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Abstract-The role of estradiol in sex differences in hepatic and renal cadmium accumulation and 
metallothionein (MT) induction was investigated. Male and female rats and castrated males pretreated 
with estradiol were injected either i.v. or S.C. with 10pmol CdClz/kg. Sex differences in cadmium 
accumulation and MT induction were apparent after S.C. but not i.v. administration. The female rats 
accumulated a significantly greater concentration of cadmium in their liver than did the males, as early 
as 1 hr after the S.C. injection. The elevated levels of cadmium in the females were maintained for at 
least 10 days. Pretreatment of castrated males with estradiol caused a similarly greater accumulation of 
cadmium in the liver. Hepatic MT levels peaked in the females at 24 hr and in males 48-72 hr after the 
cadmium injection and then declined to lower levels. This superinduction of MT occurred only after the 
S.C. administration of cadmium. MT levels in both sexes plateaued 5 days after the S.C. injection to the 
levels that were similar to those seen in male and female rats 24 hr after an iv. injection. In animals 
injected S.C. with cadmium the renal cadmium levels continued to rise for 5-10 days; however, in animals 
injected i.v. the levels stabilized within 2 hr. The renal MT levels in the females were significantly 
higher than in the males. Estradiol pretreatment induced renal MT but did not affect renal cadmium 
accumulation. Thus, the sex differences in hepatic cadmium accumulation and MT induction are affected 
by the route and time after the administration of cadmium. Furthermore, estradiol causes a more rapid 
uptake of cadmium by the liver and also an enhanced induction of MT in both the liver and kidney. 

Sex differences in cadmium accumulation are 
reported in environmentally exposed Japanese 
populations [l, 21 and in experimental animals 
exposed to cadmium [3-91. In Japanese autopsy 
tissues the cadmium levels in liver and kidney were 
found to be significantly higher in women, as 
compared to men [l]. Similarly, in rats the whole 
body retention of orally administered cadmium is 
higher in females and castrated males than in normal 
males [5]. Other studies in rats reported greater 
cadmium absorption as well as hepatic and/or renal 
accumulation in females than in males [3,4,6-91. 
Thus, it appears that sex hormones are involved in 
cadmium disposition. 

In liver, kidney and other tissues the majority of 
cadmium is sequestered by metallothionein (MT). 
Greater cadmium accumulation in the females may 
thus be related to induction of MT by the female 
sex hormones. Nishiyama et al. [lo] did observe 
renal MT induction by estradiol in castrated males. 
However, they failed to observe any effect of 
estradiol on hepatic MT or cadmium accumulation 
[4], probably because they used normal males rather 
than the castrated males. Lack of MT induction in 
response to estradiol was also reported by Stacey 
[ll]. However, this study was carried out in cultured 
hepatocytes, whereas estradiol may have an indirect 
effect on MT in the intact animal. We reported 
previously that in both control and cadmium-injected 
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female rats hepatic as well as renal MT levels are 
significantly higher than in the males [3]. In the 
present investigation we compared the time-course 
of cadmium accumulation as well as MT induction 
in normal males and females and evaluated the effect 
of estradiol on cadmium and MT levels in the 
castrated males. 

MATERIALS AND METHODS 

Materials. Sprague-Dawley rats (Charles River 
Laboratories, Wilmington, MA), lo- to lZweeks- 
old, were provided with water and rat chow ad lib. 
The animal rooms were illuminated on a 12-hr light/ 
dark cycle. The cadmium injection solution consisted 
of 20 pmol/mL CdC12 (Alfa Products, Danvers, MA) 
and 1.5 yCi/mL lo9CdC12 (New England Nuclear, 
Boston, MA). 

The hormone solutions contained 0.5 mg/mL 
estradiol or testosterone (Sigma Chemical Co., St. 
Louis, MO) in dimethyl sulfoxide (DMSO) (Fisher 
Scientific Co., Medford, MA). Borate, sodium 
chloride, Tween-20, bovine serum albumin (BSA) 
(Sigma Chemical Co.), and Pansorbin (Calbiochem, 
San Diego, CA) were used in the radioimmunoassay 
(RIA). 

Animal dosage. For the tim+course studies the 
animals were injected with 10pmol CdC12/kg 
between 8:00 and 10:00 a.m. and were killed up to 
24 hr after the i.v. injection or up to 10 days after 
the S.C. injection. 

For the hormone study male rats were castrated 
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Fig. 1. Time-course of hepatic cadmium accumulation and changes in MT levels. Male (0) and female 
(0) rats were injected S.C. or i.v. with lO,~~mol CdClJkg. Values are means t SEM, N = 3-7. Key: 

(*) significant sex difference at this time point (P < 0.05). 

and 3 days later treated with estradiol, testosterone, 
or DMSO, twice a day for 6 consecutive days. The 
sham-operated rats received only DMSO. On day 6 
of hormone treatment a single S.C. injection of 
either 10 ,umol CdCls/kg or 0.5 mL saline/kg was 
administered to treated and control rats, respectively, 
and the animals were killed 24 hr later. 

Methods. The animals were killed by exsangui- 
nation under ether anesthesia. The liver and kidneys 
were removed and weighed. lo9Cd levels in the 
tissues were determined with a gamma spectrometer 
(United Technologies-Packard, Downers Grove, 
IL), and the tissues were frozen at -20” until further 
analysis. 

For MT determinations, the tissues were thawed 
and a portion was homogenized (5 or lo%, w/v) in 
125 mM borate-NaOH buffer, pH 8.6, containing 
0.1% Tween and 0.04% BSA. The analysis of MT 
by RIA was carried out as previously reported [12], 
with the exception that 200 PL of 1:20 diluted 
Pansorbin was used to separate the bound antigen 
P31. 

Statistical analysis. In the time-course study, the 
male and female cadmium levels at each time point 
were compared by the Wilcoxon Rank Sum Test. 
The remaining data were analyzed by the general 
linear models procedure (SAS Institute, Cary, NC). 
When the analysis indicated a significant difference, 
the data were examined further by two- and one- 
way ANOVA, as appropriate. 

RESULTS 

Time-course of hepatic cadmium and MT levels. 
As shown in Fig. 1, hepatic cadmium accumulation 
was nearly completed within 24 hr after S.C. 

administration and 2 hr after i.v. administration. 
After S.C. injection the hepatic cadmium accumu- 
lation was significantly higher in females than in 
males as early as 1 hr after the injection and remained 
so even after 10 days. In comparison, the only sex 
difference after iv. administration was at the lo- 
min time point; otherwise both sexes had the same 
concentration of cadmium. 

MT was induced earlier in females than in males 
after the S.C. cadmium administration (Fig. 1). The 
MT levels in the females reached a peak at 24 hr, 
decreased by day 2 and then leveled off. The rise in 
hepatic MT concentration in males occurred at a 
slower rate than in the females and reached the 
maximum between days 2 and 3. As in the females, 
the MT levels in the males also declined. By day 5 
the MT levels in both males and females were the 
same. 

The increase in hepatic MT was much smaller 
after i.v. than after S.C. administration, and the 
protein reached peak levels in both sexes at 16 hr 
(Fig. 1). The females had slightly but significantly 
higher MT levels than the males at this time point. 
The MT levels in the i.v. group at 24 hr were similar 
to those in the S.C. group at 5-10 days. 

Time-course of renal cadmium and MT levels. 
After S.C. administration, the renal cadmium 
concentration continued to rise for 5 days in males 
and 10 days in females (Fig. 2). The cadmium 
accumulation was similar in males and females 
except at 3 and 5 days at which time the males had 
higher cadmium levels than the females. Upon i.v. 
injection, cadmium accumulated rapidly and reached 
a plateau within 2 hr (Fig. 2). No significant sex 
differences in cadmium levels were seen at any of 
the time points in the iv. group. 



Estradiol. cadmium and metallothionein 711 

150. 

5 loo. 

5 50. 

0’ t-0 
0 5 10 0 12 24 

Time (days) Time bous) 

Fig. 2. Time-course of renal cadmium accumulation and changes in MT levels. Male (0) and female 
(0) rats were injected S.C. or i.v. with 10pmol CdCl,/kg. Values are means 2 SEM, N = 3-7. Key: 

(*) significant sex difference at this time point (P < 0.05). 

Following S.C. administration, MT levels in females 
were significantly higher than in males at most time 
points (Fig. 2). The renal MT continued to rise for 
the duration of the study in both males and females. 

Following i.v. administration of cadmium, the 
renal MT levels were also higher in females than in 
males (Fig. 2). However, there was no further 
induction of MT in either sex during the 24 hr. 

Effect of hormones on hepatic cadmium and MT 
levels. Estradiol treatment lowered the body weight 
of castrated males by as much as 14% without 
significant reduction in liver or kidney weight. Since 
the dose of cadmium was based on the body weight 
of the animals at the time of cadmium injection, the 
liver and kidney cadmium and MT concentrations 
were normalized to 100 g body weight. 

As shown in Fig. 3, neither sham operation, nor 
testosterone or DMSO pretreatments of castrated 
males had any significant effect on hepatic cadmium 
accumulation in 24 hr. On the other hand, estradiol 
pretreatment resulted in significant enhancement of 
cadmium accumulation to levels similar to those 
found in the females. 

The hepatic MT level in non-cadmium-treated 
control males was 6.4 * 0.5 pg/g. Castration 
increased these levels to 17.8 ? 1.1 pgg/g. Adminis- 
tration of testosterone or estradiol to the non- 
cadmium-treated castrated animals caused no further 
induction of MT (data not shown). 

Estradiol pretreatment markedly increased the 
MT levels of cadmium-treated castrated males to 
those of the females (Fig. 3). In addition, 
sham operation, but not DMSO or testosterone 
pretreatment of castrated males caused an increase 
in MT levels upon cadmium injection. 

Effect of hormones on renal cadmium and MT 
levels. Estradiol pretreatment of castrated control 
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Fig. 3. Effect of hormones on hepatic cadmium and MT 
levels in normal and castrated males. The animals were 
injected S.C. with 1Opmol CdClJkg, 24 hr before being 
killed. See Materials and Methods for additional details. 
Groups are: M, control males; S, sham-operated males 
pretreated with DMSO; D, castrated males pretreated with 
DMSO; T, castrated males pretreated with testosterone; 
E, castrated males pretreated with estradiol; and F, 
control females. Values are means + SEM, N = 6. Key: 
(*) significantly different from control males (P < 0.01). 
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Fig. 4. Effect of hormones on renal cadmium and MT 
levels in normal and castrated males. The animals were 
injected S.C. with 10 pmol CdC&/kg, 24 hr before being 
killed. See Materials and Methods for additional details. 
Groups are: M, control males; S, sham-operated males 
pretreated with DMSO; D, castrated males pretreated with 
DMSO; T, castrated males pretreated with testosterone; 
E, castrated males pretreated with estradiol; and F, 
control females. Values are means f SEM, N = 6. Key: 
(*) significantly different from the other groups (P < 0.01). 

males alone caused a 2-fold increase in MT 
levels (31.8 + 3.2 vs 65.2 f 4.6pg/lOOg body wt). 
However, it had no effect on renal cadmium 
accumulation (Fig. 4). Estradiol and cadmium given 
together to castrated males raised the MT levels to 
greater than those in females or castrated males 
given estradiol or cadmium alone (Fig. 4). 

DISCUSSION 

In agreement with our previous study [3] and 
those of several others [4,7,8], the female rats 
accumulated more cadmium in their liver than the 
males. Furthermore, this study demonstrates that 
the castrated males treated with the female sex 
hormone, estradiol, accumulated as much cadmium 
in their liver after S.C. administration as did the 
females. This effect was not noted after iv. injection 
of cadmium. Nishiyama et al. [4] also did not find a 
sex difference in cadmium disposition in the liver at 
24 hr after iv. administration although they did so 
at 4 and 10 hr. Since a previous study with freshly 
isolated hepatocytes showed that addition of estradiol 
to the medium did not affect cadmium uptake [ 111, 
it appears that the hormone accomplishes its in vivo 
effect on cadmium accumulation through some 
indirect mechanism. 

We found no sex difference in renal cadmium 
accumulation following either an i.v. or S.C. dose. 
Also, estradiol-pretreatment did not enhance 

cadmium accumulation in the kidney. This is in 
agreement with in vivo studies of Nishiyama et al. 
[4] who also observed no sex difference 24 hr after 
an i.v. injection, but is contrary to their reported 
increase in renal cadmium in male rats who were 
treated with estradiol prior to receiving the metal. 

Unlike other studies which reported that DMSO 
is capable of MT induction in the presence [14] or 
absence [15] of cadmium, our results are similar to 
those of Bracken and Klaassen [16], in that DMSO 
did not cause any significant change in MT levels. 
These apparent differences can be attributed to the 
experimental conditions. In the former case [14], 
the investigators examined the direct effect of DMSO 
in hepatocytes in vitro, under conditions in which 
the cells were in log phase of growth, while in the 
latter case [15], the rats were exposed to amounts 
of DMSO five times greater than those used in our 
study. 

Estradiol alone had no effect on hepatic MT levels 
in the castrated males. This is in disagreement with 
Nishiyama et al. [lo]. These investigators appeared 
to have used non-castrated males for estradiol dose- 
response and administered the estradiol in 30% 
ethanol. A synergistic effect between estradiol and 
ethanol on MT induction is a possibility. While 
estradiol alone is a poor inducer of hepatic MT in 
vitro and a concentration of 10m4M is needed for 
the induction [16], ethanol is capable of inducing 
hepatic MT [17,18]. 

In agreement with other in vivo studies [4, lo], 
we found that pretreatment with estradiol alone 
increased renal MT levels 2-fold. In addition, it was 
observed that a further induction of MT occurred 
when cadmium was administered along with the 
estradiol. Therefore, in the kidney, estradiol appears 
to act synergistically with cadmium in inducing MT. 
It is noteworthy, however, that the elevated levels 
of renal MT did not affect renal cadmium 
accumulation. These results along with the in vitro 
studies of Liu et al. [19] in hepatocytes suggest that 
the intracellular MT does not affect cadmium uptake. 

Hepatic cadmium accumulation following the S.C. 
injection continued for up to 48 hr, while this process 
was completed within 2 hr of the i.v. injection. In 
agreement with other studies which have shown 
hepatic cadmium to have a half-life of 60-73 days 
[20,21], no marked decrease in hepatic or renal 
cadmium levels in either sex following S.C. or i.v. 
injection was observed. This is contrary to Nishiyama 
et al. [4] who reported a marked decrease in hepatic 
cadmium levels in female rats between 10 and 24 hr 
of an iv. injection. 

It is well established that cadmium regulates 
hepatic MT synthesis at the level of transcription 
[22-261. Upon entering a cell, non-MT bound 
cadmium binds to a metal-responsive factor which 
then binds to one of the metal-regulatory elements 
on the MT gene [27-291 causing gene amplification 
and enhancement of the transcription rate [30,31]. 
This process is regulated by the amount of metal 
present in the cell [32]. We postulate that following 
S.C. cadmium injection, superinduction of hepatic 
MT mRNA occurred because of the continued 
uptake of cadmium. The process of superinduction 
resulted in the production of excess MT which was 
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degraded over 2 days in the females and 3 days in 
the males. However, when the cadmium was 
administered i.v., the superinduction of hepatic MT 
synthesis did not occur as the cadmium accumulation 
was completed within 2 hr-well before the induc- 
tion of MT synthesis [22]. Also, since cadmium 
distribution was similar in both sexes of the 
intravenously injected animals, the MT levels were 
also very similar. 

The pattern of renal MT induction was different 
from that observed in the liver of the subcutaneously 
injected animals. Unlike the liver, no superinduction 
of MT synthesis occurred due to the presence of a 
higher basal MT level. The initial influx of cadmium 
was sequestered by the existing MTwithout requiring 
any additional synthesis. Other investigators have 
also reported that the MT induction in the kidney 
is less responsive to metal exposure than in the liver 
[33]. As the kidneys continued to receive additional 
cadmium over 10 days, the MT levels did rise over 
this period possibly through translation of the 
existing mRNA [22]. 

Since the majority of the cadmium accumulated 
in the kidney within 1 hr after the i.v. injection, as 
opposed to the continued influx over 5-10 days 
observed after the S.C. injection and because the 
accumulated cadmium was about a third of what was 
found after the S.C. dose, the existing MT was able 
to sequester the metal. Even though there were no 
sex differences in cadmium accumulation in the 
kidney after the i.v. dose, the sex differences in MT 
levels that existed before cadmium uptake prevailed, 
further suggesting that cadmium did not induce MT 
synthesis in the kidney after i.v. administration. 

In summary, this study shows that (a) after S.C. 
administration hepatic accumulation of cadmium 
and induction of MT occurred faster in females than 
males, (b) these differences in cadmium and MT 
levels were not seen if the cadmium was delivered 
to the tissues as an i.v. bolus, (c) estradiol enhanced 
hepatic but not renal cadmium accumulation, and 
(d) estradiol caused induction of hepatic as well as 
renal MT. We conclude that estradiol is an important 
hormone in regulating the disposition of cadmium 
and may explain the increased incidence of the 
toxic manifestations of cadmium in the exposed 
populations [34]. 
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