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2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is a potent
toxin and tumor promoter in rodents, and is
prototypical ‘of many polycyclic halogenated
hydrocarbons that occur as environmental contaminants.
Most pathologic lesions produced by these compounds may
be mediated by an intracellular receptor protein called
the TCDD (Ah) receptor which functions as a trans-
acting effector of gene expression (Poland and Knutson
1982; Whitlock 1987). However, the post-translational
pathways and mechanisms involved in the expression of
the toxic manifestations of TCDD and its bioisosteres
have received 1little attention and remain largely
unknown. :

Various studies have shown that TCDD induces hepatic
lipid peroxidation (Stohs et al. 1983; Al-Bayati et al.
1987a; Mohammadpour et al. 1988), alters the
distribution of divalent cations (Wahba et al. 1988),
and produces DNA single strand breaks (Wahba et al.
1989) which occur in conjunction with lipid
peroxidation (Ames et al. 1982).

The role of iron in the initiation of 1lipid
peroxidation 1is well Xknown (Bus and Gibson 1979;
Alleman et al. 1985). Evidence suggests that chelated
iron acts as a catalyst of the Haber-Weiss reaction,
facilitating the conversion of superoxide anion and
hydrogen peroxide to hydroxyl radical, a species
frequently proposed to initiate 1lipid peroxidation
(Imlay et al. 1988; Halliwell and Gutteridge 1986).
Although hydroxyl radical is highly reactive, its in
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vivo formation is dependent upon the availability of
physiological iron (Thomas and Aust 1986, 1988).

A role for iron in the toxic manifestations of TCDD may
exist. TCDD induces porphyria in rats and mice, and
depletion of body iron stores effectively prevents
TCDD-induced porphyria (Rowley and Sweeney 1984; Yao
and Safe 1989). A decrease 1in TCDD-induced hepatic
lipid peroxidation is observed in rats fed an iron
deficient diet (Al-Turk et al. 1988), and iron |is
involved in the enhanced lipid peroxidation associated
with hepatic microsomes from TCDD-treated rats (Al-
Bayati and Stohs 1987). Previous studies have
indicated that TCDD administration to female rats
alters iron distribution in hepatic mitochondria and
microsomes (Al-Bayati et al. 1987b). Therefore, we
have examined the effect of TCDD administration to male
and female rats on the hepatic subcellular distribution
of iron as well as on the availability of free or
releasable iron. Rowley and Sweeney (1984) have shown
that the release of iron from ferritin by microsomes
from TCDD-treated mice correlated with NADPH-dependent
¢ cytochrome reductase activity, and we have also
examined the effect of TCDD on microsomal and
mitochondrial cytochrome ¢ reductase activity.

MATERIALS AND METHODS

TCDD was obtained from the National Cancer Institute
Chemical Carcinogen Repository (Bethesda, MD). Ferric
chloride standard was purchased from Fisher Scientific
Co. (St. Louis, MO). All other chemicals utilized in
these studies were reagent grade and obtained from
Sigma Chemical Co. (St. Louis, MO). Male and female
Sprague-Dawley rats, weighing 140 to 160 g, were
obtained from Sasco Inc. (Omaha, NE). The animals were
maintained on standard Purina laboratory chow and water
ad libitum, with a 12 hr light/dark cycle 7:00 A.M. to
7:00 P.M. at 21° C. TCDD-treated animals received 40
ug TCDD/Kkg/day for 3 days orally in a 10% acetone in
corn oil vehicle. Control rats received the vehicle.
The animals were killed by decapitation 3, 7 or 10 days
post~treatment between 6:00 a.m. and 7:00 a.m. to
eliminate possible effects due to diurnal variation.

The iron content in whole 1liver and subcellular
fractions was measured by atomic absorption
spectrophotometry as previously described (Wahba et al.
1988). Iron released from microsomes and mitochondria
was measured using the bleomycin chelated iron-
dependent degradation of DNA procedure of Gutteridge et
al. (1981). This assay method measures only free iron
and not iron bound to transport protein or to enzymes.
Hepatic cytochrome ¢ reductase activity was determined
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according to the procedure of Dallner (1963). The
amount of cytochrome ¢ reductase/min/mg microsomal or
mitochondrial protein was calculated g51ng the molar
extinction coefficient of 18.5x10 °mM Protein
concentrations of whole liver homogenate, mlcrosomes,
mitochondria, and cytosol were determined by the method
of Lowry et al. (1951) using bovine serum albumin as
the standard. Data for each group were subjected to
analysis of variance (ANOVA) and Student’s t test. The
data are expressed as the mean + standard deviation
(SD). Each value is derived from 8-~12 animals. The
level of statistical significance employed in all cases
was P<0.05.

RESULTS AND DISCUSSION

The effect of TCDD on the hepatic distribution of iron
in whole 1liver and its subcellular fractions from
female rats 7 days after treatment is presented in
Table 1. TCDD had no effect on the iron content of
whole liver or cytosol. However, after treatment a 46%
increase in the iron content of mitochondria was
observed relative to the control group, while a 40%
decrease in microsomal iron content occurred when the
iron distribution was expressed per milligram of
protein. When the data were expressed relative to wet
weight, after TCDD administration the iron content of
mitochondria increased by 41%, while a 16% decrease in
microsomal iron was observed.

The effect of TCDD on the distribution of iron in the
liver of male rats was also examined 7 days post-
treatment (Table 1). The iron content of whole liver
of untreated male rats was approximately one half the
iron content of the liver of female rats (Table 1).
Administration of TCDD had no effect on the iron
content of whole liver, microsomes or cytosol when the
data were expressed relative to milligrams of protein
or grams of liver. When the data were expressed per
milligram of protein, TCDD resulted in a 46% increase
in mitochondrial iron 7 days after treatment, and a 89%
increase when the data were expressed per gram liver.

The ability of iron to catalyze formation of reactive
oxygen species may depend upon the availability of free
or loosely bound iron. Therefore, the amount of free
or chelatable iron associated with hepatic microsomes
and mitochondria following TCDD administration was
determined (Table 2). In female rats, TCDD produced a
significant increase (33%) in releasable (chelatable)
iron from microsomes, and a significant decrease (58%)
in the amount of chelatable iron associated with
mitochondria. Administration of TCDD to male rats also
resulted in a significant decrease in the amount of
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iron released (30%) from mitochondria, with no change
in the amount of iron released from microsomes.

The activity of NADPH dependent cytochrome ¢ reductase
was determined in hepatic microsomes and mitochondria
of TCDD-treated female rats, and expressed in nmoles
cytochrome ¢ reduced/min/mg protein (Table 3). The
activity of the enzyme in the microsomes significantly
increased (23%) 3 days after TCDD administration, with
no change in the enzyme activity at either 7 or 10 days
post-treatment. Activity of the enzyme in mitochondria
decreased 15%, 18% and 18% after 3, 7, and 10 days
post-treatment with TCDD, respectively. Therefore, no
correlation appears to exist with respect to the effect
of TCDD on the amount of iron that can be released and
the activity of NADPH-dependent cytochrome ¢ reductase
in microsomes and mitochondria.

A sex difference is evident in the iron content of
whole liver and its subcellular fractions from Sprague
Dawley rats. The hepatic iron content of female rats
is approximately twice as great as the iron content of
male rats (Table 1). These results are similar to the
observations of Vidnes and Helgeland (1973) who
observed a 2-fold higher concentration of hemosiderin
iron in livers of female Wistar rats as compared to
male rats, while Linder et al. (1973) observed that
Charles River female rats exhibited 4- to 5-fold
greater concentrations of nonheme iron and ferritin
iron in the 1liver.

The role of iron in the formation of reactive oxygen
species, lipid peroxidation and tissue damage is well
known. Greater levels and rates of lipid peroxidation
occur in female rats as compared to male rats (Al-
Bayati et al. 1987a) which may be explained by the
higher hepatic iron content in female rats. However,
lipid peroxidation is dependent upon the form in which
the iron exists and not upon the total amount of the
iron present.

The administration of TCDD to female rats may result in
the release of greater amounts of free or catalytically
active iron than in male rats. This hypothesis is
supported by the observations in Table 2. Hepatic
microsomes from TCDD-treated female rats exhibited
significantly higher amounts of releasable iron than
the corresponding control group.
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Table 2. TCDD induced iron release from mitochondria
and microsomes of livers of female and male rats

Iron Released (in 2 hours)
Treatment

Microsomes Mitochondria
nmol/mg protein nmol/mg protein

Female Rats

Control 1.85 + 0.07 1.84 + 0.32

TCDD~Treated 2.46 + 0.35% 0.78 + 0.21%
Male Rats

Control 1.84 + 0.51 5.14 + 1.01

TCDD-Treated 1.54 + 0.22 3.62 + 0.22*

Rats were treated with 40 ug TCDD/kg/day for 3 days
p-o. and were killed 7 days post-treatment. Control
animals received the vehicle. The amount of released
free ferrous iron was determined by using the bleomycin
technique. Each value is the mean + S.D. of 8-12 rats.
*P < 0.05 with respect to the control group.

No significant difference was observed in the amount of
releasable iron from microsomes of control and TCDD-
treated male animals. Thus, an increase in the amount
of releasable iron from microsomes of TCDD-treated
female rats occurred in spite of a decrease in the
total iron content (Table 1). In male rats, no change
occurred in either the amount of releasable iron (Table
2) or iron content (Table 1) in the microsomes of male
rats 7 days after treatment with TCDD. These
observations provide an explanation for the greater
lipid peroxidation in female rats as compared to male
rats in response to TCDD. However, since TCDD also
elevates hepatic malondialdehyde 1levels in male rats,
other mechanisms must therefore operate as well in
TCDD-induced 1lipid peroxidation. The amount of
releasable iron from hepatic mitochondria of both male
and female rats decreased 7 days after treatment with
TCDD in conjunction with an increase in the total iron
content (Table 1).
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Table 3. Effect of TCDD on the Activity of Hepatic
Microsomal and Mitochondrial NADPH~Dependent Cytochrome
¢ Reductase

nmol cytochrome ¢
reduced/min/mg protein

Days Post-

treatment Microsomes Mitochondria
L 230.1 + 16.52 (100%) 304.8 + 22.72 (100%)
3 283.5 + 23.1° (123%) 258.6 + 19.8P (85%)
7 239.5 + 23.52 (104%) 249.2 + 7.1P (82%)
10 228.4 + 8.92 (99%) 284.8 + 20.8° (82%)

Female rats were treated with 40 ug TCDD/kg/day for 3
days orally and killed 3, 7 or 10 days post~treatment.
The control group received the vehicle (corn oil
containing 10% acetone). Each value is the mean + S.D.
of 8-12 animals. Values with non-identical
superscripts are significantly different (P<0.05).

Most iron is bound to heme and non-heme proteins.
Ferritin, a ubiquitous iron storage protein, is a good
source of iron for catalysis of 1lipid peroxidation
(Samokyszyn et al. 1989). However, the iron must be in
a free or easily releasable form in order to catalyze
the formation of reactive oxygen species. Xenobiotics
which undergo redox cycling facilitate reduction of
ferric iron in ferritin with the resultant release of
catalytically active ferrous iron, and a role for
NADPH-dependent cytochrome ¢ reductase in the reduction
of ferritin associated iron has been demonstrated
(Rowley and Sweeney 1984; Vile and Winterbourn 1988).
Therefore, we examined the effect of TCDD on NADPH-
dependent cytochrome ¢ reductase activity associated
with microsomes and mitochondria of female rats (Table
3). The amount of releasable iron (Table 2) does not
correlate well with the activity of NADPH-dependent
cytochrome ¢ reductase 1in either microsomes or
mitochondria (Table 3). Thus, although the reductive
release of iron from ferritin may depend on NADPH,
other factors may be involved.

Superoxide anion may also be involved in the reductive
release of iron from ferritin (Reif et al. 1988), and
several possible sources for the production of
superoxide anion exist. Mitochondria produce
superoxide anion and can mobilize iron from ferritin
(Ulvik and Romslo 1979), while cytochrome P-450 may
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constitute another source (Morehouse and Aust 1988).
Activated macrophage, which produce reactive oxygen
species, can also release iron from ferritin (Koster et
al. 1986). We have recently observed that TCDD
administration to rats results in the activation of
macrophage with a resulting increase in the production
of superoxide anion (unpublished observations). Thus,
macrophage activated by TCDD may facilitate the release
of iron which then participates in the subsequent
production of additional reactive oxygen species,
contributing to the development of an oxidative stress
and tissue damage.

In summary, the results presented in this study
indicate that TCDD produces alterations in the hepatic
subcellular distribution of iron. A sex difference
exists in the iron content of whole liver and hepatic
cellular fractions. A sex difference also exists in
the releasibility of iron from microsomes. These
disparities may explain the differences in 1lipid
peroxidation in male and female rats. 1In addition, the
results suggest that TCDD-induced modulations in NADPH-
dependent cytochrome ¢ reductase do not play a major
role in the release of iron from ferritin or the
subsequent increase in the formation of reactive oxygen
species.
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