium selenite (1.73 µg/mL) for 12 hr in vitro. The
percentage of apoptotic hepatocytes, the number of cells in S phase, DNA
damage in cells, and lipid peroxide (LPO) levels in the cells and culture medium,
together with aspartate transaminase (AST) and lactate dehydrogenase (LDH)
activities in the cell culture medium, were higher in the fluoride-exposed group
than in the control group, but the glutathione (GSH) content in the fluoride-
exposed cells was lower than in the control group. However, these toxic effects
of fluoride were reduced by selenium, which elevated the GSH content and
reduced the LPO levels, the LDH and AST activities, and the percentage of
apoptotic and DNA-damaged cells. These findings suggest that fluoride
exposure can cause hepatocyte damage, whereas selenium can antagonize
fluoride-induced apoptosis, DNA damage, and oxidative stress in hepatocytes.
Keywords: Apoptosis; Cell cycle; DNA damage; Fluoride toxicity; Human hepatocytes; Ox-
idative stress; Selenium antagonism.

INTRODUCTION
Fluorosis is prevalent in some parts of central and western China where it is

caused not only by drinking fluoride-containing groundwater but also by
breathing airborne fluoride released from coal burning. Available statistics
indicate that throughout China more than 42 million people are seriously
afflicted by fluorosis and another 330 million are exposed to it.

Among its adverse biochemical effects, fluoride causes increased lipid per-
oxidation in the blood of humans1 and in the blood and tissues of experimen-
tal animals.2 Previous findings indicated that active oxygen and free radical-
induced damage play an important role in fluoride-induced toxicity.1-3 The
increase in lipid peroxidation causes damage to cell membranes, and the prod-
ucts of lipid peroxidation can easily penetrate cell membranes by simple dif-
fusion and directly attack DNA, leading to apoptosis.4-5 Both laboratory and
epidemiological investigations indicate that selenium can partially antagonize
fluoride-induced lipid peroxidation.6-7 Recent reports also suggest that fluo-
ride may induce apoptosis in primary animal liver, pancreatic, and renal cells
or cell lines.7-10 
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Considering differences in species response, we have used human hepato-
cytes to undertake preliminary experiments, the results of which have been
published in a Chinese medical journal.11 This report is in part a translation of
that paper with the addition of new material on the effects of selenium and
fluoride on DNA damage in human hepatocytes. 

MATERIALS AND METHODS
General chemicals: Fetal calf serum, HEPES (N-hydroxyethylpiperazine-

N'-2-ethanesulfonate) buffer, and RPMI (Roswell Park Memorial Institute)
1640 medium were obtained from GIBCO (Paisley, Scotland). Percoll was
obtained from Pharmacia (Uppsala, Sweden). Propidium iodide, RNase A,
typsin, collagenase, Tris, Triton X-100, and DMSO (dimethyl sulfoxide) were
purchased from Sigma (Deisenhofen, Germany). Sodium fluoride, sodium
selenite, sodium phosphate, sodium citrate, Na2-EDTA, and trypan blue were
obtained from Shanghai Chemical Reagent Corporation (Shanghai, China).
Penicillin and streptomycin were obtained from North China Pharmaceutical
Corporation (Tianjin, China).

Separation and culturing of human hepatocytes: Normal human liver tissue
was obtained from surgical operations and delivered to the laboratory on ice.
About 5 g of liver tissue was put in a 50-mL beaker, minced to about 1 cm3 in
size with ophthalmologic scissors, and then washed three times with phos-
phate buffer saline (PBS). To start the digestive action, 20 mL of digestive
solution containing 0.5% trypsin and 0.025% collagenase was added to the
beaker to re-suspend the tissue, which was then gently stirred at a constant
speed for 30–40 min at 37 ºC. RPMI 1640 medium containing 10% v/v heat-
inactivated fetal calf serum (FCS) was added to stop the digestive action. Four
layers of medical gauze were used as a filter to remove the unlysed tissue, and
the crude cell suspension was centrifuged at 50 g for 5 min at 4 ºC. In order to
achieve high purity, the cell pellet was re-suspended in PBS and centrifuged
again with a 30% Percoll gradient (50 g, 25 min at 4 ºC) to remove non-paren-
chymal and dead cells. The cell viability was then measured by the trypan
blue exclusion assay (over 85%), and the hepatocyte purity was assessed
under light microscopy. All laboratory procedures were performed under
aseptic conditions.

RPMI 1640 medium supplemented with 15 mM HEPES, 100 U/mL penicil-
lin, 100 µg/mL streptomycin, 1.4 µM hydrocortisone, and 10% v/v heat-inac-
tivated FCS was prepared in 500-mL batches which were used in amounts
needed to bring the final cell concentration to 1 x 106 cells/mL. The cell sus-
pension was incubated at 37 ºC in a humidified incubator at 95% RH and 5%
CO2. Approximately 2–3 hr later, the cell suspension was divided into tubes
containing 5 mL each. These tubes were divided into four groups (each con-
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sisting of three tubes) for the treatments: fluoride-exposed, selenium-treated,
combination of fluoride-exposed and selenium-treated, and control
(untreated). For the fluoride-exposed group (F group), 0.1 mL of sodium fluo-
ride (NaF) solution (4.0 mg/mL) was added each tube to make the final con-
centration 80 µg F–/mL; for the selenium-treated group (Se group), 0.1 mL
sodium selenite (Na2SeO3) solution (86.5 µg/mL) was added to make the
final concentration 1.73 µg Se/mL; for the combined fluoride-exposed and
selenium-treated group (F+Se group), 8.0 mg/mL NaF (50 µL) and 173 µg/
mL Na2SeO3 (50 µL) were added to make the final concentration 80 µg/mL
in F– and 1.73 µg/mL in Se; and for control group, the cells were treated with
0.1 mL PBS only. The concentrations of NaF and Na2SeO3 in this experiment
are based on the work of Machalinska et al4 and Yu et al.7 The tubes were
then put into an incubator for 24 hr (37 ºC, 5% CO2) and monitored by mea-
surements of the toxicity parameters.

Detection of apoptosis: 1 mL of cell suspension aliquot was put into a 10-
mL conical tube and centrifuged for 5 min (50 g at 4 ºC). The cell pellet was
then fixed with an 80% alcohol, which was pre-cooled at –20 ºC for 24 hr.
Prior to toxicity detection, the cell pellet was washed two times with PBS, and
then 100 µL of pH 7.8 PC (phosphate-citrate) buffer (0.05 mM NaH2PO4
mixed 9:1 (V:V) with 25 mM sodium citrate) was added to re-suspend the cell
pellet. After 15 min at room temperature (25 ºC), 0.5 mL of propidium iodide
(100 µg/mL) and RNase A (5 µg/mL) were added to the tube, which was kept
for 30 min in darkness. For each sample, 5000 cells were counted with a Flow
Activated Cell Sorter (FACS) flow cytometry (BD Company, San Jose, CA,
USA). In addition, the percentage of apoptosis was analyzed with Cell Quest
software and the cell cycle was analyzed with ModFit LT software.

The rest of the cell suspension was centrifuged at 50 g for 5 min at 4 ºC. The
cell pellet was dissolved by 0.5 mL of cell lysing solution containing 100 mM
Na2EDTA, 2.5 mM NaCl, 10% sodium sarcosinate, 10 mM Tris, 1% Trition
X-100, and 10% DMSO. The supernatant and hepatocyte lysates were stored
at –20 °C for further analysis. 

Detection of DNA damage: The single cell gel electrophoresis assay (also
known as Comet assay) was performed according to Singh et al12 with some
modifications. Approximately 1.0 x 105 cells were embedded in low melting
agarose (0.65%) that was layered onto fully frosted microscope slides coated
with a layer of 0.75% normal agarose (diluted in Ca- and Mg-free PBS
buffer). A final layer of 0.65% low-melting agarose was added on top. Slides
were immersed in a jar containing cold lysis solution (1% Triton X-100, 10%
DMSO and 89% of 10 mM Tris/1% sodium laurylsarcosine/2.5 M NaCl/100
mM Na2EDTA, pH 10) at 4 ºC for 1–2 hr. The slides were then pretreated for
15 min in electrophoresis buffer (300 mM NaOH/1 mM Na2EDTA, pH 12)
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and exposed to 25 V/300 mA for 20 min. Preincubation and electrophoresis
were performed in an ice bath. Slides were neutralized for 3 to 5 min in 0.4 M
Tris at pH 7.5, and DNA was stained by adding 50 µL of ethidium bromide
(20 µg/mL) onto each slide. After staining for 5 min, the slides were rinsed in
distilled water and covered again for microscopic examination. All steps were
conducted under red light to prevent UV-induced DNA damage.

Image analysis was performed with 200x magnification using a fluores-
cence microscope (Olympus B-60F5) equipped with a 549-nm excitation fil-
ter and a 590-nm barrier filter, coupled to a CCD camera (Kodak, USA). Five
hundred randomly selected cells (100 cells from each slide) per group were
scored. In this test, DNA damage to the cells was evaluated using the ratio of
tail DNA content/the whole cellular DNA content. Data were analyzed by
Ridit assay.

Measurement of LDH, AST, and ALT in supernatants: To evaluate the hepa-
tocellular damage following various treatments, the supernatant was placed in
Eppendorf tubes and the activities of lactic dehydrogenase (LDH), aspartate
transaminase (AST), and alanine transamine (ALT) release were determined
by an automatic procedure using an OLYMPUS AU 1000 automatic bio-
chemical analyzer (Tokyo, Japan). The values were calculated from a stan-
dard curve, and enzyme activities were expressed as U/L.

Estimation of LPO, GSH, and protein: Lipid peroxidation (LPO) in the
supernatants and hepatocyte lysates was assessed by estimation of malondial-
dehyde (MDA) according to the method of Ohkawa et al.13 Glutathione
(GSH) in hepatocyte lysates was assayed by the method of Beutler et al,14 and
protein content in supernatants and hepatocyte lysates was measured colori-
metrically by the method of Lowry et al.15 The contents of LPO, GSH, and
protein were expressed as nM MDA/mg.prot, µg/mg.prot, and mg/mL,
respectively. 

Statistical analysis: All numerical data are expressed as means ± SD. Deter-
mination of significance was performed by ANOVA with subsequent Dun-
nett’s test, except for the DNA damage, for which the Ridit assay was used.
Results were considered statistically significant at p <0.05. In all experiments
assays were performed in triplicate and repeated three times.

RESULTS
Effect of fluoride and selenium on the percentage of apoptosis and cell num-

bers of cell cycle in human hepatocytes: As shown in Table 1, the percentage
of apoptotic cells in F group was significantly higher than in the control group
(p=0.0085), Se group (p=0.016), and F+Se group (p=0.024). The percentage
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of apoptotic cells in Se group was higher than in control group, but the differ-
ence was not statistically significant (p=0.121).

Compared with the control group, the cell number in S phase was signifi-
cantly increased in F group (p=0.038), while the cell number in G0/G1 phase
and G2/M phase was not markedly changed (p=0.236 and p=0.361, respec-
tively). In F-Se group, the cell number in G0/G1 phase was increased, while in
G2/M phase it was reduced, but the difference was not statistically significant
(p=0.089 and p=0.118, respectively). All cell numbers in each phase in Se
group were not markedly changed compared with the control group (p=0.05).
However, the cell number in S phase in F+Se group was significantly lower
than that of F group (p=0.022).

Effect of fluoride and selenium on DNA damage in human hepatocytes:
Table 2 indicates that the percentage of DNA-damaged cells in F group was
significantly higher than in the control group (p=0.0046), Se group (p=0.035),
and F+Se group (p=0.0085). The actual Ridit values in each group were
0.5000, 0.793, 0.615 and 0.594, respectively. Compared with the control
group, the percentage of DNA damage cells in Se group and F+Se group were
increased, but the differences were not statistically significant (p=0.154 and
p=0.568, respectively). 

Table 1. Distribution of apoptosis and cell cycle numbers in human hepatocytes 
(Mean ± SD of triplicates expressed as percentages)

Group Apoptosis G0/G1 S G2/M

Control 10.31±1.023 96.37 ± 4.32 3.25 ± 0.74 0.34 ± 0.13

F group 15.56±2.06* 95.29 ± 5.64 4.82 ± 0.45* 0.22 ± 0.02

Se group 11.22±1.28† 96.52 ± 5.97 3.03 ± 0.24† 0.32 ± 0.04

F+Se group 12.98±1.15† 97.20 ± 6.31 2.46 ± 0.68† 0.25 ± 0.07

*P<0.05, vs control;  †P<0.05, vs F group.

 Table 2. DNA damage in hepatic cells

Group No.of cells 
counted

Number of cells damaged % of cells 
damaged

Ridit 
value

0 1 2 3 4
Control 500 424 33 23 16 4 15.20 0.50
F group 500 205 104 95 73 23 59.00 0.79*

Se group 500 357 56 52 28 7 21.60 0.61
F+Se 
group

500 403 42 29 21 5 19.40 0.59†

*P<0.05, vs control;  †P<0.05, vs F group.
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Effect of fluoride and selenium on the biological membrane system in
human hepatocytes: As shown in Table 3, the activities of LDH and AST in F
group were significantly increased (p=0.016 and p=0.0021, respectively) and
the activity of LDH in F+Se group was markedly increased (p=0.039) com-
pared with the control group. Compared with the control group, the activities
of LDH and AST in Se group were increased, but the differences were not sta-
tistically significant (p=0.358 and p=0.782, respectively). There was no sig-
nificant difference in the activity of ALT among the four groups (p>0.05).

Effect of fluoride and selenium on lipid peroxidation in human hepatocytes:
As shown in Table 4, the concentration of GSH in F group was significantly
lower than in the control group (p=0.0056) and F+Se group (p=0.013). The
levels of LPO in the cells and supernatants in F group were significantly
higher than in the control group (p=0.0068 and p=0.0004, respectively) and
Se group (p=0.0042 and p=0.026, respectively).

Table 3. Activity (U/L) of LDH, ALT, and AST in supernatants
(Mean ± SD of triplicate determinations)

Group LDH ALT AST

Control 126.4 ± 2.6 8.0 ± 1.2 54.5 ± 3.2

F group 140.4 ± 7.6* 7.6 ± 1.8 91.1 ± 36.4*

Se group 131.4 ± 1.7† 7.6 ± 1.1 64.4 ± 2.3†

F+Se group 137.4 ± 1.6 7.2 ± 1.7 70.6 ± 3.1

*P<0.05, vs control;  †P<0.05, vs F group.

Table 4. GSH and LPO concentrations in liver cells and supernatants 
(Mean ± SD of triplicate determinations)

Group GSH conc. LPO conc. (nM MDA/mg.prot)

(µg/mg protein) hepatocyte supernatant

Control 7.595 ± 1.042 1.473 ± 0.401 1.694 ± 0.443

F group 4.225 ± 0.781* 2.884 ± 0.589* 3.547 ± 0.561*

Se group 8.859 ± 1.195† 1.408 ± 0.415† 2.109 ± 0.684†

F+Se group 6.218 ± 1.492† 2.015 ± 0.618 2.468 ± 0.396

*P<0.05, vs control;  †P<0.05, vs F group.
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There were differences in the level of LPO between F group and F+Se
group in the cells and supernatants, but these differences were not statistically
significant (p=0.561 and p=0.086, respectively).

Interestingly, we observed that fluoride had caused not only lipid peroxida-
tion but also cellular apoptosis. There was a significantly positive correlation
between lipid peroxidation and apoptosis induced by fluoride (r=0.856,
p=0.0037) (data not shown).

DISCUSSION
An association between fluoride toxicity and increased oxidative stress has

been reported in the blood of humans1,16,17 and in the blood and liver tissue
of experimental animals.2,17,18 The results of the present study showed that in
vitro treatment of human primary hepatocytes by fluoride resulted in
increased activities of LDH and ALT measured in the cell culture medium of
treated cells. These data suggest that fluoride may cause damage to biological
membrane system in human hepatocytes as previously shown in animals.19

On the other hand, such damage can be alleviated by simultaneous treatment
with selenium, suggesting a possible measure of protection.

Fluorosis is a well-defined clinical entity characterized by toxic effects of
high-fluoride intake on teeth, bones, and soft tissues. Many theories about the
mechanism of fluorosis have been proposed in recent years, one of which is
the free-radical theory supported by animal experiments. In this theory, the
active unpaired electron on free radicals can interact with many biomacromol-
ecules, such as unsaturated fatty acids, DNA, proteins, etc. These interactions
can lead to lipid peroxidation of the biological membrane and DNA denatur-
ation.20 Although some data on the toxicity of fluoride from human blood
also provide supportive evidence for this free-radical theory,1,15,16 only mea-
ger data are available from human tissues other than blood.11 Indeed, our
study provides further evidence that fluoride can reduce the content of GSH
and increase the level of LPO in both the hepatocytes and the culture medium
after treatment by fluoride. Therefore, our results are consistent with findings
from animal experiments.2,21,22 It is known that free radicals induces lipid
peroxidation of biological membranes and that malondialdehyde (MDA), a
product of lipid peroxidation, causes cross-linking and formation of polymers
in these membranes. In agreement, our results strongly suggest that fluoride
can cause severe damage to the hepatocytes which will decrease membrane
fluidity and penetrability. The appearance of LDH and AST in the culture
medium indicates that the biological membrane of the cells was not intact
after apparent attack by free radicals resulting from excessive exposure to flu-
oride. Therefore, our findings from liver tissues confirm and extend the
results of other reports using human blood and animal tissues.2,16,17,23 How-
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ever, whether decreased content of antioxidants such as GSH causes enhanced
lipid peroxidation or results from exhaustion due to lipid peroxidation war-
rants further investigation.

Many cellular defense systems such as antioxidants and free-radical scav-
enging enzyme systems exist in most animal organisms including humans. If
the balance between antioxidative defense systems and free radicals is bro-
ken, oxidation stress will be produced and the cells will be damaged. Follow-
ing the finding by Rotruck et al24 that selenium was an important component
of glutathione peroxidase (GSH-Px), other researchers have demonstrated
that selenium has both direct and indirect antioxidative effects on the elimina-
tion of free radicals, i.e., an indirect effect through selenium-containing
enzymes and a direct effect by itself.25 The results of our study also showed
that through improving the level of internal antioxidant GSH, selenium had an
antagonistic action on damage to the cells induced by fluoride. This results is
confirmed by Myśliwiec et al who measured serum lipid and enzyme activi-
ties and the protective action of selenium in fluoride-intoxicated rats.26

It has been further reported that the free radicals or the exhaustion of antiox-
idants can induce apoptosis.7,27,28 The present study demonstrated that expo-
sure to a high level of fluoride in vitro can cause lipid peroxidation and
apoptosis in human hepatocytes. Selenium itself has an ability to induce apop-
tosis, but it also has an antagonistic effect on apoptosis induced by fluoride.
Hayashi et al29 reported that the cells in different phases have a different sen-
sitivity to fluoride. The results of our study also showed that fluoride treat-
ment increased the cell number in S phase significantly but had no effect on
the cell number in G0/G phase and G2/M phase. This finding indicates that
fluoride can disturb the signal transduction in cell cycle and can cause the cell
arrest in S phase. Our data also show that selenium had an antagonistic effect
on the cell cycle arrest induced by fluoride.

Up to now, research has indicated that lipid peroxidation itself does not lead
to cell death. A variety of free radicals are formed during the lipid peroxida-
tion process. These free radicals enter the nuclei and cause base modifications
and DNA breakage in addition to causing more lipid peroxidation.20,30 More
importantly, fluoride directly forms strong hydrogen bonds with mammalian
DNA and causes DNA damage due to this reactive chemical property.31 In the
present study, we demonstrated that sodium fluoride (80 µg/mL) caused 59%
damage to DNA in human hepatocytes, a result consistent with other stud-
ies.32 Our work also showed that selenium (1.73µg/mL) produce some dam-
age to human hepatocytes, but the difference between Se group and the
control was not statistically significant.

In addition, our data showed that fluoride can cause not only lipid peroxida-
tion but also apoptosis in human hepatocytes, There was a significantly posi-
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tive correlation between lipid peroxidation and apoptosis induced by fluoride
in human hepatocytes (r=0.856, P=0.0037). Because fluoride itself can attack
oxygen and disturb oxygen metabolism, leading to an increased level of oxy-
gen free radicals, we believe that damage to the cells induced by fluoride
starts with lipid peroxidation, generating free radicals that may be sufficient
to cause apoptosis. Therefore, our data support the free-radical theory. In this
process, many lipid free radicals with an intermediate level of activity, such as
L·, LO·, LOO·, etc., can easily pass into the nucleoli and then attack DNA
directly. As a result, some regulatory genes (such as p53, bcl-2) may be dam-
aged, causing the cell cycle to be disturbed and the balance between growth
and death broken, leading to apoptosis. Indeed, our data suggest a role of flu-
oride in this cellular process, but sequential events in the fluoride-induced
biological effects need to be further investigated. 

ACKNOWLEDGMENTS
The authors would like to express their sincere thanks to Dr. Qingyi Wei for

his critical review of the manuscript. The work was supported by grants from
the National Nature Science Foundation of China (No. 30271155), and the
China National Key Basic Research and Development Program (No.
2002CB512908).

REFERENCES
1 Kumari DS, Rao PR. Red cell membrane alterations in human chronic fluoride toxicity. Bio

chem Int 1991;23:639-48.
2 Shivarajashankara YM, Shivashankara AR, Bhat PG, Rao SH. Effect of fluoride intoxication

on lipid peroxidation and antioxidant systems in rats. Fluoride 2001;34:108-13.
3 Rzeuski R, Chlubek D, Machoy Z. Interactions between fluoride and biological free radical

reactions. Fluoride 1998;31:43-5.
4 Machalinska A, Machoy-Mokrzynska A, Marlicz W, Stecewicz I, Machalinski B. NAF-

induced apoptosis in human bone marrow and cord blood CD34 positive cells. Fluoride
2001;34:258-63.

5 Hirano S, Ando M. Fluoride mediates. Apoptosis in osteosarcoma UNR106 and its cytotoxic-
ity depends on the pH. Arch Toxicol 1997;72:52-8.

6 Molina H, Garcia M. Enzymatic defenses of the rat heart against lipid peroxidation. Mech
Ageing Dev 1997;97:1-7.

7 Yu R, Xia T, Wang A, Chen M. Effects of selenium and zinc on rat renal apoptosis and change
of cell cycle induced by fluoride. Chin J Prev Med 2002;36:219-21. [in Chinese].

8 Anuradha CD, Kanno S, Hirano S. Oxidative damage to mitochondria is a preliminary step to
caspase-3 activation in fluoride-induced apoptosis in HL-60 cells. Free Radic Biol Med
2001;31:367-73.

9 Elliott J, Scarpello JH, Morgan NG. Differential effects of genistein on apoptosis induced by
fluoride and pertussis toxin in human and rat pancreatic islets and RINm5F cells. J Endocrinol
2002;172:137-43.

10 Machalinski B, Baskiewicz-Masiuk M, Sadowska B, Machalinska A, Marchlewicz M,
Wiszniewska B, et al. The influence of sodium fluoride and sodium hexafluorosilicate on
human leukemic cell lines. Fluoride 2003;36:231-40.

11 Wang A, Xia T, Ran P, Bai Y, Yang K, Chen X. Effects of selenium and fluoride on apoptosis
and lipid peroxidation in human hepatocytes. Chin J Prev Med 2002;36:235-8.[in Chinese].
Fluoride 37 (2) 2004



116    Wang, Xia, Ru, Yuan, Chen, Yang
12 Singh NP, McCoy MT, Tice RR, Schneider EL. A simple technique for quantitation of low lev-
els of DNA damage in individual cells. Exp Cell Res 1988 Mar;175(1):184-91.

13 Ohkawa H, Ohishi N, Yagi K. Assay for lipid peroxides in animal tissues thiobarbituric acid
reaction. Anal Biochem 1979;95:351-8.

14 Beultler E, Duron O, Kelly BM. Improved method for the determination of blood glutathione.
J Lab Clin Med 1963;61:882-8.

15 Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measurement with the Folin phenol
reagent. J Biol Chem 1951;193:265-75.

16 Saralakumari D, Rao PR. Erythrocyte glutathione metabolism in human chronic fluoride toxic-
ity. Biochem Int 1991;23:349-57.

17 Chulbek D. Fluoride and oxidative stress. Fluoride 2003;36:217-28.
18 Guan ZZ, Xiao KQ, Zeng XY, Long YG, Cheng YH, Jiang SF, et al. Changed cellular mem-

brane lipid composition and lipid peroxidation of kidney in rats with chronic fluorosis. Arch
Toxicol 2000;74:602-8.

19 Shashi A, Thapar SP. Histopathology of fluoride-induced hepatotoxicity in rabbits. Fluoride
2001;34:34-42. 

20 Schulte-Frohlinde D. Mechanism of radiation-induced strand break formation in DNA and
polynucleotides. Adv Space Res 1986;6:89-96.

21 Kaushik T, Shyam R, Vats P, Suri S, Kumria MML, Sharma PC, et al. Glutathione metabolism
in rats exposed to high-fluoride water and effect of spirulina treatment. Fluoride 2001;34:132-
8.

22 Shivashankara AR, Shivarajashankara YM, Bhat PG, Rao SH. Lipid peroxidation and antioxi-
dant defense systems in liver of rats in chronic fluoride toxicity. Bull Environ Contam Toxicol
2002;68:612-6.

21 Wang YN, Xiao KQ, Liu JL, Dallner J, Guan ZZ. Effect of long term fluoride exposure on
lipid composition in rat liver. Toxicology 2000;146(2-3):161-9.

24 Rotruck JT, Pope AL, Ganther HE, Swanson AB, Hafeman DG, Hoekstra WG. Selenium: bio-
chemical role as a component of glutathione peroxidase. Science 1973;79:588-90.

25 Halliwell B, Aeschbach R, Loliger J, Aruoma OI. The characterization of antioxidants. Food
Chem Toxicol 1995;33:601-17.

26 Myśliwiec Z, Machoy-Mokrzyńska A, Juzyszyn Z, Czerny B, Put A. Effects of selenium on
serum lipids and enzyme activities in fluoride-intoxicated rats. Fluoride 2002;35:168-75.

27 Welch WJ. How cells respond to stress. Sci Am 1993;268:56-64.
28 Anuradha CD, Kanno S, Hirano S. Fluoride induces apoptosis by caspase-3 activation in

human leukemia HL-60 cells. Arch Toxicol 2000;74(4-5):226-30.
29 Hayashi N, Tsutsui T. Cell cycle dependence of cytotoxicity and clastogenicity induced by

treatment of synchronized human diploid fibroblasts with sodium fluoride. Mutat Res
1993;290:293-320.

30 Anuradha CD, Kanno S, Hirano S. Oxidative damage to mitochondria is a preliminary step to
caspase-3 activation in fluoride-induced apoptosis in HL-60 cells. Free Radic Bio Med
2001;31:367-73.

31 Gao XB, Liu CS, Sun JX, Zhang L, Xu Z, Li J. The effects of sodium fluoride on the UV
absorption spectrum of different types of DNA. Carciog Teratog and Mutagen 1998;10:28-30.
[In Chinese].

32 Xia T, Wang A, Yu R, Xiao DF, Liu Q, Yang KD. Effects of selenium and Vitamin C on hepa-
tocyte DNA damage caused by fluoride in rats. Chin J Endemiol 2003;22:124-5. [In Chinese].

Published by the International Society for Fluoride Research
http://homepages.ihug.co.nz/~spittle/fluoride-journal.htm

Editorial Office: 727 Brighton Road, Ocean View, Dunedin 9051, New Zealand
Fluoride 37 (2) 2004


	ANTAGONISTIC EFFECT OF SELENIUM ON OXIDATIVE STRESS, DNA DAMAGE, AND APOPTOSIS INDUCED
	BY FLUORIDE IN HUMAN HEPATOCYTES
	Aiguo Wang, Tao Xia, Rian Ru, Jing Yuan, Xuemin Chen, Kedi Yang
	Wuhan, China
	SUMMARY: To evaluate the toxicity of fluoride and the antagonistic effect of selenium, normal human primary hepatocytes were inc...


	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	Group
	No.of cells counted
	Number of cells damaged
	% of cells damaged
	Ridit value

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES
	1 Kumari DS, Rao PR. Red cell membrane alterations in human chronic fluoride toxicity. Bio chem Int 1991;23:639-48.
	2 Shivarajashankara YM, Shivashankara AR, Bhat PG, Rao SH. Effect of fluoride intoxication on lipid peroxidation and antioxidant systems in rats. Fluoride 2001;34:108-13.
	3 Rzeuski R, Chlubek D, Machoy Z. Interactions between fluoride and biological free radical reactions. Fluoride 1998;31:43-5.
	4 Machalinska A, Machoy-Mokrzynska A, Marlicz W, Stecewicz I, Machalinski B. NAF- induced apoptosis in human bone marrow and cord blood CD34 positive cells. Fluoride 2001;34:258-63.
	5 Hirano S, Ando M. Fluoride mediates. Apoptosis in osteosarcoma UNR106 and its cytotoxicity depends on the pH. Arch Toxicol 1997;72:52-8.
	6 Molina H, Garcia M. Enzymatic defenses of the rat heart against lipid peroxidation. Mech Ageing Dev 1997;97:1-7.
	7 Yu R, Xia T, Wang A, Chen M. Effects of selenium and zinc on rat renal apoptosis and change of cell cycle induced by fluoride. Chin J Prev Med 2002;36:219-21. [in Chinese].
	8 Anuradha CD, Kanno S, Hirano S. Oxidative damage to mitochondria is a preliminary step to caspase-3 activation in fluoride-induced apoptosis in HL-60 cells. Free Radic Biol Med 2001;31:367-73.
	9 Elliott J, Scarpello JH, Morgan NG. Differential effects of genistein on apoptosis induced by fluoride and pertussis toxin in human and rat pancreatic islets and RINm5F cells. J Endocrinol 2002;172:137-43.
	10 Machalinski B, Baskiewicz-Masiuk M, Sadowska B, Machalinska A, Marchlewicz M, Wiszniewska B, et al. The influence of sodium fluoride and sodium hexafluorosilicate on human leukemic cell lines. Fluoride 2003;36:231-40.
	11 Wang A, Xia T, Ran P, Bai Y, Yang K, Chen X. Effects of selenium and fluoride on apoptosis and lipid peroxidation in human hepatocytes. Chin J Prev Med 2002;36:235-8.[in Chinese].
	12 Singh NP, McCoy MT, Tice RR, Schneider EL. A simple technique for quantitation of low levels of DNA damage in individual cells. Exp Cell Res 1988 Mar;175(1):184-91.
	13 Ohkawa H, Ohishi N, Yagi K. Assay for lipid peroxides in animal tissues thiobarbituric acid reaction. Anal Biochem 1979;95:351-8.
	14 Beultler E, Duron O, Kelly BM. Improved method for the determination of blood glutathione. J Lab Clin Med 1963;61:882-8.
	15 Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measurement with the Folin phenol reagent. J Biol Chem 1951;193:265-75.
	16 Saralakumari D, Rao PR. Erythrocyte glutathione metabolism in human chronic fluoride toxicity. Biochem Int 1991;23:349-57.
	17 Chulbek D. Fluoride and oxidative stress. Fluoride 2003;36:217-28.
	18 Guan ZZ, Xiao KQ, Zeng XY, Long YG, Cheng YH, Jiang SF, et al. Changed cellular membrane lipid composition and lipid peroxidation of kidney in rats with chronic fluorosis. Arch Toxicol 2000;74:602-8.
	19 Shashi A, Thapar SP. Histopathology of fluoride-induced hepatotoxicity in rabbits. Fluoride 2001;34:34-42.
	20 Schulte-Frohlinde D. Mechanism of radiation-induced strand break formation in DNA and polynucleotides. Adv Space Res 1986;6:89-96.
	21 Kaushik T, Shyam R, Vats P, Suri S, Kumria MML, Sharma PC, et al. Glutathione metabolism in rats exposed to high-fluoride water and effect of spirulina treatment. Fluoride 2001;34:132- 8.
	22 Shivashankara AR, Shivarajashankara YM, Bhat PG, Rao SH. Lipid peroxidation and antioxidant defense systems in liver of rats in chronic fluoride toxicity. Bull Environ Contam Toxicol 2002;68:612-6.
	21 Wang YN, Xiao KQ, Liu JL, Dallner J, Guan ZZ. Effect of long term fluoride exposure on lipid composition in rat liver. Toxicology 2000;146(2-3):161-9.
	24 Rotruck JT, Pope AL, Ganther HE, Swanson AB, Hafeman DG, Hoekstra WG. Selenium: biochemical role as a component of glutathione peroxidase. Science 1973;79:588-90.
	25 Halliwell B, Aeschbach R, Loliger J, Aruoma OI. The characterization of antioxidants. Food Chem Toxicol 1995;33:601-17.
	26 Mysliwiec Z, Machoy-MokrzyNska A, Juzyszyn Z, Czerny B, Put A. Effects of selenium on serum lipids and enzyme activities in fluoride-intoxicated rats. Fluoride 2002;35:168-75.
	27 Welch WJ. How cells respond to stress. Sci Am 1993;268:56-64.
	28 Anuradha CD, Kanno S, Hirano S. Fluoride induces apoptosis by caspase-3 activation in human leukemia HL-60 cells. Arch Toxicol 2000;74(4-5):226-30.
	29 Hayashi N, Tsutsui T. Cell cycle dependence of cytotoxicity and clastogenicity induced by treatment of synchronized human diploid fibroblasts with sodium fluoride. Mutat Res 1993;290:293-320.
	30 Anuradha CD, Kanno S, Hirano S. Oxidative damage to mitochondria is a preliminary step to caspase-3 activation in fluoride-induced apoptosis in HL-60 cells. Free Radic Bio Med 2001;31:367-73.
	31 Gao XB, Liu CS, Sun JX, Zhang L, Xu Z, Li J. The effects of sodium fluoride on the UV absorption spectrum of different types of DNA. Carciog Teratog and Mutagen 1998;10:28-30. [In Chinese].
	32 Xia T, Wang A, Yu R, Xiao DF, Liu Q, Yang KD. Effects of selenium and Vitamin C on hepatocyte DNA damage caused by fluoride in rats. Chin J Endemiol 2003;22:124-5. [In Chinese].
	Published by the International Society for Fluoride Research
	http://homepages.ihug.co.nz/~spittle/fluoride-journal.htm
	Editorial Office: 727 Brighton Road, Ocean View, Dunedin 9051, New Zealand



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


