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ABSTRACT 

Mature female nulliparous rats were exposed to CdCb in drinking water two 

weeks after a single IP injection of streptozocin (STZ), and bred to non-treated males. 

Cadmium exposure in the Fi pups continued through post-lactation to postnatal day 

(PND) 45. At PND 45, Fi animals were euthanized and plasma and selected organs were 

collected, weighed, and quickly frozen or placed in formalin for histological analysis. 

Cadmium chloride at lOOpM and 200 pM did not significantly reduce the body weight of 

pups fi-om nonSTZ-treated dams. At 100 pM and 200 pM, CdCli reduced liver relative 

weight of pups fi-om non-STZ treated dams. The lung, kidney, and testis weights of pups 

in both cadmium-exposed groups of non-STZ treated dams were similar to those of the 

control group. The parameters assessed in pups from STZ-treated dams were similar to 

those of control animals. Cadmium chloride at 200 pM significantly reduced the body 

weight of pups fi-om STZ-treated dams. An increase in heart weight was observed in the 

100 pM CdCb group. Histologic analysis did not indicate any treatment related effect in 

testicular seminiferous tubule or renal corpuscle diameters. Cadmium chloride at 100 pM 

caused statistically insignificant reduction in kidney protein concentration in offspring of 

non-STZ-treated dams and reduced testicular protein concentration in offspring of STZ-

treated dams. Plasma testosterone and tetraiodothyronme levels were not significantly 

altered in any treated group. Significant differences in renal ACE activity were observed 

between offspring of non-STZ-treated dams exposed to 100 pM CdCb and those of STZ-

treated dams exposed to both levels of CdCb. Cadmium chloride at 100 pM caused a 

significant reduction in angiotensin I converting enzyme (ACE) activity in offspring of 

vi 



STZ-fi-eated dams. The data indicate that gestational, lactational and post-lactational 

cadmium-exposure of pups firom dams treated with the diabetogen STZ results in minor 

signs of general toxicity at PND 45. 
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CHAPTER I 

INTRODUCTION 

The continuation of a species requires the production of normal offspring. It is 

therefore no surprise that there is increasing concern for abnormal perinatal development 

in human beings and wildlife. Exposure to environmental pollutants and abnormal 

physiological conditions during the developmental stages pose constant threats to 

growing animals, including human beings. Cadmium (Cd) exposure and diabetes have 

been shown to individually cause abnormal development of offspring. The combined 

effect of these factors on development is unknown. 

The heavy metal, Cd, is a ubiquitous environmental pollutant that, in laboratory 

animals, causes developmental defects such as reduced birth weight (Baranski, 1987; 

Kelman et al., 1978; Whelton et al., 1988), skeletal malformation (Baranski, 1987), and 

delayed neurobehavioral development (Baranski, 1983). 

According to the Centers for Disease Control, approximately 12% of pregnancies 

are complicated by gestational diabetes. A diabetic condition in pregnant mothers may 

alter fetal development. With less than optimal care, developmental aberrations, 

congenital malformation, and/or stillbirth may occur (Francois et al., 1972). 

Abnormalities observed include excess weight, Cushingoid appearance, adrenal 

insufficiency, ventricular septal defect, anomalies of the aorta, anencephaly, 

microcephaly, spina bifida, bowel atresia, absence of the kidneys (Potter's syndrome), 

double ureter, and polycystic kidneys (Francois et al., 1972). The toxic effects of diabetes 
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on the infant also may be manifested as hypocalcemia, hypoglycemia, and 

hyperinsulinemia (Francois et al., 1972). Uriu-Hare et al. (1989) reported that matemal 

diabetes induced by injecting streptozocin 27 days before conception caused low birth 

weight and short crown-rump length in rat fetuses and enlarged placentas. Compared to 

fetuses fi-om control, pups of diabetic dams had fewer stemal sites, anterior phalanges, 

and caudal vertebrae that were calcified, and an increased firequency of malformations. 

A definitive factor has not yet been identified as the cause of toxic insults 

induced by diabetes; however, a few have been proposed, including hyperglycemia, 

ketone body excess, somatomedin inhibition, arachidonic acid inhibition, and excess of 

fi-ee oxygen radicals. It is difficult to pinpoint a single causative factor because many 

physiological changes occur in the mother that could contribute to these defects either 

singly or by interaction. 

Cd-induced developmental effects might be enhanced if exposure occurs in a 

diabetic mother. The present study investigates the combined effects of streptozocin 

(STZ)-induced diabetes and Cd on development of Sprague-Dawley rats. This research 

was aimed at investigating: (1) the general development of offspring of Cd-treated 

diabetic dams ; (2) developmental aberrations specifically associated with the kidney and 

testis of these offspring; (3) the effect on angiotensin I converting enzyme, an important 

enzyme in kidney development; and (4) the effect on steroidogenic acute regulatory 

protein and cytochrome P450 side-chain cleavage enzyme. 



Cadmium Properties and Uses 

Cd is a white, lustrous, tamishable metal. Due to its chemical similarity to zinc, 

for example, its ability to form a cation with a stable oxidation state of II, Cd is almost 

always present in zinc ore, thus it is a by-product of zinc extraction. It belongs to group 

lib of the periodic table. The valence shell of the atom has two s electrons outside a filled 

4d orbital. With this arrangement of electrons in the last two shells of the atom and 

relatively low first and second ionization energies, Cd forms only a stable +2 state. Most 

of its compounds are ionic, but it forms a few covalently-bound compounds. It readily 

reacts with non-oxidizing acids to liberate hydrogen and form Cd^ .̂ Cd was discovered 

in 1817, but it was not until the 20"' century that it was used for industrial purposes. Its 

main use is in electroplating and galvanizing because of its resistance to corrosion. It also 

is used to make cathode material in nickel-Cd batteries, pigment, and plastics. 

Cd is highly toxic. It is ranked seventh among the top 20 hazardous substances on 

the ATSDR/EPA priority list (ATSDR, 2001)). The metal has no known biological 

fimctions, but it is foimd as a trace element in biological systems. In humans, the 

concentration of Cd at birth is close to zero, but because the metal has such long 

biological half-life (approximately 30 yr in humans), the concentration gradually 

increases with age (Goyer, 1975). The concentration of Cd found in an individual, 

however, is dependent on the level and route of exposure. 



Exposure to Cadmium 

Cd is found with a relatively low natural concentration in all facets of the 

environment. For example, average concentrations of Cd in soil and water are 0.33 pg/g, 

(Sanchez-Martin et a l , 2000) and Ipg/L (ATSDR, 1998). Human activhies have resulted 

in exceptionally high concentrations in areas where zinc is mined and processed and 

where Cd is used industrially (ATSDR, 1998). The ubiquity and elevated levels of Cd 

lead to a high risk of exposure in humans and animals. Human exposure is through food 

and through inhalation, the latter predominantly via cigarette smoke (ATSDR, 1998). 

Within the United States, the average Cd concentrations range between 2 to 40 ppb in 

food, 1 ppb in drinking water, and between 1,000 to 3,000 ppb in cigarettes (Goyer, 

1996). Cd content of tobacco and cigarettes in Mexico appear to be even higher than 

those of the US. Reported average concentrations in these products were 4.41 ± 0.67 

ppm and 2.65 ± 0.99 ppm for tobacco leaves, and 2.8 ±0.4 pg /cigarette. It was estimated 

that the Cd burden is increased 1.4-2.8 pg/day by smoking one pack of Mexican 

cigarettes per day (Saldivar et al., 1991). 

Inhalation Exposure 

Employees of industries that utilize Cd or Cd-containing products are at high risk 

for inhalation exposure. A study evaluating the potential hazard of the usage of 

Cd-containing silver brazing alloys in Singapore factories reported that blood Cd 

concentration exceeded 10 pg/L in 86% of employees from one of these factories (Gan et 



al., 1995). In 1995, Conroy et al. measured workspace airbome concentrations of Cd 

during abrasive blasting by bridge painters. In this operation, compressed air is used to 

blast steel grit against steel or metal surfaces, removing lead-based paint. The area is 

enclosed with tarpaulins to prevent the release of lead- and chromium-laden dust. 

Consequently, workers are at increased risk of exposure by inhalation or ingestion. 

Workspace airbome concentrations of Cd were reported to range between 1-19 mg/m3, 

figures that were significandy greater than average atmospheric levels in the US (0.005 to 

0.04 mg/m^). 

Unfortunately, people residing in proximity to Cd industries also are at risk of 

exposure (Bar-Sela et al., 1992). The potential of exposure in a population residing near 

a nickel-Cd battery plant known to emit heavy metals, such as Cd, was estimated. Bar-

Sela et al. (1992) documented higher median urinary Cd concentrations in persons 

residing close to the factory than in a confi-ol group living farther away. 

Oral Exposure 

The level of oral exposure is diet-dependent. Diets high in shellfish, liver, and 

kidney, all of which accumulate Cd, elevate its intake (Lind et al., 1995). Similarly, 

consumption of large amounts of vegetables could increase dietary Cd intake. In humans, 

vegetables contribute a greater amount of Cd than do foods of animal origin (McKenna 

and Chaney, 1995). This probably is due to the use of commercial sludge as fertilizer. 

According to Anderson and Hahlin (1981), concentrations as high as 1500 mg of Cd per 



kg of dry material may be found in commercial sludge. Another factor that contributes to 

dietary exposure is location. Foods from highly industrialized regions, such as Jiangxi 

Province, China, which are highly contaminated with Cd may increase daily intake to as 

much as 367-382 pg per day (Cai et al, 1995). 

An increase in dietary consumption, however, does not necessarily increase Cd 

absorption and toxicity because bioavailability of Cd might be low. Concentrations of Cd 

in the blood and urine of non-shellfish eating women were similar to that of women 

whose diets were high in shellfish (increasing dietary Cd by two-fold) (Vahter et al., 

1996). Suggested reasons for this similarity were: rapid deposition into bone, reduced Cd 

bioavailability in the shellfish group compared to the mixed diet group, or a difference in 

the toxicokinetics of Cd due to variation in complexation. They postulated that increased 

absorption of Cd in the mixed diet group might have been due to lower body iron 

concentrations in this group compared to the shellfish group. 

Oral exposure to Cd in humans occurs mainly at low doses and is predominantly a 

chronic problem. Chronic exposure is manifested as accumulation of Cd in bone, and 

kidney, liver, and other soft tissues (Krishnan et al., 1990). Whereas bones function as a 

sink for Cd, accumulation of Cd in soft tissue may evoke toxic insults including kidney 

(Sudo et al., 1996; Yasuda et al., 1995) and testicular dysfunction (Koizumi and Li, 1992; 

Saygi et al., 1991; Laskey et al., 1986), inhibition or activation of key enzymes (Iscan et 

al., 1992), damage to deoxyribonucleic acid (DNA) (Koizumi and Li, 1992), and 

diseases like hypertension. 



Acute oral exposure occasionally occurs by accident and sometimes in cases of 

suicide attempts. The symptoms of acute exposure to high doses of Cd are severe colic 

and vomiting. In acute exposure, Cd causes toxic effects primarily in the liver and testis. 

During acute exposure, most of the absorbed Cd also is found in the liver (Blinder, 

1996). 

Gastrointestinal Absorption 

Absorption of Cd firom the gastrointestinal tract occurs in two steps. Cd is first 

transferred to the mucosa by a saturable process involving sequestration by 

metallothionein (Foulkes, 1989), followed by transfer into the circulatory system 

(Foulkes, 1985). The first stage of this absorption process occurs at a relatively slow rate 

causing accumulation of the retained metal within the mucosa, thus making it difficult to 

determine the rate of Cd absorption within the gastrointestinal tract. Although difficult to 

measure, it is estimated that on the average gastrointestinal absorption of Cd is 

approximately 5- 8% (Goyer, 1996). Most of the Cd consumed is excreted without being 

absorbed. 

The fi-action of Cd absorbed may be influenced by dietary deficiencies in calcium, 

protein, zinc, and iron. In one experiment, the effects of calcium and protein levels on Cd 

absorption were investigated (Bogomazov and Veranian, 1986). Rats were fed diets 

containing 30, 18, or 5% protein and with a calcium content of 2.4, 0.6, or 0.1%. It was 

observed that Cd absorption was highest in diets containing excess protein (30%) and low 



calcium. Gashrointestinal absorption of Cd was lowest in the diet containing 5% protein 

(Bogomazov and Veranian, 1986). It is assumed that low dietary calcium enhances Cd 

uptake by stimulating synthesis of a calcium-binding protein that assists in Cd uptake 

(Ohta and Cherian, 1991). 

The effect of concentration of dietary protein on Cd absorption also was 

investigated by Revis and Osborne (1984). Cd absorption was enhanced by high 

concentrations of protein in rats administered 25 or 50 ppm Cd in drinking water for 2 or 

4 months, compared to animals on low protein diet for the same period of time. This 

observation cannot be explained in terms of higher cysteine levels in the diet containing 

more protein because no significant increase in Cd content was seen when cysteine was 

added to the low protein diet. 

Interestingly, excess zinc and protein also may cause an increase in absorption of 

Cd firom the gastrointestinal tract. Bogomazov and Garibian (1992) investigated the 

effect of the absence of or of excess zinc on Cd absorption. They reported an increase in 

Cd absorption firom the gastrointestinal tract when either of these conditions prevailed. 

Two studies suggest that physiologic condition and health status may affect Cd 

absorption. Bhattacharyya et al. (1986) exposed mice continuously to ""Cd in drinking 

water (0.03 pCi/ml; 0.11 ppb total Cd) during pregnancy and lactation. ""Cadmium 

absorption and distribution were assessed over a 4-week post-lactational period. At the 

beginning, the dams retained 2.4 times as much Cd as did the non-pregnant mice. At this 

time point, the concentration of Cd in the kidney, liver, mammary tissue, and duodenum 



of dams were 5-fold, 2.6-fold, 28-fold, and 13-fold, respectively, the Cd concenfration in 

corresponding tissues in non-preganant mice. '"^Cd concentrations in the mammary tissue 

of the dams increased two-fold during the post-lactational period concomitant with a 

three-fold decrease in mammary tissue mass. The authors believe that these results hold 

some implication for the retention and distribution of dietary Cd in multiparous women. 

Glynn et al. (1998) investigated the effect of Coxsackie virus B3 infection on 

tissue accumulation and redistribution in female Balb/c mice. Briefly, one set of mice 

was inoculated with the virus and 4 days later they were dosed orally with 0.3 or 750 pg 

Cd/kg body weight; a second set was dosed with 0.3 pg Cd/kg body weight 3 days before 

being infected and on day 4 of the infection. Non-infected control animals had the same 

regimen. They reported that gastrointestinal absorption of Cd in infected mice increased 

by 70%) in animals receiving 0.3 pg/kg and tripled at 750 pg/kg. The infection enhanced 

Cd accumulation in various organs and caused a Cd dose-dependent change in organ 

distribution. 

The rate of absorption is dose-dependent; it increases disproportionately with the 

dose administered. This behavior in gastrointestinal absorption of Cd was observed by 

Lehman and Klaassen (1986) and was confirmed by Liu and Klaassen (1996). 

Transport and Distribution 

Once absorbed, Cd is rapidly transported by the blood to most organs in the body 

(Liu and Klaassen, 1996), including the pancreas (Shimada et al., 2000), mammary gland 



(Petersson and Oskarsson, 2000), brain, bone and placenta. Cd is transported by binding 

to red blood cells, albumin, and other large molecular weight protein. A small fi-action is 

transported by metallothionein (Goyer 1996). 

Approximately 60% of Cd in the body is stored in the liver and kidney (Kotsonis 

and Klaassen, 1977; Lehman and Klaassen, 1986); however, Cd tissue distribution is 

dependent on dose level and on the route of administration (Lehman and Klaassen 1986; 

Andersen, 1989; Liu and Klaassen, 1996). The greater concentration of Cd is found in 

the kidneys at low oral dosage, whereas at high dosages administered parenterally a 

greater percentage is found in the liver (Andersen, 1989; Lehman and Klaassen, 1986). 

Duration of exposure does not appear to affect the eventual tissue distribution of Cd. In 

chronic and acute oral exposure, Cd appears to be distributed to the liver and testes first 

and then gradually is transported to the kidney as Cd-metallothionein complex (Piscator, 

1986). 

It has been suggested that endogenous metallothionein, a Cd-bindmg protein, 

plays an important role in absorption and distribution of Cd (Min et al., 1991), but 

investigation of its influence on Cd disposition in metallothionein-transgenic mice 

indicates that metallothionein does not affect these parameters. The absorption rate and 

distribution pattern of Cd was studied in metallothionein-I transgenic mice, which have 

higher concentrations of metallothionein than do wild-type mice in their gastrointestinal 

tract, liver, and kidney. There was no significant difference in absorption or distribution 

of Cd between transgenic and the controls except in animals administered the highest 
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dose of Cd (Liu and Klaassen, 1996). The absence of metallothionein participation in 

absorption and distribution was confirmed when Liu et al. (1998) reported that the initial 

rate of absorption and distribution of Cd in metallothionein-null mice was no different 

than those of control ones. Elimination of Cd was much faster in metallothionein-null 

mice, suggesting that metallothionein might be responsible for Cd's long biological half 

life. 

Cellular Transport of Cadmium 

The processes of absorption and distribution require that Cd be transported across 

the cell membrane into cells. A transport mechanism specifically for this non-essential 

element has not yet been identified, but Cd utilizes mechanisms involved in 

transmembrane movement of essential elements. Cd transport has been studied in cell 

cultures fi-om a variety of tissues. Based on reports firom these studies, Cd transport 

across the membrane seems to make use of more than one mechanism in each cell type. 

The mode of transport also appears to be cell-specific. For example, Endo and Shaikh 

(1993) studied Cd uptake in proximal tubule cells and concluded that Cd uptake in these 

cells occurred by simple diffusion. They reported that "Cd binds nonspecifically to the 

apical membrane surface and then is internalized by simple diffusion (p207)." Later, 

Endo et al. (1998) discovered that a secondary transport mechanism via inorganic ion 

exchanger also was involved. Cd binds to the anion exchanger, then becomes 

internalized in an energy-dependent manner, but the greater fraction of Cd is absorbed by 
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of Cd from renal epithelial cells occurs via hydrogen (H+)-antiporter (Endo et al., 1998). 

Antiporters are transporters in which movement of one type of ions into the cell is 

coupled with movement of another kind outside the cell 

Transmembrane movement of Cd occurs by a combination of processes in cardiac 

cells as well. Limaye and Shaikh (1999) studied Cd fransport and cytotoxicity in 

cardiomyocytes of neonatal rats. Analysis of the initial rate of uptake indicated that 

diffusion was not the only process involved. Further investigation revealed that other 

energy-dependent processes were involved because pretreatment with dmitrophenol and 

sodium fluoride reduced uptake by 58 and 59 %, respectively. Transport also was 

reduced in the presence of calcium, zinc, and copper. Moreover, uptake decreased by 

76%) when a calcium-channel blocker was added, indicating calcium channels are 

involved. The authors concluded that Cd enters cardiomyocytes by existing mechanisms 

for entry of calcium, zinc, and copper that involve sulfliydryl groups. 

Metabolism and Excretion of Cadmium 

Due to its stable +2 oxidation state, Cd metabolism does not involve oxidation, 

reduction, or alkylation of the metal. Metabolism of cadium involves interaction of the 

metal ion with anionic groups, especially sulfhydryl groups, in proteins to form Cd-

protein complexes (ATSDR, 1998). Metallothionein and albumin are two integral 

proteins in the regulation of Cd metabolism (Cousins 1979; Norberg et al., 1985). 

Cadmium-metallothionein complex undergoes a cyclic process; Cd binds to the protein to 
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form a complex that is then degraded to release Cd. Metallothionein synthesis is readily 

induced by Cd; therefore the free metal ions induce synthesis of new metallothionein. 

Cadmium re-incorporates into the new protein and the process repeats itself (Cousins 

1979). It is thought that in addition to resistance of metallothioneim-complex to 

degradation, reincorporation is the probable explanation for the relatively long biological 

half-life of Cd. Cadmium is excreted primarily in feces (ATSDR, 1998). 

Cadmium Toxicity 

Cadmium has been reported to cause damage in the liver (Hoffinan et al., 1975; 

Yamano et al., 2000), kidney (Dorian et al., 1992; Roels et al., 1990), pancreas (Merah 

and Singhal, 1980), testes (Caflisch and DuBose, 1991; Laskey and Phelps, 1991; Clough 

et al., 1990) and the immune system in laboratory animals and humans. The extent of 

toxic response and the organs affected depend on the duration, route, dose and form of Cd 

to which the animal was exposed. 

The immediate symptoms evoked in humans following acute oral exposure to 

high doses of Cd are vomiting, nausea, and abdominal pain (Norberg et al., 1985), 

whereas inhalation of Cd fiimes may cause acute chemical pnuemonitis and pulmonary 

edema. Exposure sometimes leads to death. 
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Testicular Toxicity of Cadmium 

Although other organs may eventually be affected when Cd is administered 

parenterally to experimental animals in acute exposure, the testes and liver are the target 

organs of toxicity. The epididymis and testes of species possessing a scrotal sac appear to 

be sensitive to doses of Cd that may be nontoxic in other organs (Friberg et al., 1974; 

Blinder, 1986). Grossly, the metal may cause reduction in testicular weight and 

discoloration of the testes. 

At the tissue level, Cd has a degenerative effect on capillary and on the proximal 

region of the caput epididymis (Aoki and Hoffer, 1978; Caflisch and DuBose, 1991). 

Zschauer and Hodel (1980) described Cd as a vasoactive reproductive toxicant, and that it 

can damage the testicular capillaries resulting in degeneration of the interstitial cells and 

necrosis of entire seminiferous tubuli. Damage to the capillaries is thought to be due to a 

loss of tight jvmctions between the endothelial cells, resulting in increased permeability. 

This causes edema, eventually leading to tissue necrosis. For this reason, it is assumed 

that testicular degeneration manifested as damage to the seminiferous tubules is a 

secondary effect of Cd toxicity. 

Cadmium is capable of inducing testicular dysfunction without the occurrence of 

vascular degeneration. Hew et al. (1993a) showed that administration of a single dose of 

Cd at Img/kg body weight, a dosage much lower than that required to produce vascular 

damage in the testis, resulted in failure of spermiation in ten-week-old Sprague-Dawley 

rats. Based on the estimated duration of each stage, the authors believe that Cd affects 
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stage VIII and later stages of spermatogenesis. It seems that the Sertoli cells, which are 

responsible for supporting and nuturing the maturing spermatids, might be responsible for 

this effect (Hew et al., 1993b). This assumption is based on the belief that the Sertoli cells 

are actively involved in spermiation (release of sperm into lumen of tubules), which is 

suggested by their participation in the elimination of excess spermatid cytoplasm 

(Russell, 1979). The Sertoli cells are highly sensitive to Cd toxicity (Clough et al., 1990). 

hi addition, an in vitro study suggests that Cd affects tight junctions associated with 

Sertoli cells (Janecki et al., 1992). 

Sertoli cells are joined by a unique junctional complex consisting of a tight 

junction of 50 or more parallel lines of fusion of apposed membranes, flattened cistemae 

of endoplasmic reticulum that parallel the plasma membrane in the region of the tight 

junction and hexagonally packed bimdles of actin filaments interposed between the 

cistemae and the plasma membrane (Clough et al., 1990). 

Sertoli cells are not the only spermatogenesis-supporting cells that are affected by 

Cd. Cadmium has a deleterious effect on the Leydig cells as well, but these are less 

susceptible to Cd toxicity than are Sertoli cells (Clough et al., 1990). Cadmium inhibits 

steroidogenesis in the interstitial cells, thus causing reduction in testosterone production. 

In fact, Cd inhibits testosterone synthesis both in vivo and in vitro (Ng and Liu, 1990; 

Laskey etal., 1986). Testosterone is essential to spermatogenesis. Leydig cells, 

however, have the ability to regenerate and it has been shown that experimental animals 
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reacquire the ability to produce testosterone without regaining fertility about 120-185 

days after a single exposure to 5 mg Cd/kg body weight (Saksena and Lau, 1979). 

Response of the reproductive system to Cd toxicity shows age-dependence. A 

much greater difference in dosage of Cd is required to elicit the same or an attenuated 

response in young animals as in older ones or, conversely, a more severe response as seen 

in older animals compared to younger ones exposed to the same dose of Cd. Wang and 

Klaassen (1981) investigated the effect of 9 pmol/kg bodyweight in rats ranging in age 

firom 4-70 days. Seven days later the animals were examined for changes in the 

reproductive parameters. Cadmium at this dosage did not change testicular weight of test 

animals 42 days or younger and no effects were noted in animals 4 days old. Based on 

histological evaluation, they identified three periods of development with respect to 

response to Cd toxicity, namely, an insensitive period (14 days old or younger), one in 

which minor reversible changes occiu- (21-35 days), and a sensitive period (42 days or 

older). Laskey et al. (1986) later reported that decrease in testicular and epididymis 

weight and reduction in sperm concentration in 70-day-old rat occurred at a dose of Cd 

lower than that necessary to cause the same response in younger animals (5.5 pmol/ kg 

compared to 24.6 pmol/kg). 

The mechanism of Cd-induced testicular toxicity is unclear. However, several 

theories have been suggested. Cadmium may inhibit the synthesis of hormones essential 

to spermatogenesis. Androgen level and the activity of lactate dehydrogenase, succinic 

dehydrogenase, 17 beta-hydroxysteroid dehydrogenase, and NADP-diaphorase were 

16 



studied in cultured Leydig cells obtained from testes of inbred KP and CBA strains of 

mice sometime after a single injection of CdClj. Leydig cells firom Cd-treated CBA 

strain of mice known to be resistant to the toxic effects of Cd showed no differences in 

the enzyme activity and endocrine function of gonads, as compared to control animals. In 

KP mice sensitive to Cd, a marked decrease in activity of the 17 beta-dehydrogenase, as 

well as a reduction in androgen level, was observed following Cd administration. 

Investigators suggested that the decrease of hormone secretion that occurred on the 2nd 

day of tissue culture may show a correlation with the 17 beta-hydroxysteroid 

dehydrogenase activity (Godowicz and Biliska, 1981). 

In 1996, Xu et al. investigated the induction in vivo of apoptosis (programmed cell 

death) in the testes. CdClj-induced apoptotic DNA fragmentation in the testes of the male 

Wistar rat has been shown on agarose gel. Characteristic DNA migration pattems 

(laddering) also provided evidence of apoptosis in testicular tissue of rats administered 

CdClj at a level of 0.03 mmol/kg within 48h. 

Another mechanism under investigation is the inhibition of Na, K- ATPase 

activity and the effect of Cd on testicular glutathione. Shen and Sangiah (1995), 

investigated Cd chloride (CdCl2)-induced biochemical changes in testes of CD-I mice. 

Investigators reported that CdClj inhibited the testes microsomal Na+,K(+)-ATPase 

activity in vitro and in vivo. The content of testicular glutathione (GSH) and the ratio of 

reduced glutathione/oxidized glutathione (GSH/GSSG) decreased in CdCl2-treated 

groups. However, researchers documented an increase in 2,5-dihydroxybenzoic acid 
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(2,5-DHBA) and 2,3-dihydroxybenzoic acid (2,3-DHBA) as indices of hydroxyl fi-ee 

radical formation after 5 days CdClj exposure. Interestingly, it was shown that 

pretreattnent with vitamin E prevented CdClj-induced increase in OH generation in 

testes. Shen and Sangiah (1995) suggested that CdClz-induced testicular toxicity is 

mediated by a significant increase in hydroxyl free radical formation and a reduction in 

GSH content and Na+,K(+)-ATPase activity. Vitamin E seems to prevent the CdCl2-

induced increase in hydroxyl free radical generation. 

The proposed involvement of oxidative stress in Cd-induced testicular damage is 

further supported by Koizumi and Li (1992). They treated rats with a single dose 

(30 pmol/kg) of CdCl2 and found that 12 hours later lipid peroxidation and cellular 

production of hydrogen peroxide in the Leydig cells were remarkably elevated. The level 

of reduced glutathione decreased whereas that of oxidized glutathione increased 12 hours 

after exposure to Cd. 

Glutathione (GSH) is a tripeptide containing one cysteine residue. It is an 

endogenous free radical scavenger involved in detoxification of metabolites or 

xenobiotics including metals. Glutathione inhibits metal toxicity by forming a metal-

glutathione complex and is thought to be the first line of defense against metal toxicity 

(Klaassen et al., 1985). 
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Cadmium Hepatotoxicity 

The liver is a direct target of acute parenteral and high-dose oral exposure to Cd. 

Exposure to Cd may induce deleterious effects ranging from metabolic alterations to liver 

necrosis (ATSDR, 1998). Cadmium toxic effects in the liver are characterized by 

increased plasma levels of alanine aminotransferase, aspartate aminofransferase, alkaline 

phosphatase, and glucose (Dudley et al., 1982) 

Hepatocytes appear to be the target cells of Cd necrosis and Kupffer cells (hepatic 

macrophages) seem to play a role in injury to these cells. Sauer et al. (1997) investigated 

the effects of inhibition of Kupffer cells on Cd hepatotoxicity. Briefly, male Sprague-

Dawley rats were pretreated with gadolinium chloride, a Kupffer cell inhibitor, (lOmg/kg 

i.v.) and a day later they were administered a single dose of CdCl2 at 3.0 or 4.0 mg/kg. 

After 24 hours the animals were killed and the livers assessed. Cadmium-induced 

toxicity was manifested as multifocal necrosis and increased plasma alanine 

aminofransferase activity was significantly reduced in animals prefreated with gadolmium 

chloride. 

Cadmium hepatotoxicity may be enhanced by several factors. For example, 

fastmg seems to potentiate the toxic effects of Cd in the liver. Shimizu and Morita (1990) 

compared the effects of Cd in fasted rats with those in fed rats. They reported a depletion 

in the level of hepatic GSH compared to fed rats. This depletion of liver glutathione in 

fasted rats appears to increase Cd liver toxicity. Also, hepatic necrosis was more 

extensive in fasted rats. 
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Interestingly, little or no toxicity occurs during chronic or subchronic parenteral 

exposure to Cd. Kamiyama et al. (1995) studied the effects of a long-term Cd exposure 

on rat livers. The animals were administered CdCl2 (0.228 mg Cd/kg, 3 days/week ip) for 

one year. Although Cd accumulated to 183 ± 40 pg/g tissue, only minimal fimctional 

aberration occurred compared to the kidney, which had 92 ± 17 pg. As a result of kidney 

malfunction, serum urea nifrogen and creatinine levels were significantly elevated in the 

Cd-freated rats. The liver of Cd-freated rats exhibited interstitial fibrosis with minimal 

cell necrosis and inflammatory cell infilfration, whereas proximal tubule degeneration 

and infilfration of inflammatory cells in parenchyma of kidneys was apparent. 

Cadmium Nephrotoxicity 

Unlike the testis and liver, the kidney is the target organ of Cd toxicity during 

chronic oral or inhalation exposure to the metal (Friberg et al., 1986, Goyer and Cherian, 

1992). During longterm exposure to low levels of inorganic Cd, a critical concenfration 

of approximately 200pg/g of tissue in the renal cortex is required to induce renal injury. 

The World Health Organization Task Force estimated that this concenfration could be 

reached in a 50 year old of 70kg in weight if his geometric average daily intake were 200-

300 pg /g for his entire life (ATSDR, 1998). 

Except at high doses, hardly any damage is inflicted on the kidney during acute 

exposure to inorganic compounds of Cd. Metallothionein and glutathione provide 

protection against acute Cd toxicity in the kidney by binding to the metal, rendering it 
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inert (Cherian, 1985). Cadmium-metallothionein complex, however, may induce severe 

renal damage when administered acutely even at relatively low doses (40 pg /kg) 

(HabeebuetaL, 1998). 

In chronic exposure, Cd-metallothionein complex produced and released into 

circulation by the liver (Dudley et al., 1985) is filtered through the glomeruli (Foulkes 

1978). Filtered Cd-metallothionein complex is absorbed by cells in the proximal tubules 

by endocytosis (Squibb et al., 1979; Klaassen et al., 1994; Klaassen, 1996). The organic 

moiety of the complex is rapidly degraded by lysosomal enzymes, releasing free Cd ions 

(Dorian et al., 1992). These Cd ions may bind to infracellular sites and be franslocated 

into organelles such as the mitochondria and impede calcium metabolism (Chavez et al., 

1985; Dorian et aL, 1992). 

Renal injury resulting from chronic exposure to Cd has been described as non

specific, that is, damage is not exclusive to one cell type. Reported kidney damage 

includes tubular cell degeneration, apoptosis, and afrophy; interstitial mflammation; 

glomemlar swelling; and sclerosis. Yasuda et al. (1995) also described urinary fribules 

with reduced cross-sectional diameters in victims of itai-itai disease, while in monkeys 

treated with 3- 30 ppm CdCl2 Nomiyama et al. (1979) observed disintegration of the 

brush border, thickening of the basement membrane, and enlargement of the glomerulus. 

Manifestations of tiibular damage are polyuria, calciuria, glucosuria, enzymuria, and 

proteinuria (Bemard et al., 1979; Bemard and Lauwerys, 1997; Habeebu et al., 1998). 

Proteinuria consists primarily of low-molecular weight proteins of which p2-
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microglobulin is the predominant protein. Pz-microglobulin is used as a marker for 

tubular dismption and Cd exposure (Jamp and Blinder, 1994; Goyer, 1996). 

Renal injuries seen in acute exposure are slightly different from those resulting 

from chronic exposure. Acute exposure to Cd caused severe proximal tubule necrosis 

and urinary excretion of protein, glucose, lactate dehydrogenase, N-acetyl-B-D-

glucoseaminidase, and gamma-glutammyltranspeptidase was remarkably greater than 

during chronic exposure (Habeebu et al., 1998). 

The symptoms reported for Cd-induced renal damage in experimental animals 

also have been observed in humans exposed to the metal. A study was conducted in a 

Cd-contaminated versus a non- contaminated area in China to determine the relationship 

between Cd intake and renal dysfunction. Persons from the Cd-contaminated area had a 

statistically significant increase in urinary excretion of P-2-microglobulin (Cai et al. 

1998). In another study involving workers at a nickel-Cd battery factory, Kahan et al. 

(1992) found a significant increase in Cd and N-acetyl- P -D-glucosaminidase in blood 

and urine samples. 

Mechanisms of Toxicity 

Much emphasis has been placed on deciphering the mechanisms of Cd toxicity. 

Several mechanisms including oxidative stress, actin depolymerization, and calcium and 

zinc displacement and competition with other essential metals have been suggested. 
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Thus far, most research effort seems to emphasize understanding Cd-induced 

toxicity as the result of oxidative sfress. Several researchers have shown that Cd causes 

the production of reactive oxygen species, evidenced as an increase in lipid peroxidation 

in the liver, kidney, lung, and testes (Hussain et al., 1987; Koizumi and Li, 1992; 

Kamiyama et al., 1995; Shimizu and Morita, 1990; Shaikh et al., 1999). Cd induces 

oxidative sfress indirectly by depleting tissue glutathione levels and protein-bound 

sulfhydryl groups. Exhaustion of glutathione results in enhanced production of reactive 

oxygen species such as superoxide ion, hydroxyl radicals, and hydrogen peroxide that 

usually are scavenged by glutathione. According to Stohs et al. (2000), "these labile 

species combine with other biological molecules resulting in increased lipid peroxidation, 

enhanced excretion of urinary lipid metabolites, modulation of infracellular oxidized 

states, DNA damage, membrane damage, altered gene expression, and apoptosis (p77)." 

Shaikh et al. (1999) reported that increased lipid peroxidation occurs during 

mcreased synthesis of glutathione in rats treated with Cd at 5 pmol/kg/ day 5 times/week 

for 22 weeks. Lipid peroxidation and Cd toxicity were inhibited by co-admmisfration of 

Cd and the antioxidants N- acetylcysteine (50-100 mg/kg, sc) or vitamin B (100-150 

mg/kg, sc). In addition to increase lipid peroxidation, Koizumi and Li (1992) showed an 

increase in production of cellular hydrogen peroxide in the testes after a single injection 

of 130 pmol CdCl2/kg body weight. 

Another mechanism by which Cd elicits toxic effects is by dismption of calcium 

metabolism. There are no specific transport systems for Cd, thus in addition to simple 
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diffiision, Cd competes with calcium (and other essential ions like zinc and copper) for 

fransport processes. In fact, it has been shown that Cd has a similar affinity for the 

calcium-pumping ATPases as does calcium (Verbost et al., 1987). Such competition for 

calcium fransport system can reduce uptake of Cd and could perturb calcium homeostasis 

and all related homeostatic processes (Fischer, 1985). 

Cd may induce toxicity by displacing calcium from major calcium-dependent 

proteins such as calmodulin (Vig and Nath, 1991). Formation of a Cd-calmodulin 

complex may result in inhibition or activation of calmodulin-dependent enzymes 

(Richard et al., 1985). Cd has been reported to activate calmodulin-dependent 

phosphorylation in the cytosolic portions offish gonadal cells with an efficiency similar 

to that of calcium (Behra and Gall, 1991). 

Recently, attention has been focused on B-cadherin as possibly being involved in 

one of the mechanisms of Cd toxicity. B-cadherin is one of a family of calcium-

dependent adhesion molecules found at the adhering junction in cells. With the aid of 

calcium, B-cadherin from one cell interacts with that from a neighboring cell to form an 

intercellular linkage (Prozialek, 2000). 

B-cadherin is a fransmembrane protein with three domains; (1) an infracellular 

domain linked to actin filaments via catenin (a protein); (2) a frans-membrane domain; 

and (3) an extracellular domain. The exfracellular domain contains the calcium-binding 

site and the adhesive portion of the molecule. Binding of calcium to the calcium-binding 

site infroduces rigidity into the molecule and orients it so that the adhesive portions of the 
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molecule can interact. Cd can prevent this interaction by binding to the calcium-binding 

site on the molecule. Because Cd̂ "̂  is a larger ion than Ca^^ Cd in the calcium-binding 

site causes steric interference, thus affecting the cadherin-catenin complex (Prozialeck 

and Lamar, 1997; Prozialeck, 2000). 

Sfreptozocin 

Sfreptozocin (Figure 1) is a 2-deoxy-D-glucose molecule, which is substituted at 

C2 with a N-methyl-N-nitrosourea group. It is an antibiotic produced by the bacterium 

Streptomyces achromogenes. It is a white amorphous substance that is very soluble in 

water. The compound has low stability at neufral pH. 

Sfreptozocin shows selective toxicity to the pancreas, causing degranulation of the B-

cells, and thickening of the endoplasmic reticulum and separation of the nucleus fron the 

cytoplasm in the a-cells (Weiss, 1982). Because it disrapts P-cells, it is used to induce 

diabetes (Remp, 1970) in experimental animals and as clinical freatment of pancreatic 

neoplasms (Murray-Lyon et al., 1968; Broder and Carter, 1973; Karananayake et al., 

1974). Sfreptozocin induces irreparable damage to the pancreatic p-cells, thus producing 

a diabetogenic conditions that mimic type 1 diabetes. This diabetogenic effect is 

manifested in only a few species of laboratory animals, namely, beagle, and several 

species of rats (Rakieten et al., 1963), and mice (Bhuyan et al., 1974). Sfreptozocin-
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Figure 1. Sfreptozocin 
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induced diabetes has never been observed in patients administered the dmg for 

chemotherapeutic purposes. 

An unequivocal mechanism has not yet been determined but it is thought that 

sfreptozocin is taken up through a glucose fransporter into the pancreatic B-cells and 

causes impairment of mitochondrial oxidative processes in terms of pyravate oxidation, 

inhibition of protein synthesis, and suppression of insulin secretion. Generation of nitiic 

oxide (NO) from STZ, facilitated by cupric (Cu^O and ascorbate, has been held 

responsible, since nicotinamide, which inhibits NO generation from STZ, prevents 

development of diabetes (Anderson et al., 1974). The connection between NO generation 

and impairment of mitochondrial oxidation or of protein synthesis is not clearly 

understood. 

Sfreptozocin also induces other toxic effects in test animals. Sfreptozocin 

increases the rate of occurrence of renal tumors and DNA sfrand breakage in rats. 

Infravenous injection of 25 mg streptozocin /kg body wt caused 46 renal tumors to 

developed in 36/80 Wistar male rats. The tumors were either epithelial, mesenchymal, or 

a mixture of both (Horton et al., 1977). 

The ability of streptozocin to induce cellular proliferation and DNA damage was 

studied in rat kidneys. Male Sprague-Dawley rats received infravenous injections of 0.25 

to 60 mg sfreptozocin/kg and kidneys were harvested 3 hr later. Sfreptozocin induced 

detectable DNA sfrand breaks at a minimum 2.5 mg/kg STZ and caused extensive 

damage at 60 mg/kg, the commonly used diabetogenic dose. DNA damage induced by 
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the diabetogenic dose persisted 14 days after dosing. These are disadvantages in the use 

of the compound as a diabetogenic agent, in that interaction with other compounds might 

induce undesirable and inexplicable results (Kraynak et al., 1995). 
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CHAPTER II 

MATERIALS AND METHODS 

Experimental Design 

Animals: Sexually matiire (approx. 300 g) male and female rats were purchased 

from (SASCO, Omaha, NB), The animals were allowed to acclimatize to existing 

conditions, which are described below, for 8 d after which the females were randomly 

assigned to one of six groups; (1) confrol; (2) sfreptozocin 60 mg/kg (Sigma Chemicals, 

St. Louis MI); (3) CdCl2 (Sigma Chemicals) at 100 pM; (4) CdCl2 at 200 pM; (5) 

sfreptozocin and CdCl2 at 100 pM; and (6) streptozocin and CdCl2 at 200 pM. 

Sfreptozocin dissolved in water was administered infraperitoneally as a single dose at 60 

mg sfreptozocin/kg body weight. Three weeks later, exposure to CdClj in daily drinking 

water was initiated. Two females and one male were allowed to cohabit simultaneously 

with the initiation of CdCl2 exposure. Exposure of dams to CdClj continued until 

postnatal day (PND) 21, when the pups were weaned. Direct exposure to CdCl2 

continued for another 24 d in pups that were exposed in utero and during lactation. On 

PND 45, the animals were weighed and sacrificed and selected tissues were extirpated, 

weighed, snap-frozen, and stored at -80 C for further analysis. One kidney and testis 

from each animal was fixed in formalin for histological analysis. 

Husbandry: Dams were housed 2 per cage until parturition, when they were 

separated. At weaning, pups were segregated by freatment into males and females. The 

animals were kept on a 12:12 hr light:dark cycle and average humidity and temperature 
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of 70%) and 24 ± 1.1° C, respectively. Rodent chow from Teklad and water were 

provided ad libitum. 

Determination of Liver Cadmium Concentration 

Approximately 500 mg of liver was placed in borosilicate test-tube containing 2.5 

ml of concenfrated nitric acid. The test-tubes were placed in a water bath at 98°C until 

the liver was completely digested. During digestion, the test-tubes were swirled at 

intervals until the brown fumes became almost colorless (an indication of completion of 

digestion). The digests were then cooled to room temperature and brought to pH 2, after 

which they were diluted to 10 ml with Milli-Q® water. The samples were then diluted 10-

fold and 2.5 ml of the diluted solution was used was used to determine cadmium 

concenfration using a graphite flimace atomic absorption specfrophotometer. The 

samples were analyzed in triplicate. The concenfration of Cd in the samples was 

calculated in reference to a standard curve of three standards (1 -10 pg/1) with r̂ = 0.99. 

Cadmium was below the detection limit (0.25pg/l) in the blank. 

Histopathology 

Due to financial consfraints, histological and biochemical analysis were done only 

in male offspring. The right kidney and testis from each animal were fixed in 10% 

formalin for 24 h, after which they were placed in 70% alcohol. Following this, the 

tissues were cut mid-saggitally and placed in labeled tissue cassettes. The tissues were 
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processed in an automated Tekmar-Tissue processor and slides were stained with 

hematoxylin and eosin. 

Tissue Protein Evaluation 

Approximately 0.1 g of frozen tissues was homogenized in 1 ml of TRIS-sucrose-

EDTA buffer (lOmM Tris base, 0.25M sucrose, 0.1 mM ethylenediaminetetraacetic acid). 

Protein concenfration of the homogenates was determined by a modified version of 

Bradford's protein assay. Homogenized samples were diluted 10-fold and 5 pi of sample 

was added to 200 ml concentrated Bio-Rad protein assay reagent and 795 pi buffer. 

Absorbances were read in duplicate in a Bio-Rad spectrophotometer (Bio-Rad, Houston, 

TX). A standard curve was generated using concenfrations of bovine semm albumin 

(BSA) ranging from 1-12 mg/ml. Protein concenfrations were determined using Prism 

Graphpad software. 

Sodium Dodecylsulfate Polyacrylamide Gel Elecfrophoresis 

Proteins from each homogenate were separated according to the method of 

Laemmli (1970). Briefly, 10 pi of 20 pg/pl of samples were heated at 95°C for 5 min in 

SDS-PAGE solubilization buffer (10% glycerol, 5% yS-mercaptoethanol, 3% SDS, 0.01% 

bromophenol blue in 62.5 mM Tris (pH 6.8). The samples were then loaded on 12% (for 

Western blotting; 12%) home-made gels were used in elecfrophoretic blotting) or 4-15% 

gradient gel (Bio-Rad) and electrophoresed for approximately 1 h at lOOV using a Bio-

Rad Mini-gel elecfrophoretic apparatus. Following elecfrophoresis, the gradient gels 
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were stained with silver stain according to the manufacttirer's specifications (Gottlieb and 

Chavko, 1987) and analyzed by densitometer fracing using AlphaBase analytical 

software. 

Immunologic Detection of StAR Protein and 
Cytochrome P450 Side-Chain Cleavage Enzyme 

Following elecfrophoretic separation, the gel, filter papers, and nitrocellulose 

paper were sattirated with fransfer buffer (25 mM Tris, 192 mM glycine, 20%) methanol, 

adjusted to pH 8.3). Elecfrophoretic "blotting" of proteins onto nitrocellulose paper was 

accomplished using 4.0 mA constant current ovemight at 4°C. The nitrocellulose blot 

was placed in Tris-buffered blocking solution (TBS; 20 mM Tris, 500 mM NaCl, pH 7.5) 

containing 4%o nonfat dried milk and gentiy agitated for 4 h at room temperature. After 

blocking, the blots were incubated for 2 h with monoclonal antibodies derived against 

specific proteins, namely, steroidogenic acute regulatory protein and cytochrome P450 

side-chain cleavage enzyme (P450scc), in steroidogenic tissues. 

Following incubation with the primary antibody, the blot was washed with 

vigorous shaking in 6 changes of TTBS containing 5% nonfat dried milk for 45 mins at 

room temperature. The blot was then incubated with horseradish peroxidase-conjugated 

goat anti-mouse antibody (Amersham) in Tris buffer (Tris base, 0.1% TWEBN-20, 5% 

milk) with gentle agitation for 1 h at room temperature. Following incubation, the blot 

was washed in three changes (15 minutes for each change), of TBS with 0.05% TWEEN-

20 with vigorous shaking. The blots were rinsed twice in TBS. Blots were visualized 
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using enhanced chemiluminescence detection development according to the 

manufacturer's specifications (Amersham). Autoradiographs were developed and 

analyzed utilizing AlphaBase version 5.1 software. 

Angiotensin I Converting Enzyme Assay 

Approximately 0.15 g of kidney tissue was homogenized in 1ml of Tris buffer pH 

7.4. The homogenate was centrifuged at 3,000 rpm at 4°C for 10 mins. The supematant 

was used for enzyme activity determination. A 240 pi aliquot of subsfrate buffer 

(phosphate-buffered saline (pH 8.3) containing 46.6 mg hippuryl-L-histidyl-L-leucine 

dissolved in 4 ml of 25 mM NaOH) at 37°C was added to 10 pi of supematant. The 

mixture was then vortexed and allowed to incubate at 37°C for 15 min. Then 1.45 ml of 

0.28 M NaOH was added and the solution vortexed again. Next 100 pi of freshly 

prepared 2% o-phthaldialdehyde was added, the solution mixed, and incubated at room 

temperature for 10 min. After this, 200 pi of 3M HCl was added to stop the reaction. A 

200 ul aliquot of each assay solution were pipetted into 96-well plates and the 

fluorescence units determined on a specfrofluorometer (Molecular Devices) at excitation 

and emission wavelengths of 360 and 455 nm, respectively. All samples were read in 

duplicate. 

A standard curve was obtained by dilutions of the standard stock solution (0.516 

mM L-histidyl-L-leucine in water), with concenfrations of L-histidyl-L-leucine ranging 
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from 2-15 ng/ml. The concentration of product was determined by SoftMaxPro 

software. Enzyme activity was determined as the rate of product formation/gram of 

protein. 

Before determining the enzyme activity in the test samples, the optimum 

supematant concenfration was determined. This was done by making serial dilutions of 

the supematant (1, 2, 4, 8, 16, 32, 10, 100, 1000, and 10,000) to obtain the concenfration 

at which product formation rate is maximal at a fixed substrate concentration. The 

optimum rate was obtained from the undiluted sample. The substrate level used was 

similar to that used in the original assay (Friedland and Silverstein, 1976). 

Determination of Plasma Tefraiodothyronine (T4) and 
Testosterone Levels 

The plasma levels of T4 and testosterone were determined using kits from 

Diagnostic Products Corporation (Los Angeles, CA). The assays were carried out 

according to the manufacturer's specifications except that T4 assay tubes were allowed to 

mcubate for 1.5 h. Sensitivities for the assays were 0.25 pg/dl and 4 ng/dl, respectively, 

for T4 and testosterone. Infra-assay variations were 3.3% for T4 and 7% and for 

testosterone. Blood clots rapidly, thus, it was difficuh to obtain large volumes of blood 

from the animals by decapitation. Hence, the volume of plasma available for these assays 

was small in some treatment groups and in the case of the 100 pM CdCl2 freatment group 

insufficient plasma was available to performT4 assays. 
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Statistical Analysis 

Bodyweight and organ relative weights were analyzed by an analysis of variance 

(ANOVA) (Ott, 1988) using the SAS GLM procedure for two-way ANOVA (SAS histitute, 

1982). Treatment means with significant differences were ranked by Duncan's multiple range 

test (SAS Institute, 1982). Glomemlar and seminiferous tubule diameter, tissue protein 

concenfration, plasma testosterone and tetraiodothyronine levels, and angiotensin converting 

enzyme activity were analyzed by one-way analysis of variance followed by Tukey's posttest 

using GraphPad Prism version 3.00 for Windows, (GraphPad Software, San Diego California 

USA). All statements of differences are based on significance at p < 0.05. 
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CHAPTER III 

RESULTS 

Liver Cadmium Concenfration in Offspring 

Liver cadmium concenfrations in male offspring from STZ and non-STZ-freated 

dams were determined as a measure of exposure levels, using graphite fiimace atomic 

absorption. Cadmium concenfration in the liver of offspring of non-STZ-freated dams 

was 1.6 pg/g and 2.8 pg/g wet tissue weight (r = 0.9; p < 0.01), for the 100 pM and 200 

pM concenfration groups, respectively. Concentrations of 1.2 pg/g and 2.9 pg/g wet 

tissue weight (r = 0.9; p < 0.01) were observed in pups of STZ-freated dams exposed to 

100 pM and 200 pM CdCl2 groups, respectively. 

Body Weight of Litter 

The averages of body weight are presented in Table 1. Body weight is presented 

for the litter as well as for male and female animals because there was a significant 

interaction between gender and treatment for this parameter. Relative to confrol animals, 

exposure of pups to CdCl2 at a concentration of 100 pM resulted in a significant reduction 

in average body weight of litter members. The body weight of these animals also was 

significantly different from those of pups m the other freatment groups. 
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At a concentration of 200 pM, CdCl2 did not significantly affect body weight of 

pups. Similariy, the body weight of pups from STZ-freated dams was not significantiy 

reduced compared to those of confrol animals 

When pups of STZ-treated dams were exposed to 100 pM CdClz, there was a 

slight increase in body weight. In contrast, pups from STZ-freated dams exposed to 

200 pM CdCl2had a significant reduction in body weight compared to those of animals in 

the confrol group. The body weight of offspring in this freatment group was significantly 

different from that of pups of non-STZ-treated dams exposed to 100 pM CdClz-

Weight of Male Pups 

There was significant gender: treatment interaction for body weight. A 

concentration of 100 pM CdCl2 resulted in a slight reduction in body weight of male pups 

(174.54 ± 2.03 g) relative to the confrol group (190.14 ± 6.13 g). Exposure of offspring 

of non-STZ freated dams to a concenfration of 200 pM CdCl2 caused the body weight of 

pups to increase slightiy (to 197.23 ± 5.31g) compared to confrol animals. 

Treatment of dams with STZ did not affect the body weight of their offspring. 

Continuous exposure of pups from STZ-treated dams to 100 pM CdCl2from gestation 

through postnatal day 45 also did not significantiy increase their body weight, in 

comparison to control animals. The body weight of these animals was significantly 

greater than those of offspring from STZ-freated dams and CdCl2-exposed dams. When 

compared to confrol offspring and those of other freatinent group, CdClz at 200 pM 
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caused a significant reduction in body weight of pups from STZ-treated dams. At 

postnatal day 45, pups of STZ-freated dams exposed to CdCl2 weighed 158.45 ± 7.32 g 

compared to 190.14 ± 6.13 g for the control group. 

Weight of Female Pups 

The effects of CdCl2 in body weight of female pups of sfreptozocin-freated or 

non-freated dams are presented in Table 1. Exposure of female pups from non-STZ-

freated dams to CdCl2 at a concentration of 100 pM did not result in a significant 

reduction in their body weight. At 200 pM, exposure to CdCl2 did not cause a significant 

increase in body weight when compared to that of confrol female pups. 

Relative to confrol animals, a statistically insignificant increase in body weight 

was observed in pups from STZ-freated dams. The body weight of these animals was 

significantly greater than those of offspring from STZ-treated dams exposed to 200 pM 

CdCl2. 

Cadmium chloride at a concentration of 100 pM caused only a slight decline in 

bodyweight of female pups from STZ-freated dams. However, at a concenfration of 

200 pM, CdCl2 induced a significant reduction in body weight of pups from such dams. 

Heart Weight 

Table 2 shows the results for heart-weight. Exposure to CdCl2 at 100 pM and 

200 pM did not cause any change in heart-relative weight of pups of non-STZ-freated 

dams. A slight reduction in heart relative-weight was observed in pups of STZ-freated 
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dams. When pups of STZ- freated dams were exposed to 100 pM or 200 pM CdClj, no 

significant difference was observed in their heart relative-weight. Heart-relative weight of 

pups of STZ-freated dams exposed to 100 pM was significantly different from that of 

pups from dams treated with STZ alone. 

Liver Weight 

The results for liver weight are in presented Table 2. Cadmium chloride at 

concenfrations of 100 pM and 200 pM caused a significant reduction in the liver relative 

weight (4.60 ± 0.09; 4.54 ±0.08, respectively) of offspring of non-STZ-freated dams 

compared to that of animals in the control group (5.00 ± 0.09). Evaluation of the weight 

of the liver in offspring from STZ-freated dams revealed a slight decrease in liver size in 

these animals. Exposure to CdCl2 at a concentration of 100 pM or 200 pM did not affect 

a statistically significant increase of the relative weight of the liver in offspring from 

STZ-freated dams compared to confrol animals. Liver relative weight of pups from STZ-

and 100 pM CdCl2.treated dams was significantiy greater than that of pups from dams 

exposed to CdCl2 alone. 

Spleen Weight 

Analysis of litter spleen weight revealed that exposure to CdCl2at 100 pM and 

200 pM did not result in significant alteration of this parameter (Table 2). The weight of 

the spleen in pups from STZ-treated dams also was similar to that of confrol animals. 

When pups of STZ-treated-dams were exposed to 100 pM CdCl2, a nominal increase in 
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the relative spleen weight was observed. A slight reduction in spleen relative weight was 

observed in pups of STZ- treated dams exposed to 200 pM CdCl2. 

Lung Weight 

Cadmium chloride at a concentration of 100 pM did not cause a significant 

reduction in the relative weight of the lung in offspring of non-STZ-freated dams; neither 

did CdCl2 at tiie 200 pM level (Table 2). In similar fashion, lung relative weight of 

offspring of STZ-exposed dams was not affected. Cadmium chloride at a concenfration 

of 100 pM caused a small reduction in the relative weight of the lung, whereas at a 

concenfration of 200 pM a significant increase in lung relative weight was observed in 

pups of STZ-freated dams compared to those of pups from other treatment groups as well 

as control pups. 

Kidney Weight 

The results for kidney weight are in Table 3. Analysis of the relative weights of 

the kidney indicates that compared to confrol animals, CdCl2 at concenfrations used in 

this experiment did not significantiy alter this parameter in offspring of non-STZ-freated 

dams. A significant increase in relative weight of the kidney was not observed in animals 

from STZ-freated dams. Similariy, exposure to CdCl2 did not significantiy alter the 

relative weight of kidney in pups from STZ-freated dams. 
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Testis Weight 

The weights of the testes are listed in Table 3. Cadmium chloride at 

concentrations of 100 pM and 200 pM did not induce a significant reduction in the 

relative weight of the testis. Testis relative weight of pups from STZ-freated dams was 

not statistically significantly less than that of confrol animals. Analysis of the effect of 

CdCl2on testis-relative weight of offspring bom to STZ-exposed dams revealed no 

significant effect at the 100 pM or 200 pM exposure level. Testis-relative weights for all 

the experimental groups, as well as for the confrol, ranged from 0.92 ± 0.12 to 

1.27 ±0.10. 

Histological Evaluation of the Kidney 

The results for histologic and biochemical evaluations are presented for male pups 

only. Figures 2-7 show the cortical regions of kidneys from male offspring representing 

each freatment group (including the confrol group) in this study. Exposure of pups of 

non-STZ-freated dams to CdCl2at concentrations of 100 or 200 pM resulted in renal 

corpuscle diameter that was not significantiy different from those of confrol animals 

(p> 0.05) (Figure 8). A slight decrease in renal corpuscle diameter was observed in 

offspring of STZ-freated dams. Similariy, a slight reduction in renal corpuscle diameter 

was observed in CdCl2-exposed pups of STZ-freated dams. This reduction was not 

statistically significant. 
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Histological Evaluation of the Testes 

The histological appearance of testes is shown in Figures 9-14. Spermatocytes, 

spermatids, and mattiring sperm clusters were observed at relatively low frequency in 

each freatinent group. The basement membrane and the germinal epithelium of the 

ttibules appeared to be intact in animals of the freatinent groups. 

Cadmium chloride at a concentration of 100 pM and 200 pM did not affect 

seminiferous tiibule diameter (Figure 15) of rat pups from non-STZ treated dams. 

Seminiferous ttibule diameter in pups of STZ-treated dams was similar to that of confrol 

animals. Cadmium chloride at concentrations of 100 pM and 200 pM did not cause a 

significant reduction in the diameter of seminiferous tubules in offspring of STZ-freated 

dams. 

Analysis of Tissue Protein concenfration and Protein profile. 

Table 4 shows the results for the effect of continuous exposure to CdCl2, from 

birth through postnatal day 45, on tissue-protein concenfration in offspring of STZ-

freated and unfreated dams. 

Although the effect is not statistically significant, CdCl2 at a concenfration of 

100 pM induced protein synthesis in the liver and testis, whereas synthesis in the kidney 

and adrenal gland was reduced. Interestingly, CdCl2 at 200 pM did not inhibit or induce 

protein synthesis in the testis. Protein concenfration for the animals in the 200 pM CdCl2 

group and confrol group were 231 ± 14.54 mg/g and 230 ± 17.90 mg/g, respectively. In 
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this freatment group, protein concenfration of the kidney increased relative to confrol, 

whereas that of the liver and adrenal gland decreased. These changes were not 

statistically significant. 

A slight increase in protein concenfration of the testis, liver, and kidney was 

observed in male pups of STZ-treated dams. Protein concenfration in the adrenal glandin 

this freatment group was nominally less than that of the control group. Exposure of male 

pups of STZ-freated dams to CdCl2 at a concentration of 100 pM caused a modest but 

statistically insignificant reduction in tissue protein concenfration of the testis. In the 

liver, kidney, and adrenal gland protein concenttation was increased. 

Figvues 16-18 represent elecfrophoretic separation of proteins in the adrenal 

gland, testes, and liver. Densitometry (Figure 16) shows that CdCl2 at 100 pM caused a 

reduction in expression of proteins of molecular weight (M,) 198 kD in the adrenal of 

offspring of non STZ-freated dams. The protein band at M^ of 108 kD was not detected 

in this freatment group. 

Cadmium chloride at 200 pM reduced synthesis of proteins of M, 89.2 kD 

whereas all other freatments induced synthesis proteins of this weight in the testis. 

Cadmium chloride enhanced synthesis of this band of proteins in the testis of offspring 

from STZ-freated dams. 

There was a general increase in synthesis of proteins in the liver of offspring 

from STZ-freated dams exposed to cadmium. Synthesis of proteins at the 186 kD and 

92kD was enhanced to a greater extent than in the other freatinent group. 
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Westem Blot Evaluation of StAR Protein and P450scc Enzyme 

The effect of treatment on synthesis of StAR protein and cytochrome P450 side 

chain cleavage enzyme in the testis and adrenal was determined. As shown in Figure 19, 

the result of Westem blot analysis revealed no differences in synthesis of adrenal StAR 

protein or P450scc between freated and control groups. Based on intensity of protein 

bands, synthesis averaged 99% of the confrol. Neither StAR protein nor P450scc was 

detected in the testis. 

Analysis of Plasma Hormone Concentration 

Results for hormone analysis are presented in Figures 20-21. Cadmium chloride 

exposure in male offspring of nonSTZ-treated dams caused no significant reduction in 

plasma concenfration of testosterone. In pups of STZ-treated dams, plasma testosterone 

level also was nominally reduced with respect to that of confrol animals. An increase in 

testosterone concenfration was observed in pups of STZ-freated dams exposed to CdCl2. 

Tefraiodothyronine was slightly reduced in all the freated groups. 

Angiotensin Converting Enzyme Activity Evaluation. 

Figure 22 shows the effect of freatment on angiotensin I converting enzyme 

(ACE) activity. Gestational-lactational-postlactational exposure to CdCl2at 100 pM 

caused only a slight increase in the activity of renal ACE activity, in comparison to that 

of confrol animals. A significant increase in ACE activity was observed in offspring from 

dams exposed to CdCl2 at 100 pM relative to that of offspring from STZ-freated dams 
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exposed to CdClj. In confrast, exposure to CdClj from gestation through postnatal day 45 

resulted in a nominal reduction of ACE activity. There also was a nominal reduction in 

ACE activity in pups of STZ-freated dams. Exposure of offspring from STZ-treated 

dams to CdClj at a concentration of 100 pM resulted in a significant reduction in ACE 

activity; however, CdClj at a concentration of 100 pM did not affect ACE activity. 
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Figure 2. Photomicrograph from a representative section 
of kidney from confrol animal. Outer cortical region of the 
kidney showing renal corpuscle (RC). Hematoxylin and 
eosin. X140. 
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Figure 3. Photomicrograph from a representative section of 
kidney from 200pM cadmium chloride-freated animals. 
Outer cortical region of the kidney showing renal corpuscle 
(RC). Hematoxylin and eosin. X250. 
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Figure 4. Photomicrograph from a representative section of 
kidney from lOOpM cadmium chloride-freated animals. 
Outer cortical region of the kidney showing renal corpuscle 
(RC). Hematoxylin and eosin. XI80. 
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Figure 5. Photomicrograph from a representative section of 
kidney from sfreptozocin freated animal. Outer cortical 
region of the kidney showing renal corpuscle (RC). 
Hematoxylin and eosin. X18 0. 
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Figure 6. Photomicrograph of a representative section from 
kidney of lOOpM cadmium chloride and streptozocin 
treated animal. Outer cortical region of the kidney showing 
renal corpuscle (RC). Hematoxylin and eosin. X300. 
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Figure 7. Photomicrograph from a representative section of 
kidney from 200pM cadmium chloride and sfreptozocin 
freated animal. Outer cortical region of the kidney showing 
renal corpuscle (RC). Hematoxylin and eosin. XI40 
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Figure 8. Graph of the effect of cadmium chloride and sfreptozocin on 
pup renal corpuscle diameter. Treated groups were similar to the confrol 
group. Two hundred corpuscles per animal and four animals per 
freatment group were assessed. 
scd2 - 200pM cadmium chloride + 60 mg/kg sfreptozocin 
scdl -100 pM cadmium chloride + 60 mg/kg sfreptozocin 
stz - 60 mg/kg sfreptozocin 
cd2 - 200 pM cadmium chloride 
cdl - 100 pM cadmium chloride 
con - confrol 
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Figure 9. Photomicrograph from a representative section of 
testes from confrol animal, flagellum of spermatid (Fl); 
spermatocyte (Sy); spermatogonia (Sg); spermatid (Sp). 
Hematoxylin and eosin. X250 
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Figure 10. Photomicrograph from a representative section 
of testis from 200pM cadmium chloride-freated animals, 
spermatocyte (Sy); spermatogonia (Sg); spermatid (Sp). 
Hematoxylin and eosin. X200. 

58 



Figure 11. Photomicrograph from a representative section 
of testis removed from lOOpM cadmium chloride-treated 
animals, interstitial cell (IC); spermatocyte (Sy); 
spermatogonia (Sg); spermatid (Sp). Hematoxylin and 
eosin. X250. 
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Figure 12. Photomicrograph from a representative section 
of testis removed from STZ-freated animals. Sertoli Cell 
(SC); spermatocyte (Sy); spermatogonia (Sg); spermatid 
(Sp). Hematoxylin and eosin. X170 
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Figure 13. Photomicrograph from a representative section 
of testis removed from lOOpM cadmium chloride-STZ-
freated animals. Sertoli Cell (SC); spermatocyte (Sy); 
spermatogonia (Sg); spermatid (Sp). Hematoxylin and 
eosin. X250. 
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Figure 14. Photomicrograph from a representative section 
of testis removed from 200pM cadmium chloride-STZ 
freated animals, spermatocyte (Sy); spermatogonia (Sg); 
spermatid (Sp). Hematoxylin and eosin. X200. 
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Figure 15. Effect of cadmium chloride and sfreptozocin on pup 
seminiferous tubule diameter. 
scd2 - 200pM cadmium chloride + 60 mg/kg sfreptozocin 
scdl -100 pM cadmium chloride + 60 mg/kg sfreptozocin 
stz - 60 mg/kg sfreptozocin 
cd2 - 200 pM cadmium chloride 
cdl - 100 pM cadmium chloride 
con - confrol 
Treated groups were similar to the control group. Two hundred 
tubules per animal were assessed. Four animals in each freatment 
group. 
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Figure 16. Elecfrophoretic separation of adrenal gland proteins. 
Lanes were loaded with 10 pg of protein, 
lane 1- standard 
lane 2 - 200 pM cadmium chloride + 60 mg/kg sfreptozocin 
lane 3-100 pM cadmium chloride + 60 mg/kg sfreptozocin 
lane 4 - 6 0 mg/kg streptozocin 
lane 5 - 200 pM cadmium chloride 
lane 6-100 pM cadmium chloride 
lane 7 - confrol. 
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Figure 17. Elecfrophoretic separation of testicular proteins. 
Lanes were loaded with 10 pg of protein 
lane 1- standard 
lane 2 - 200 pM cadmium chloride + 60 mg/kg 
streptozocin 
lane 3 -100 pM cadmium chloride + 60 mg/kg 
sfreptozocin 
lane 4 - 60 mg/kg sfreptozocin 
lane 5- 200 pM cadmium chloride 
lane 6 - 100 pM cadmium chloride 
lane 7 - control. 
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Figure 18. Elecfrophoretic separation of liver proteins. 
lane 1- standard 
lane 2 - 200 pM cadmium chloride + 60 mg/kg sfreptozocin 
lane 3-100 pM cadmium chloride + 60 mg/kg sfreptozocin 
lane 4 -60 mg/kg sfreptozocin 
lane 5 - 200 pM cadmium chloride 
lane 6-100 pM cadmium chloride 
lane 7 - confrol. Lanes were loaded with 10 pg of protein. 
No apparent difference in protein profile was observed. 
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Figure 19. Westem blot of adrenal proteins. Each lane 
was loaded with 15 pg of protein except the lane 
containing the standard which had 5 pg . 
lane 1- steroidogenic acute regulatory protein marker 
lane 2 - 200 pM cadmium chloride + 60 mg/kg 
sfreptozocin 
lane 3-100 pM cadmium chloride + 60 mg/kg 
sfreptozocin 
lane4 - 60 mg/kg sfreptozocin 
lane 5 - 200 pM cadmium chloride 
lane 6-100 pM cadmium chloride 
lane 7 - confrol. 
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Figure 20. Graph of the effect of cadmium and sfreptozocin 
on semm testosterone. 
scd2 - 200 pM cadmium chloride + 60 mg/kg sfreptozocin 
scdl - 100 pM cadmium chloride + 60 mg/kg sfreptozocin 
stz - 60 mg/kg streptozocin 
cd2 - 200 pM cadmium chloride 
cdl - 100 pM cadmium chloride 
con - confrol. 
N = 4. Treated groups were similar to the confrol (p<0.05). 
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Figure 21. Graph of the effect of cadmium and sfreptozocin 
on semm tefraiodothyronine (T4). 
scd2 - 200 pMcadmium chloride + 60 mg/kg streptozocin 
scdl -100 pM cadmium chloride + 60 mg/kg sfreptozocin 
stz - 60 mg/kg sfreptozocin 
cd2 - 200 pM cadmium chloride 
con - confrol 
N = 4. Treated groups were similar the confrol (p<0.05). 
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Figure 22. Graph showing the effect of cadmium and sfreptozocin on 
angiotensin I converting enzyme activity in the kidney. 
scd2 - 200 pM cadmium chloride + 60 mg/kg sfreptozocin 
scdl -100 pM cadmium chloride + 60 mg/kg streptozocin 
stz - 60 mg/kg sfreptozocin 
cd2 - 200 pM cadmium chloride 
cdl - 100 pM cadmium chloride 
con - confrol 
* significantly different from the confrol the confrol group. 
N = 4. 
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CHAPTER IV 

DISCUSSION 

Developmental stages involve rapid changes in tissues and organs and thus may 

be highly susceptible to environmental contaminants such as cadmium, that are capable 

of dismpting gene regulation, ligand binding, and altering differentiation and enzyme 

activity and myriad other biological processes. Intermption of these processes could 

ultimately result in permanent morphologic or fimctional defects, even though exposure 

might have been fransient. "Development of an animal" has been defined as that period 

encompassing the embryonal and fetal stages; however, in some organs such as the 

kidney and the testes (Fetterman and Fabrizio, 1966; Jose and Fildes, 1988) development 

(morphological or functional) continues into adolescence. The degree and permanency of 

developmental defects due to exposure to contaminants is dependent on the stage of 

exposure because relative susceptibility to toxic insults vary from one stage to the other. 

Cadmium, an environmental contaminant, is of much concem because studies 

have shown that it can induce developmental toxicity (Ali et al., 1986; Baranski, 1987; 

Corpas and Antonio, 1998). According to the toxicological profile for cadmium, there is 

very little information on the developmental toxicity of cadmium at environmentally 

relevant concenfrations. Hence, the present stiidy was initiated to investigate the 

developmental toxicity of cadmium at low exposure levels. 

Previous studies indicate that prenatal exposure to cadmium causes retardation of 

infrauterine development manifested as low birth weight and short crown-mmp length 
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(Corpas and Antonio, 1998; Baranski, 1985, 1987); sirenomelia or ameha and retarded 

osteogenesis (Baranski, 1984) and skeletal malformations (Hok and Webb, 1987); and 

reduced testis weight, seminiferous tiibule diameter, and number of spermatogonia in 

PNDO pups (Corpas and Antonio, 1998). 

The results reported in the present sttidy are inconsistent with those mentioned 

above. This probably is because the animals in the present study were assessed at PND45 

compared to animals at PND 21 or younger in earlier stiidies. Cadmium chloride 

administered at a concenfration of 200 pM did not cause significant alteration in the 

average body weight of litter members (males and females combined). However, at the 

100 pM concenfration exposure level, CdClj caused a significant reduction in the average 

body weight of litter members of nonSTZ-treated dams compared to that of confrol pups. 

The body weight of these animals also was significantly reduced compared to those of 

pups in other freatment groups except that of pups from STZ-dams exposed to 200 pM 

CdCl2. 

When pups in the 100 pM CdCl2 treatment group were separated by gender, the 

weight of the males was similar to that of confrols but significantly reduced compared to 

that of offspring from STZ-treated dams exposed to 100 pM CdCl2. The body weight of 

the female pups also was similar to that of female animals of the confrol group; however, 

it was significantly reduced in comparison to that of female pups from STZ-freated dams. 

This response seen in body weight in the present study is similar to that observed 

in some previous studies. Gupta and Shukla (1996) observed no change in body weight 

or in organ weight of offspring exposed to cadmium at 10 ppm from gestation day zero to 
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PND45. When mice were exposed to cadmium (10 ppm) from gestation day 1 until they 

were 8 weeks old, no significant change in the body weight occurred (Desi et al., 1998). 

Similarly, Baranski (1984) reported a lack of significant change in body weight of 

developing animals exposed prenatally to cadmium. There was one sttidy that indicated 

that offspring exposed to cadmium continuously from gestation had retarded growth rate 

until PND45 after which their growth rate was similar to that of control animals (Ali et 

al., 1986). 

At a glance, the reported results of the effect of cadmium at environmental 

concenfrations on growth rate appear to be in conflict. Close assessment suggests that at 

low concenfrations cadmium causes a poor growth rate in neonates exposed prenatally 

and lactationally. However, there appears to be a point where this effect is reversed, even 

with continued low level exposure, at least in gross parameters like somatic indices, and 

growth rate becomes similar to that of confrol animals. This observation parallels the fact 

that in most studies in which reduced growth rate was reported, it occurred in animals less 

than 30 days old, whereas the lack of effects was reported to be the case for older 

animals. 

Levin et al. (1987) suggested that in early neonatal stage these developmental 

effects are probably secondary effects of cadmium exposure. For example, the placenta is 

very efficient in preventing cadmium distribution to the fetus while accumulating the 

metal, which causes placental cellular damage (Levin et al., 1987; Hazelhoff Roelfzema 

et al , 1987). Placental damage can lead to abnormal development of the fetiis. 
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STZ induces chemical type I diabetes by selectively desfroying the pancreatic B-

cells (Junod et al., 1967; Remp and Tarding, 1969). In the present stiidy, STZ was 

administered to nulliparous females that were allowed to breed three weeks after 

exposure to the chemical. The offspring were assessed for toxic effects at PND45. 

The body weight of offspring from STZ-treated dams was not significantly less 

than that of confrol pups. No significant differences were observed between the body 

weights of male or female pups and their respective controls. The average body weight 

of litter members and that of female pups in this treatment group were very similar to 

those of their respective control. These results are different from those reported in most 

earlier studies. This, however, probably is due to a difference in the age of assessed 

animals. Many previous studies reported significant difference in initial growth rate of 

neonates (Thulesen et al., 2000; Stymd et al., 1995). In one study, pups of STZ-freated 

dams were smaller than those of confrol dams during the early neonatal phase, but their 

size became normal by the time they were 30 days old (Grill et al., 1991). Thus, in this 

study, there is a possibility that an effect on body weight was not apparent because these 

pups were assessed at PND 45. 

Considering that cadmium and diabetes individually cause developmental 

aberrations, and the possibility of pregnant diabetic women being exposed to cadmium, it 

seemed warranted to investigate the effect of this combination on development. At a 

concenration of 100 pM, CdCl2 did not elicit a significant response in body weight of 

pups from STZ-freated dams. The body weight of these animals also was similar to those 

of offspring from dams freated with STZ only or cadmium chloride only. Cadmium 
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chloride at a concentration of 200 uM, however, caused a significant reduction in the 

bodyweight of pups of STZ-freated dams compared to pups of confrol dams and pups of 

STZ-freated or cadmium-exposed dams. The body weight of offspring of STZ-freated 

dams m the 200 pM CdClj freatment group declined by 17% relative to that of confrol 

animals. The significant difference in body weight of offspring from STZ-freated dams 

that were exposed to 200 pM CdCl2 compared to the body weight of those from dams 

freated with STZ-only or 100 pM cadmium chloride-only (Table 1) suggest the 

possibility of a potentiated response when both exposure conditions are combined. 

The body weight of male offspring from STZ-treated dams in the 200 pM CdCl2 

group slightly increased relative to that of confrol males. Interestingly, these offspring 

were significantly larger than those of male offspring from dams exposed to 100 pM 

CdClj alone and of offspring from STZ-freated dams. Male offspring from STZ-dams 

exposed to 200 pM CdCl2 weighed less than control animals or those from dams exposed 

to 200 pM CdClj and from STZ-treated dams exposed to 100 pM CdCl2. 

Effect on Organ Weight 

In comparison to controls, cadmium did not significantly alter the relative weights 

of the lung, kidney, testis, spleen, or the heart. These observations are comparable to 

those of Desi et al. (1998) who reported that exposure of offspring to CdCl2 at 10 ppm 

from prenatal day 1 through 8 weeks of age did not significantly affect lung, testis, heart 

or spleen weight but caused a significant reduction in kidney weight. The lack of 

response in kidney weight in the present study is unexpected because this organ is the 
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primary target organ of cadmium toxicity, especially in low level chronic exposure 

(ATSDR, 1998). However, researchers have suggested that even though the kidney is the 

site of cadmium accumulation, it may be less susceptible than other organs to cadmium 

toxicity. For example, Jamall et al. (1989) reported that weanling rats administered 50 

ppm cadmium in drinking water for seven weeks showed histopathologic changes in the 

heart, whereas the kidney was unaffected. 

Cadmium caused a small but significant reduction in the liver-relative weight of 

pups of nonSTZ-freated dams when compared to those of control offspring and of 

offspring of other freatment groups. The liver weights of offspring of confrol dams 

exposed to CdCl2 were similar to those of offspring from confrol dams. The biological 

significance of this minor retardation in growth of the liver is uncertain, but it cannot be 

overlooked because it was manifested at both levels of cadmium exposure. This result is 

confrary to those of earlier studies such as that of Desi et al. (1998), who reported that 

cadmium did not affect the weight of the liver in pups chronically exposed to cadmium. 

Currentiy, there is no viable explanation for this response. According to the literature, 

the liver is not very susceptible to cadmium toxicity during chronic low-level exposure 

because of its ability to synthesize metallothionein at a rate sufficient to prevent 

accumulation of the free ions in this organ; free cadmium ions, which may enter and 

damage critical organelles, are presumed to be the toxic agents rather than a cadmium ion 

complex. In addition, Wang and Klaassen (1981) reported that although younger 

animals have a higher concentration of metallothionein than do aduUs, this does not 

cause increased cadmium accumulation in the liver. 
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There was no significant effect on organ weight in offspring of STZ-freated dams 

compared to those of confrol animals. The relative weights of organs (except that of the 

liver) from pups in this group also were similar to those of pups from dams exposed to 

CdCl2. Liver-relative weight of offspring from STZ-freated dams was similar to that of 

pups from dams exposed to 100 pM CdClz. however, it was significantiy larger than that 

of pups from dams exposed to 200 pM CdClj. 

Previous studies of fetuses and eariy neonates of STZ-freated dams found 

maldevelopment of animals. Effects include under-developed lung, reduced nephrons, 

neural tube defects, and reduced organ weight (Thulessen et al., 2000; Amri et al , 1999; 

Wiznitzer et al., 1999; Dai et al., 1994). In older animals, reduced plasma concenfration 

of testosterone has been reported in the progeny of STZ-freated dams, but more 

commonly reported is the impairment of glucose tolerance (Silverman et al., 1995; 

Bender etal., 1988). 

Except for heart weight of offspring exposed to 100 pM CdClj, there was no 

freatment-related effect in organ weights of offspring of STZ-freated dams. This effect 

on heart weight was not observed in the offspring of cadmium-alone or STZ-exposed 

dams. Interestingly, although cadmium alone caused significant reduction in liver 

weight, cadmium in combination with STZ had no significant effect on liver weight of 

offspring. 
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Effect on Seminiferous Tubule and Glomemlus Diameter 

The effect of exposure to CdCl2 on seminiferous tiibule diameter was determined. 

No freatment-related effect on seminiferous tubule diameter was found. Corpas and 

Antonio (1998), however, observed significant reduction in seminiferous tubule diameter 

without any change in testicular weight in 5 day-old pups at a lower concenfration of 

cadmium than that used in this study. Newbom animals are more sensitive to cadmium 

toxicity than adults even though they have up to 20-fold more metallothionein than adults 

do. It is assumed that cadmium toxicity in early postnatal animals occurs as a result of 

poorly developed blood-testis barrier, which promotes access of cadmium to the target 

sites in effective concentations. Although pups in the present study experienced similar 

conditions at the same age (PND5), at the time of assessment they were 45 days old with 

presumably a more highly developed blood-testis barrier. This circumstance reduces the 

amount of cadmium that can reach the seminiferous tubules, especially at low 

concenfration in oral exposures. At this age, the increase in tubular diameter to facilitate 

spermatogenesis (Rey, 1999) probably occurs without the influence of cadmium and can 

compensate for any effect during earlier postnatal life. In addition, at 45 days of age, the 

testes are larger than in younger animals, hence the testicular cadmium burden is diluted. 

Seminiferous tubule diameter was not affected in offspring of STZ-dams. 

Exposure to cadmium chloride did not significantly alter tubule diameter in offspring of 

STZ-dams. 

Although the proximal tubule has been established as the target site of toxicity m 

the kidney (Foulkes and Blanck, 1990; ATSDR, 1998), the glomemlus was selected for 
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this study because there is a paucity of information on the effect of cadmium on this 

stmcture. Moreover, within the past decade the renin-angiotensin system (RAS) has been 

shown to be integral to kidney development, particularly the glomemlus, both in utero 

and postnatally (Fox et al., 1992; Wang et al., 1997), and one study has reported that 

cadmium inhibits the activity of angiotensin I converting enzyme, a component of the 

RAS. Continuous exposure from conception to PND45 to cadmium chloride caused a 

slight reduction in glomemlar diameter in male rat pups of nonSTZ-dams in this study. 

Glomemlus diameter was not altered in pups of STZ-dams or STZ-dams exposed 

to cadmium. It is not known how glomemlar size is influenced in offspring of STZ-

dams, but Amri et al. (1999) reported reduced nephron number (10-35%) in offspring of 

STZ-freated dams. 

Effect on Tissue Protein 

Cadmium may enhance or inhibit the synthesis of individual proteins, but 

according to Cohen et al. (1991), cadmium in general causes reduction in synthesis of 

total protein, at least in the in vitro systems that have been tested. A stiidy by Manca et 

al. (1991) suggests that the effect of cadmium on total protein in rat kidney is dose 

dependent and biphasic. In the present experiment, cadmium had no effect on the 

concenfrations of proteins in the adrenal gland, liver, kidney, or testis of offspring from 

non-STZ-freated dams. 

Similariy, protein concenfrations of the testis, liver, kidney, and adrenal gland of 

offspring from STZ-dams were not significantiy altered. Exposure to cadmium chloride 
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did not affect the protein concentration of these organs in pups of STZ-dams. Although 

these changes were not statistically significant, testicular protein concenfration was 

reduced by 28% in offspring of STZ-treated dams exposed to 100 pM cadmium whereas 

kidney protein was increased by 35% in offspring of STZ-freated dams exposed to 

200 pM cadmium. 

In the present study. Figure 16 shows that CdClj at 100 pM reduced synthesis of 

proteins of M^ 198 kD, while the protein band at 108 kD was not detected in adrenal 

glands of offspring of STZ-tteated dams. As shown in Figure 17, CdCl2 at 200 pM 

appeared to reduce synthesis of proteins of M, 89.2 kD in the testis of offspring from 

nonSTZ-freated dams. There were indications of increased synthesis of proteins at the 

Mf of 186 kD and 92 kD in the liver of offspring from STZ-freated dams exposed to 

CdCl2 (Figure 18). Further investigation is necessary to determine the significance of 

these changes. 

Effect on Testosterone and Tefraiodothyronine (T4) 

In the present study, the effect of cadmium on plasma testosterone and total T4 

levels was investigated using radioimmuno-assay. Cadmium did not cause a significant 

change in plasma level of testosterone or T4. Total T4 does not represent the amount of 

T4 available to tissue because more than 99% of it is bound to carrier proteins (Hadley, 

2000). Although the data suggest no significant change in total T4 concenfration it is 

uncertain how the ratio of unbound T4 to bound T4 is affected, thus it is difficult 
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correlate T4 results with any other change that may occur in this study. Unbound T4 is 

the physiologically active molecule for both deiodination to triiodothyronine and 

hormonal activity. The observation for testosterone is consistent with those of Caflisch 

(1994) and Zenick et al. (1982) who reported that chronic exposure to cadmium had no 

effect on testosterone levels. Laskey et al. (1986) also indicated that testosterone levels 

were less responsive than other reproductive parameters to cadmium exposure. The 

results of the present study and those of previous studies are in support of the results of an 

in vifro study by Clough et al. (1990) who reported that the interstitial cells are not very 

susceptible to cadmium toxicity. This is understandable because these cells synthesize 

testosterone, which can mitigate toxic effects of cadmium in the liver, kidney, and testis 

(Gupta and Kar, 1997; Shimada et al., 1997). 

In the present study, no significant change was observed in plasma levels of 

testosterone or T4 in offspring of STZ-dams. Exposure to CdCl2 did not affect the levels 

of these hormones in offspring of STZ-tteated dams. The result in the present stiidy for 

testosterone level in offspring of STZ-freated dams is inconsistent with that of Bender et 

al. (1988), who observed a significant reduction in testosterone production in adult 

offspring of STZ-dams. 

Effect on Expression of StAR Protein and P450scc 

Steroidogenic acute regulatory protein (StAR) and cytochrome P450 sidechain 

cleavage enzyme (P450scc) are both essential proteins in steroidogenesis. Steroidogenic 

acute regulatory protein is a 37kDa protein, which belongs to a family of 30kDa 
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phosphoproteins. It normally is found in steroidogenic tissues, but one study has shown 

frace amounts of StAR mRNA in human kidney (Clarke et al., 1995). StAR protein 

synthesis is induced by frophic hormone stimulation, but synthesis may occur in response 

to any stimulus that induces steroid synthesis (Stocco, 1998). 

StAR protein is synthesized in the cytosol and the nascent protein quickly 

associates with the outer membrane of the mitochondria via an amino terminal signaling 

sequence. The protein is fransferred into the mitochondria, where it gets processed to the 

mature 30kDa protein. It is thought that during the fransmembrane movement of the 

immature protein, StAR protein associates with and translocates cholesterol, the precursor 

of all hormonal steroids, into the mitochondria. Within mitochondria, cholesterol is 

converted to pregnenolone by cleavage of the sidechain by the enzyme P450scc 

(otherwise known as desmolase). 

Cytochrome P450scc is the first enzyme in the steroidogenic pathway. Before the 

discovery of StAR protein, p450scc catalyzed removal of the side-chain on cholesterol it 

was thought to be the rate-limiting step in steroidogenesis; actually it is the rate-limiting 

step of the enzymatic reactions. 

Cadmium has been shown to affect steroid synthesis in the adrenal gland and the 

testis in both in vivo and in vitro studies (Mgbonyebi, et al., 1993; Laskey et al., 1986; 

Nishiyama and Nakamura, 1984; Saksena and Lau, 1979). Two possible points of 

interference are the reactions involving StAR protein and P450. Thus the effect of CdCl2 

on expression of these two proteins was determined in this study. The effects of 

continuous exposure to cadmium chloride from gestation day one to postnatal day 45 
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were examined in the testis and adrenal gland rat pups of STZ-dams. StAR protein and 

P450 were not affected by treatment in the adrenal gland, whereas they were not detected 

in the testis. This probably is because the concentration of these proteins in early juvenile 

animals is below the sensitivity of the assay. According to Bosman et al. (1996) the 

levels of StAR protein and testosterone are tightly coupled, implying that a low level of 

testosterone is an indication of a low levels of StAR protein. In the early juvenile stage, 

the production of testosterone is relatively low because the Leydig cells are in the process 

of re-differentiation, after regressing during the late prenatal/early postnatal stage. In 

addition to low production of the proteins, the Leydig cells constitute only a small 

population of testicular cells. This small population of interstitial cells leads the 

concenfration of StAR and P450scc to be a minute fraction of the total testicular protein. 

Thus it probably would be necessary to isolate Leydig cells to semi-purify StAR protein 

and P450SCC in these young animals. 

Angiotensin I Converting Enzyme 

Angiotensin converting enzyme is an integral component of the 

renin-angiotensin-system (RAS). The RAS primarily regulates of blood pressure, 

elecfrolyte balance, and exfracellular fluid volume. Renal RAS probably plays an 

important role, via angiotensin II type I receptor, in kidney development. Evidence 

supporting this notion includes: (1) elevated expression of angiotensin receptor type I 

ATI in the kidney during the fetal stage compared to adult animals (Tufro-McReddie et 

al., 1992); (2) blockade of ATI with losartan in neonatal rats caused irreversible 
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histologic abnormalities in the adult kidney (Friberg et al, 1994; Wang et al., 1997); (3) 

use of captopril to inhibit ACE in neonates caused irreversible renal abnormalities 

(Friberg et al., 1994); (4) freatment of newbom rats with enalapril, which also is an ACE 

inhibitor causes reduced body and kidney weight, tiibular dilation, and reduced 

glomemlar size as well as 40% mortality (Guron et al., 1999; Yoo et al., 1997). For these 

reasons, and in light of the report that cadmium induced reduction of activity of renal 

angiotensin-converting enzyme (Puri, 1992), it was of interest in the present study to 

investigate the effect of exposure to cadmium in offspring. CdCl2 did not cause 

significant changes in the activity of renal ACE in male offspring of non-STZ-freated 

dams. Exposure at 100 pM CdClj induced an increase in activity, whereas exposure at 

200 pM CdCl2 resulted in a reduction in activity of the enzyme. 

The activity of angiotensin I converting enzyme in offspring of cadmium-exposed 

STZ-freated dams was comparable to that of confrol offspring; however, this was 

significantly different from that of offspring from nonSTZ-dams exposed to 100 pM 

cadmium. 
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CHAPTER V 

SUMMARY AND CONCLUSION 

In summary, the results of the present study suggest that cadmium chloride at 

environmentally relevant concentrations does not induce adverse effects in developing 

Sprague-Dawley rats of STZ-treated and untreated dams. The occurrence of a toxic adverse 

response necessitates that the toxicant reaches its target sites in concenfrations that challenge 

the homeostatic mechanisms of the organism. In the case of cadmium toxicity this means 

that the exposure level to the metal must be high enough to (1) overwhelm sequesfration by 

metallothionein; and (2) inhibit protective mechanisms that might be able to compensate for 

low frequency toxic reactions caused by free cadmium ions that escape the cadmium-

metallothionein foraiation/degradation cycle. In this experiment, cadmium apparently did 

not reach the threshhold concentrations required to achieve these conditions. The absence of 

adverse response, however, does not eliminate the possibility of occurrence of subtie 

changes induced by cadmium, as suggested by the response in liver weight in cadmium 

exposed-pups of nonSTZ-treated dams. These changes could be detrimental m later stages of 

life. For example, Manca et al. (1991) demonsfrated that cadmium induces oxidative sfress 

in the lung, kidney, and testes without major damage to these organs. Oxidative sfress is 

widely recognized as one of the mechanisms of cadmium toxicity. 

til the present stiidy, adminisfration of STZ to dams had no apparent influence on 

development of offspring. However, exposure of pups of STZ-dams to 200 pM CdCl2 
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resulted in reduced body weight and exposure to 100 pM CdClz caused a reduction in heart 

weights as well as in ACE activity. 

Finally, the results of this study are not conclusive. Knowing that cadmium has been 

described as a developmental toxicant and that treatment of dams with STZ can delay in 

utero development (Mendez and Polomar-Morales, 1999) and considering the deficit in 

information in this area, it seems worthwhile to further investigate the combined effect of 

these abnormal conditions on development. 
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