Cadmium Vivo Vitro Toxicity
In vivo and in vitro techniques to assess cadmium toxicity on the endocrine and reproductive systems of humans

Abstract

Cadmium (Cd2+) is a heavy metal and an environmental pollutant. Exposure to this heavy metal has been associated with numerous harmful effects, on mammalian reproduction. A better understanding of Cd2+-mediated toxicity could be used to prevent and minimize Cd2+toxicity in humans, thereby promoting human health. This review focuses on examining the effects of Cd2+ on the endocrine and reproductive systems of humans, and the way these effects might occur, by using in vivo and in vitro techniques. Identifying the major routes of Cd2+ exposure, creates awareness of the possible sources of Cd2+, thus allowing people to monitor their exposure to Cd2+. Understanding how Cd2+ permeates the cell, could allow researchers to target Cd2+-specific transporters, thus protecting cells against toxicity.

In vivo and in vitro tests revealed that, exposure to Cd2+ caused damage to testicular tissue via various mechanisms, resulting in a reduced sperm and testosterone (a steroidogenic hormone, dominant in the male reproductive system) levels in males. This demonstrates that effects of Cd2+ on the endocrine and reproductive systems are co-related. Wister rats developed testicular damage of circulatory origin, following administration with Cd2+. In gerbil testis, Cd2+ exerted negative effects by increasing vascular permeability and pinocytic activity, which contributed to testicular damage. Tests carried out in vitro, revealed that Cd2+ was directly toxic to leydig cells (cells responsible for the secretion of testosterone), which resulted in reduced testosterone secretion. While, in vivo tests revealed that, germ cells (spermatozoa) exposed to Cd2+ underwent apoptosis (programmed cell death). Cadmium temporarily, induced sterility, and inhibited ovulation in a dose-dependant manner in female Golden hamsters. It was also demonstrated in vitro, that Cd2+ was able to bring about ultra-structural and functional changes in porcine granulosa cells. While in vivo tests revealed, that Cd2+ destroyed endothelial ovarian cells in rabbits. Cadmium displayed the ability to mimic estrogens (steroidal-sex hormones). Rats exposed to Cd2+ underwent puberty earlier than normal with an increase in uterine weight and mammary gland development upon administration. Cd2+ also affected steroidogenesis (the production of steroid hormones). Low concentrations stimulated, while high concentrations inhibited progesterone (female steroid hrmone) synthesis.
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1. Introduction

Ecotoxicology, relates the potential impacts of hazardous substances in the natural and built environments, to human health (Genoni, 1997). According to Genoni (1997), ecotoxicology involves, describing and predicting the way substances behave, that is, their fate, toxicity and specificity of action, and the way that biological systems, respond to these substances, by defense and adaptation, stress reaction and recovery. Cadmium (Cd2+) which is a heavy metal (Henson and Chedrese, 2004; Thompson and Bannigan, 2008), is also an environmental pollutant (Martin et al., 2006). The Agency for Toxic Substances and Disease Registry (ATSDR), ranks Cd2+ as the seventh most toxic compound (any substance that can cause acute or chronic injury to the human body or is expected to do so), in priority (Yang et al., 2003). Cadmium is able to accumulate to high levels (Massanyi et al., 2000; Yang et al., 2003;Thompson and Bannigan, 2008), in the blood, kidneys, liver and reproductive organs, namely, the placenta, ovaries, and testis, because it has a relatively long biological half life of 15-30 years (Henson and Chedrese, 2004; Martin et al., 2006), and it is excreted at low rates from the body (Massanyi et al., 2000; Henson and Chedrese, 2004).

Exposure to Cd2+ has been associated with various harmful effects, on mammalian reproduction (Gunn et al., 1962; Berliner and Jones-Witters, 1975; Dixon et al., 1976; Fende and Niewenhuis, 1977; Saksena and Salmonsen, 1983; Hinkle et al., 1987; Xu et al., 1995; Massanyi et al., 2000; Yang et al., 2003; Henson and Chedrese, 2004; Massanyi et al., 2005; Thompson and Bannigan, 2008). Thus, human exposure to Cd2+ must be minimized, because they are at risk (the probability a substance will cause harm under specific conditions). This review aims at promoting human health, by acquiring a better understanding of Cd2+-mediated toxicity. It focuses on examining the effects of Cd2+ on the endocrine and reproductive systems of humans, and the way these effects might occur, by using in vivo and in vitro tests.

In vivotests, or animal models, are used to examine the effects of Cd2+ on the endocrine and reproductive systems of humans, because it would be unethical to carry out reproductive toxicity tests on humans. Animals such as rats, mice, rabbits, hamsters, pigs and sheep (Gunn et al., 1962; Berliner and Jones-Witters 1975; Dixon et al., 1976; Fende and Niewenhuis, 1977; Saksena and Salmonsen 1983; Xu et al., 1995; Langley, 2001 Yang et al., 2003; Henson and Chedrese, 2004; Massanyi et al., 2005; Thompson and Bannigan, 2008), display a similar physiology to humans and are therefore suitable candidates for the investigation of Cd2+-induced toxicity.

Animal models are advantageous because, they can be experimented on, over a short period of time, and the results can be obtained quickly (Dixon et al., 1976; Fende and Niewenhuis, 1977; Xu et al., 1995; Massanyi et al., 2000 Massanyi et al., 2005; Thompson and Bannigan, 2008). However, the problem with animal models is, how predictive are they (Langley, 2001)? The toxicity of Cd2+ may differ from one species' to another (Langley, 2001). Humans and test species' have very different reproductive systems and cycles, thus the response of the organs in animal models, could be very different to that of humans (Langley, 2001). Animals could also be highly sensitive. For example, gerbils display sensitivity to mild experimental conditions. Thus, some animals receiving control injections die within a short period of time and can not be used in the experiments (Berliner and Jones-Witters, 1975).

In vitrotests, another method of toxicity testing, are advantageous, because they are not harmful to animals, as reported by Langley (2001). This however, is not always true (Massanyi at al., 2000; Yang et al., 2003). The disadvantages of in vitro tests are, that they are very time consuming and can take up to five years to perform (Langley, 2001). There could also be difficulties in determining whether the results obtained in vitro are truly representative of the processes in vivo (Hinkle et al., 1987; Dalton et al., 2004).

2. Routes of Cd2+ exposure and its impact on humans

Industrial Pollution (Yang et al., 2003; Henson and Chedrese, 2004; Martin et al., 2006 Thompson and Bannigan, 2008), as well as, dietary intake, through the ingestion of shell fish, offal and rice (Thompson and Bannigan, 2008), expose humans to Cd2+. In 1989, the World Health Organization (WHO)/ Food and Agricultural Organization (FAO) set the maximum permissible level (MPL), for Cd2+ at, 70 µg/day (Obi et al., 2006). Obi et al. (2006) demonstrated that Nigerian herbal remedies contained Cd2+ levels ranging between 500-4750 µg, which is greater than the MPL per day. Thus the use of herbal remedies could expose humans to elevated levels of Cd2+. Tobacco smoke contains Cd2+, and is the main route of Cd2+exposure in humans (Ellis et al., 1979; Henson and Chedrese, 2004; Thompson and Bannigan, 2008). According to Ellis et al. (1979), an adult male non-smoker, has a body burden of 19 mg/Cd2+. A smoker (age 50), with a smoking history of 38.7 packs per year, may have a body burden of 35 mg/Cd2+. This illustrates, that cigarette smoking may double the body burden of Cd2+. Heavy smoking, in males, has also been linked to a decreased sperm count (Thompson and Bannigan, 2008). During pregnancy, elevated Cd2+ levels stimulates, oxytocin-induced uterine myometrial contractions, resulting in an increase in the number of preterm babies, delivered by smokers as opposed to non-smoking mothers (Thompson and Bannigan, 2008).

3. Understanding the entry into the cells in the prevention Cd2+ toxicity

There is much speculation as to how Cd2+ enters the cell (Hinkle et al., 1987; Dalton et al., 2004; Martin et al., 2006). It is important to look at the way Cd2+ permeates cells, because a better understanding of these processes will allow researchers the opportunity to target Cd2+-specific ion-transporters, thereby protecting cells against Cd2+ toxicity (Dalton et al., 2004). Hinkle et al. (1987) demonstrated in vitro, using a pituitary cell line (GH4C1), that Cd2+ mainly enters the cell via voltage-gated calcium (Ca2+) channels. Thus, Ca2+ channel antagonists (chemicals that reduce the effects of other chemicals) decreases, whereas, Ca2+ channel agonists (chemicals that enhance the effects of other chemicals) promotes, the uptake of Cd2+into the cell. However, further studies must be carried out to determine whether Cd2+ entry into cells, is mediated by the same voltage gated Ca2+channels, in vivo (Hinkle et al., 1987).

It is speculated that, Cd2+ may share transport in to the cell with other ions via common ion-transporters, because Cd2+ is a non essential metal in the body (Dalton et al., 2004). Gunn et al. (1962) demonstrated in vivo, that the administration of zinc (Zn2+) prevented Cd2+toxicity, in the testis of Wistar rats. Therefore, it could be postulated that Cd2+ enters the cell via the same transporter as Zn2+ (Dalton et al., 2004).

Dalton et al. (2004) demonstrated that some inbred mouse strains were resistant to Cd2+-induced testicular toxicity, due to the absence of the gene, Slc39a8. Thus, it was speculated that the transporter ZIP 8, under the control of the gene Slc39a8, was responsible for sensitivity to Cd2+ toxicity, in rat endothelial cells. The transport of 0.25 µM CdCl2 was inhibited by 50% when Mn2+ and Zn2+ were administered at concentrations of 13 µM and 2.9 µM respectively. This suggested that ZIP8 was more selective for the transport of Mn2+, than Zn2+ (Dalton et al., 2004). Thus, the administration of Mn2+ into the body could possibly be used to inhibit Cd2+-mediated toxicity. Martin et al. (2006), was also in agreement with this, and reported that Mn2+ was highly effective in protecting cells from Cd2+ intoxication.

4. The effects of Cd2+ on the male endocrine and reproductive systems and the mechanisms by which these occur

Cadmium toxicity affects the male endocrine and reproductive systems by a variety of mechanisms (Gunn et al., 1962; Berliner and Jones-Witter's, 1975; Dixon et al., 1976; Fende and Niewenhuis, 1977; Xu et al., 1995; Yang et al., 2003; Thompson and Bannigan, 2008).

Berliner and Jones (1975) demonstrated, using Gerbil testis, that Cd2+ exerted negative effects by increasing vascular permeability and pinocytic activity, which contributed to testicular damage. Gerbils that were exposed to CdCl2 (0.016 M), and sacrificed 1, 2, 3, and 4 h after Cd2+ injections, showed very distinct evidence of Cd2+ damage in the 4 h treatment group. Edema (the accumulation of interstitial fluid in abnormally large amounts) was present, and animals displayed evidence of micro-hemorrhaging. Testicular blood vessel structure was lost in the 3 and 4 h treatment groups. This was because Cd2+ negatively affected the vasculature of the testis, causing the desmosomal junctional complexes within the endothelium to dissociate. Increased pinocytotic activity was noted in the endothelial cells and pericytes along the borders, ultimately leading to necrosis (cell death as a result of an acute injury, cells usually swell and burst due to loss of membrane integrity) and fibrosis (formation of scar tissue due to injury or long-term inflammation) of testicular tissue (Berliner and Jones-Witter's, 1975). Fende and Niewenhuis (1977) revealed however, no increased pinocytic activity in the pericytes and endothelial cells Cd2+-treated rats. The contrasting results could be attributed to the different planes of sections through the cells, in the two experiments (Fende and Niewenhuis, 1977).

According to Fende and Niewenhuis (1977), Sprague-Dawley rats that were administered with cadmium chloride (CdCl2) (0.5 mg/100g body weight) displayed edema, in the interstitial spaces of testicular tissue, 6 h after Cd2+ exposure. Massive hemorrhage and edema were present in the interstitial spaces 24 h after Cd2+ exposure, followed by degenerative changes in the tubules (Fende and Niewenhuis, 1977). These results are in agreement with the findings of Berliner and Jones-Witter's (1975) and Gunn et al. (1962).

Gunn et al. (1962) suggested that testicular toxicity primarily occurred, after vascular damage. Male Wistar rats, injected with a single subcutaneous (s.c.) dose of CdCl2 (0.03 mM/kg), displayed dilation of the internal spermatic artery and pampiniform plexus (veins). The inter-tubular space within the testis was filled with edematous fluid, 6 h after Cd2+ injection. All the tubular elements underwent degenerative changes, after 24 h of Cd2+ exposure, which eventually led to necrosis and fibrosis. This suggests that Cd2+ exerts its effects in a time-dependent manner (Gunn et al., 1962). In rat cryptorchid testis (devoid of tubular elements, namely, spermatozoa), congestion, hemorrhage and edema occurred 24 h after exposure to Cd2+. Thus, it could be postulated that, the presence of germ cells (spermatozoa) is not required for Cd2+-mediated toxicity. This is in contrast to the findings of Xu et al. (1996).

According to Xu et al. (1996) germ cells exposed to Cd2+ undergo apoptosis (programmed cell death, shrinkage and loss of cellular detail), resulting in testicular damage. Testicular DNA of male Wistar rats underwent degradation, when a dose of 0.03 mmol/kg was administered intraperitoneally (i.p.). DNA degradation occurred because Cd2+ exposure to the testis led to the stimulation of endonuclease (a restriction enzyme), resulting in apoptosis. However, when a dose of 0.05 mmol/kg of monoisoamyl meso-2,3-dimercaptosuccinate (Mi-ADMS), a chelating agent (a substance that enhances the excretion of another substance) was administered, DNA fragmentation was prevented (Xu et al., 1995). Therefore this study is in agreement with that of Yang et al. (2003), which suggested that Cd2+ is genotoxic (a substance capable of inducing DNA damage).

According to Gunn et al. (1962), tubules of the caput epididymis and vas deferens, displayed degenerative signs 24 h after exposure to Cd2+, which led to the damage of the spermatozoa within the lumen. This was followed by necrosis and fibrosis of the tubules. However, neither the distal end of the caput, the corpus, the cauda epididymis, nor the vas deferens, displayed damage to the epithelial lining or the intra-luminal spermatozoa. This was because, the vasal vessels that nourish these areas were unaffected by Cd2+. From these results, it could be postulated that the Cd2+ mediates its toxicity by specifically targeting blood vessel endothelium (Gunn et al., 1962; Fende and Niewenhuis, 1977). This caused, certain areas (supplied by the spermatic artery and pampiniform plexus), of the male reproductive system to be highly damaged by Cd2+, whilst other areas (supplied by the vasal vessels) were unharmed, as was demonstrated by Gunn et al. (1962).

As opposed to vascular mediated toxicity, Yang et al. (2003) highlighted another possible mechanism of Cd2+-mediated toxicity. Cadmium administered at 10 µM concentrations was directly toxic to rat leydig cells (cells that are responsible for the secretion of testosterone). Thus, Cd2+-toxicity resulted in decreased leydig cell viability, thereby leading to decreased testosterone (a steroidal hormone) secretion. It was postulated that, reduced testosterone levels in the testis, stimulated the release of gonadotrophin releasing hormone (GnRH) from the hypothalamus. This caused the anterior pituitary to release luteinizing hormone (LH), thereby promoting testosterone secretion by leydig cells. However, because the leydig cells were damaged by Cd2+, testosterone levels remained low and LH remained high. Testosterone plays an important role in stimulating spermatogenesis (the formation of sperm cells). Thus, spermatogenesis was also inhibited during Cd2+-mediated toxicity. The need for the formation of sperm cells stimulates GnRH release from the hypothalamus. GnRH causes the pituitary gland to secrete follicle-stimulating hormone (FSH). FSH, would in turn, act on sertoli cells, in order to stimulate the formation of spermatozoa. This resulted in high circulating levels of FSH, because the spermatozoa levels remain low due to Cd2+-mediated toxicity. (Yang et al., 2003) Thus, Cd2+ also had the ability to alter the levels of circulating hormones and was able to interfere with mammalian endocrine function.

The study carried out by Dixon et al. (1976), revealed that when male Sprague-Dawley rats were administered with 6.25, 12.5, and 25 mg/kg doses of Cd2+, no significant effects on male fertility were apparent. When rats were exposed to Cd2+ levels of 0.001, 0.01, or 0.1 mg/l, Cd did not affect the levels of FSH or LH in the plasma. Results suggest that, Cd2+ tested at the above concentrations were without significant (P>0.05) reproductive toxicity, indicating that the effects of Cd2+ n the reproductive system were dose-dependent.

Cadmium toxicity also resulted in increased in lipid peroxidation and decreased antioxidative ability, in rat leydig cells (Yang et al., 2003).

5. The effects of Cd2+ on the female reproductive system and the mechanisms by which these harmful occurrences take place

Cadmium exerts its effects on the female reproductive and endocrine systems, by specifically targeting cells, and altering hormonal levels (Saksena and Salmonsen, 1983; Massanyi et al., 2000; Henson and Chedrese, 2004; Massanyi et al., 2005; Thompson and Bannigan, 2008).

Massanyi et al. (2000) revealed that when cultured porcine granulosa cells (cells responsible for the secretion of estrogens) were exposed to 0.2 ng/ml (treatment A), 10 ng/ml (treatment B) and 20 ng/ml (treatment C) of CdCl2, the cells in treatment A contained higher number a higher number of lipid droplets than normal, indicative of lipid peroxidation (Yang et al., 2003). The structure of the chromatin was also altered into condensed material, reflecting the early stages of apoptosis (Xu et al., 1996; Massanyi et al., 2000). This illustrates that, Cd2+has the ability to induce alterations in the structure of cultured granulosa cells in vitro (Massanyi et al., 2000).

Cadmium also has the ability to affect steroidogenesis (Massanyi et al., 2000; Henson and Chedrese, 2004; Massanyi et al., 2005). The highest production of progesterone (44.30 ± 6.00 ng/ml), was found in treatment B. When the dose of CdCl2 was increased to 20 ng, the production of progesterone decreased to 34.94 ± 6.51 ng/ml. Thus, low concentrations of Cd2+ stimulated, while high concentrations inhibited progesterone synthesis (Massanyi et al., 2000; Henson and Chedrese, 2004; Massanyi et al., 2005). Cadmium was also able to reduce the level of progesterone (the hormone involved in the maintenance of pregnancy), secreted by the placenta, by disrupting the function of two steroidogenic enzymes, cytochrome P450 side chain cleavage (P450scc) and 3β- hydrxysteroid dehydrogenase (3β-HSD), which are essential for the synthesis of progesterone (Henson and Chendrese, 2004).

Massanyi et al. (2005) demonstrated in vitro, that Cd2+ caused dilation of the endoplasmic reticulum (EPR), in theca cells (cells that have the ability to secrete progesterone and estrogens). Cadmium also induced alterations in the nuclear membrane of stromal ovarian cells and destroyed the monolayer of endothelial cells in the ovary. Massanyi et al. (2005) reported that, altered mitochondrial structure was observed, in the many cell types (stromal, endothelial and theca cells) exposed to Cd2+. One could thus speculate that, Cd2+ negatively affects the function of cells in the ovary, by disrupting the mitochondria that are present in them, thereby, altering the energy status of the cells.

Massanyi et al. (2005) revealed that Cd2+ caused a decrease in the number of primary follicles after intraperitoneal administration, and the number of atretic follicles (involuted follicles) were significantly higher (P<0.05), after Cd2+ administration. Thus it can be postulated that, large amounts of Cd2+ acts on the hypothalamus, to depress further enhancement of FSH by the anterior pituitary gland. Therefore, Cd2+ is able to block the growth of follicles, resulting in atretic follicles. Cadmium, thus, displays the ability to mimic estrogens (Henson and Chedrese, 2004). Rats that were exposed Cd2+, underwent puberty earlier than normal, with an increase in uterine weight and mammary gland development upon administration. This once again, highlights the way Cd2+ is able to mimic estrogens, suggesting that Cd2+is an endocrine disrupting chemical (EDC) (Henson and Chedrese, 2004).

Exposure to CdCl2 also resulted in the coagulation of blood around the ovarian follicles, of the female Golden hamster, and within 24 h, these follicles showed signs of degeneration (Saksena and Salmonsen., 1983). This indicates that the effects of Cd on the female reproductive and endocrine systems, is similar to that of the male, in that, the effects of Cd are time dependent (Gunn et al., 1692).

Saksena and Salmonsen (1983) revealed that subcutaneous injection (s.c.) of CdCl2 on day 4 of the estrous cycle, caused a dose dependent interruption of pregnancy in the Golden hamster. Doses of 0, 1.25, 2.5, 5.0 and 10.0 mg/kg of CdCl2 were administered. One out of six females in the 2.5 mg/kg CdCl2 treated group had a prolonged sterility period of 27 days. The period of sterility ranged between 11-69 days and 46-71 days in the 5.0 mg/kg and 10.0 mg/kg CdCl2 treated groups, respectively. However, the mechanism of Cd mediated sterility is unclear. Ovulation was suppressed when 10.0 mg/kg of CdCl2 was administered on the day before ovulation. When 5.0 mg/kg of CdCl2 was administered 13 30h proestrus, there was a significant (P<0.05) reduction in serum progesterone (P) level. Females treated with 10.0 mg/kg of CdCl2 at 08 30h on the day of diestrus, exhibited a significant decrease in the amount of serum P. As CdCl2 was given closer to the LH surge, the inhibition of the serum P level was more pronounced. This indicates that, Cd temporarily induced sterility and inhibited ovulation in a dose dependent manner (Saksena and Salmonsen, 1983).

Conclusion

Routes of exposure to Cd, occurs via tobacco smoke, as well as through the ingestion of certain foods and herbal remedies (Ellis et al., 1979; Obi et al., 2006; Henson and Chedrese, 2004; Thompson and Bannigan, 2008). Thus, humans should minimize their exposure to tobacco smoke, in order to prevent Cd mediated toxicity. People should also be aware of nutritional value of the foods that they consume, and should be aware of the constituents of the herbal remedies that they use. These factors will enable humans to minimize their exposure to Cd2+ thereby preventing Cd2+-mediated toxicity in the endocrine and reproductive systems of human.

Studies carried out in vivo indicate that Cd2+ was able to temporarily induce sterility in male and female reproductive systems (Thompson and Bannigan, 2008; Saksena and Salmonsen, 1983). Thus, one can speculate that if smokers displaying sterility stop smoking, these people could become fertile one again. This is could be attributed to the fact the Cd2+ levels decrease, in these individuals, once they stop smoking.

It was found that, exposure to elevated levels of Cd2+, during pregnancy, inhibits progesterone (the hormone responsible for the maintenance of pregnancy) secretion, in human placental cells (Henson and Chedrese, 2004). Thus, women displaying with higher body burdens of Cd2+ due to smoking are more prone to delivering premature babies that exhibit low birth weights, as opposed to non smokers (Thompson and Bannigan, 2008).

Studied also revealed that, the use of Ca2+-channel antagonists such as nimodipine, nifedipine and nitrendipine prevented the entry of Cd2+ into cells, in vitro (Hinkle et al., 1987). Thus, one could speculate that, Ca2+-channel antagonists could possibly be used in humans to prevent Cd2+-mediated toxicity, in people that are occupationally exposed to Cd2+, for example, industrial workers (Ellis et al., 1979).

Studies revealed that the excretion of Cd2+ in mammalian organisms could be enhanced by using chelating agents, such as, Mi-ADMS (Xu et al., 1996). This on could speculate that a similar agent could be used in humans thereby reduced Cd2+ mediated toxicity. However the proper screening of such chelating agents would be necessary, if they are to be used in humans.
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