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  The relationship of dietary protein to cadmium absorption and tissue deposition was studied in
male Sprague-Dawley rats exposed to different levels of cadmium in the drinking water. In
animals fed a high-protein or low-protein diet and drinking water containing 25 or 50 ppm
cadmium, liver and kidney cadmium and metaliothionein were both significantly higher in rats
fed the high-protein diet for 2 to 4 months. These differences may possibly be explained by the
concentration of cysteine observed between these two diets.     When cysteine was added to
the low-protein diet to the level observed in the high-protein diet and fed to rats receiving 25
ppm cadmium in the drinking water, significant dietary differences in liver and kidney cadmium
and metallothionein were not observed. The importance of dietary protein to cadmium-induced
toxicity was also assessed in these studies. The activity of catechol-o-methyltransferase was
used as a measure of cadmium-induced toxicity. The activity of this enzyme in the lung, liver
and heart was significantly lower in rats fed a low-protein diet than those fed the high-protein
diet and 50 ppm cadmium. Metallothionein concentration in the lung and liver from low protein
fed rats was approximately half the level observed in rats fed the high-protein diet, which
suggests a relationship between cadmium-induced toxicity and metallothionem concentrations.
These results imlustrate the importance of considering dietary protein (and possibly cysteine)
when studying cadmium metabolism in experimental animals. 
  
  Introduction
  Several investigators have reported that dietary protein may influence the intestinal absorption
of cadmium. Fitzhugh and Meiller (1) were the first to report that the toxicity of cadmium was
increased by a low-protein diet. Since then, abnormalities of the bone, liver, and blood have
been observed in animals given cadmium (orally or by injections) and fed a low-protein diet 
(2,3)
. These abnormalities were not observed when the level of protein in the diet was relatively
high.
  
  In short-term studies (i.e., days), Suzuki et al. (4) compared the effect of low- and high-protein
diets on the accumulation of cadmium in several tissues and observed higher levels of cadmium
in the liver, kidney, and whole body of mice fed low protein diets for 24 hr before and after an
oral dose of 115Cd. In long-term studies, rats fed low- or high-protein diets and drinking water
containing 50 ppm cadmium for 3 months were found to have significantly higher concentrations
of cadmium and metallothionein (MT) in the liver and kidney than those rats fed the high-protein
diet (5). These results suggest that the effect
of dietary protein may be associated with the length of exposure.
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  Although Itokawa et al. (2) observed abnormalities of bone in rats fed cadmium and
low-protein diets for 30 days, bone cadmium was higher in rats fed the high-protein diet. Thus,
in relatively long-term studies, the tissue level of cadmium may be higher in animals fed a
high-protein diet, but the toxicity of cadmium may be greater in animals fed a low-protein diet.
These conflicting effects may be associated with the tissue level of MT. For example, MT
synthesis may be reduced in animals fed a low-protein diet (5),
which would allow cadmium to bind to other macromolecules (i.e., enzymes), thus increasing
the tissue toxicity of this element.
  
  The present studies were performed to determine, in rats exposed to drinking water containing
different levels of cadmium, the importance of dietary protein and exposure time on the tissue
accumulation of cadmium and MT. The relationship of the tissue level ofMT to
cadmium-induced toxicity was also assessed. Since cysteine has been suggested as a factor
explaining the effect of dietary protein, studies were performed to determine its effect on
cadmium absorption and tissue accumulation.
  
  Methods
  Male rats of the Sprague-Dawley strain, approximately 3 months old, and weighing an average
of 150 g, were used. They were randomly divided into several groups and fed (ad libitum)
drinking water and purified diets as follows. Group A, the control group, was fed various control
diets [high-protein or low-protein (Table 1)] and deionized water. Groups B and C were fed,
respectively, a low-protein diet or high-protein diet and drinking water containing 5, 25, or 50
ppm cadmium. Group D was fed a low-protein diet with 400 gg of L-cysteine/g diet added and
drinking water containing 25 ppm cadmium. The rats were exposed to these diets and drinking
water for a total period of 4 months and at 1-month intervals; 96 rats from each experimental
group (i.e., 4 for each level of cadmium/group/time point) and 32 controls (i.e., 4 for each dietary
level) were killed by decapitation. The urine (collected directly from the bladder), heart, kidney,
and liver were then removed, and blocks of these tissues and urine were analyzed as follows.
  
  

 2 / 7



Dietary Protein Effects on Cadmium and Metallothionein

    Tissue and Urinary Cadmium  The concentration of cadmium was determined in the urine, lungs, heart, kidney, and liver aspreviously described (5). Briefly, tissue was lyophilized and digested in concentrated nitric acid,and cadmium was determined on diluted samples by flameless atomic absorption using aPerkin-Elmer 603 spectrophotometer equipped with a deuterium ARC for backgroundcorrection.    Tissue Concentration of Metallothionein  The concentration ofMT was determined in the lung, heart, kidney, and liver as described byPiotrowski et al. (6) and Kotsonis and Klaassen (7). In brief, these tissues were homogenized in1.15% KCl (10 mL/g) and 100 gg of 3Hg (1.57 Ci/mole) was added to the homogenate (1 mL).This mixture was allowed to react for 12 min at room temperature before the addition of 300 jLof 10% TCA, and then was centrifuged at 10OOg for 10 min. A 250-jtL aliquot of thesupernatant was added to 5 mL of saline, and the radioactivity of this mixture was determinedwith a Searle Auto-Gamma scintillation spectrophotometer. The amount ofMT per gram oftissue was determined by measuring the amount of 203Hg in the TCA supernatant.    Catechol-O-Methyltransferase Activity  Catechol-O-methyltransferase (COMT) was measured in the heart, liver, and lung by amodification of McCaman's procedure (8). In a 10-mL culture tube, the following were added:potassium phosphate, 0.08 M (pH 7.8); MgCl2, 5 x 10-3 M; 3,4-hydroxybenzoic acid, 1 x 10-4M; S-adenosyl-i.-(methyl-14C) - methionine, 1 nmole; and 5-80 jg protein of a 78,000gsupernatant. This reaction mixture was incubated at 38°C for 30 min, and the reaction wasstopped by the addition of 3 jL of 3 N HCI. Ethyl acetate (100 gL) was added and thoroughlymixed to extract the 3-methoxy-4-dihydroxybenzoic acid. After a brief (3 min) centrifugation toseparate the phases, a 50- jIL portion of the ethyl acetate was removed and added to atoluene-based phosphor solution (10 mL); radioactivity was measured in a scintillationspectrophotometer. Since the amount of Sadenosyl-L-(methyl-14C)-methionine extracted wasless than 0.2% by this procedure, correction was made for this blank value by incubating theradioactive substrate with boiled enzyme.    Short-Term Absorption Studies  In these studies, rats were fed a high, low, or low protein with Lrcysteine (400 jg/g) diet for 30days prior to an oral dose of cadmium. Each group was given a 1 mL solution by intubationcontaining 109CdC12 (0.40 mg/rat) in a slurry of the respective diets. In each group, four ratswere killed at 24, 48, and 72 hr after administration of this isotope. Sections of selected organswere removed, post-mortem lyophilized to constant weight, and radioassayed using a Searlewell-type gamma scintillation counter with a sodium iodide thallium-activated crystal. Countingerror was reduced to less than 5% at 95% confidence level by counting all samples to 10,000counts. All counts recorded were 5 to 10 times greater than background.    In experiments for which statistical analysis was performed, results were analyzed by theStudent's t-test. The expressions p<0.05, p<0.01 and p<0.001 are used to indicate significanceat the 5, 1 and 0.1% levels, respectively.    Results  The controls (i.e., rats fed a low- or high-protein diet and deionized water) were groupedtogether because significant differences were not observed for the measurement describedbelow. Food and water intake was monitored on a weekly basis over the 4-month experimentalperiod. The mean daily food intake during this period for the various groups was: group A, 25.9+ 1.6; group B, 29.3 + 0.8; group C, 24.6 ± 0.7; and group D, 27.6 + 0.6 g. The mean dailyintake of water for those rats given 25 and 50 ppm cadmium was slightly lower than that for thecontrols (controls, 26.6 ± 1.8 mL; 5 ppm cadmium, 27.3 + 0.9 mL; 25 and 50 ppm cadmium,24.7 ± 1.1 mL).    Differences between initial and final body weights in the various groups were only observedbetween the low- and high-protein diets (Table 2). Cadmium treatment did not cause asignificant change in body weight. Furthermore, significant differences in wet weight of thekidney, liver, lung, and heart, following 4 months of treatment were not observed between thelow- and high protein diets, irrespective of the level of cadmium in the drinking water.    

  The tissue concentration of cadmium in the liver and kidney of rats fed the various diets anddrinking waters containing cadmium are shown in Figures 1-4. These figures only describe thelevels of cadmium observed in groups B, C, and D. The concentration of cadmium in the liverand kidney of group A (controls) did not exceed 2.9 + 0.8 g/g dry weight over the 4-monthexperimental period. As shown in these figures, the concentration of cadmium in both the liverand kidney appeared to increase with dose at all time intervals. At levels of 25 and 50 ppmcadmium, the tissue concentration of this element after two months of exposure wassignificantly higher when rats were fed the high-protein diet (Figs. 1 and 2). Although the level ofcadmium in the liver and kidney was higher in rats fed the high-protein diet and 5 ppmcadmium, significant differences between these diets were only observed in the kidney after 4months of exposure (Fig. 3).  
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  In an attempt to define the dietary factor responsible for these differences, cysteine was addedto the low-protein diet to a level that was present in the high-protein diet (i.e., high-protein 52mg/100 g, low-protein 10 mg/100 g of diet). In rats fed this supplemental diet and drinking watercontaining 25 ppm cadmium for 4 months, the concentration of cadmium in the liver and kidneyincreased to levels similar to that observed in rats exposed to the high-protein diet and 25 ppmcadmium (Fig. 4).    The concentration of MT in the liver and kidney increased with the dose of cadmium (Figs. 5and 6). As observed for tissue cadmium, the concentration ofMT was significantly higher in bothtissues in rats fed the high-protein diet following 3 to 4 months of treatment. In rats exposed to 5ppm cadmium, significant differences between diets were not observed. MT levels in the liverand kidney from rats fed the low-protein diet with cysteine added and 25 ppm cadmium were390 + 60 and 365 73 .g MT/g, respectively, after 4 months of exposure. These levels at 4months are higher than observed in rats given 25 ppm cadmium and fed the low protein diet(i.e., 270 + 35 and 250 + 23 ig/g, respectively) and lower than observed in rats fed thehigh-protein diet (i.e., 430 + 66 and 460 + 39 ig/g, respectively). The urinary excretion ofcadmium is shown in Table 3. The level of cadmium in the urine increased with dose andexposure time. However, significant differences in the excretion of cadmium between the dietswere only observed following 3 and 4 months of treatment. Nevertheless, the level in rats fedthe high-protein diet and 25 or 50 ppm cadmium was higher over the experimental period.      
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      A relationship has been suggested between MT concentration and cadmium-induced toxicityof tissues (9,10). In some organs, the toxicity of cadmium shows an apparent decrease as thecon centration of MT increases. To determine if protein affected this relationship, MT and COMTwere both determined in the lung, liver and heart of rats fed a low- or high-protein diet and given50 ppm cadmium in the drinking water. COMT was used as a measurement ofcadmium-induced toxicity, (11). MT was not detected the heart of the controlsor the experimental (Table 4). As compared to respective controls, MT levels in the lung andliver increased cadmium and these diets. However, this increase was substantially greater inrats fed the high protein than in rats fed the low-protein diet. COMT activity was significantlylower in the lung, liver and heart of rats fed the low-protein diet and 50 ppm cadmium. In ratsfed the highdietary protein diet, significant decreases in the activity of this enzyme were notobserved.  The tissue retention and urinary excretion of cadmium were determined in the threedietary groups (i.e., groups B, C and D). Differences in the retention of 109Cd in the liver,kidney and gastroin intestinal tract were observed between the varigroupous diets (Table 5). Ateach time point, for the liver and kidney, the retention of 109Cd appeared higher in rats fed thelow-protein rather than the high-protein diet. With the exception of the kidney at 48 and 72 hr,similar observations were made in rats fed the low-protein diet with cysteine added.    
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    The urinary excretion of cadmium, as a percentage of the initial dose, is shown in Table 6.Although the pattern of excretion was different among these groups, significant differencesbetween groups B and C and between C and D were observed only at 24 hr.    

    Discussion  The present studies support previous reports on the long- and short-term effect of dietaryprotein on the accumulation of cadmium in the liver and kidney. As previously observed (5), inrelatively long-term exposures high-protein dietary feeding was associated (when compared tofeeding a low protein diet) with significantly high concentrations of cadmium in the liver andkidney. Results described above support and extend this observation by data which show thatthe effect of the high-protein diet is independent of the dose of cadmium, whereas themagnitude of difference is dependent on the dose. We have also observed in short-term feedingstudies high levels of liver and kidney cadmium in rats fed the low-protein diet similar to thatreported by Suzuki et al. (4).Thus, in long-term exposures, the high-protein diet is associated with high tissue levels ofcadmium whereas the reverse is observed in short-term exposure. These contrasting resultsmay be explained by decreased excretion and/or increased tissue retention.    These factors were studied by determining the amount of cadmium excreted in the urineduring short- and long-term exposures and by measuring MT. The urinary excretion of cadmiumduring the first 24 hr following an oral dose of 109Cd was significantly greater in rats fed thehigh-protein diet. Similar results were observed in the longterm studies. However, significantdifferences were only observed after 90 days of exposure to 25- or 50-ppm cadmium. Theseresults suggest that the observed lower concentrations of cadmium may occur in the kidneybecause of the initial increase in the urinary excretion of this element. Results also suggest thatthe relationship of urinary cadmium to the kidney level of this element change as the exposureis continued. This change may be associated with the induced synthesis of MT (12,13). Thus,for example, the synthesis of this protein may be regulated by both dietary protein and thetissue level of cadmium. Optimal conditions for protein synthesis would be expected in rats fedthe high-protein diet (14,15). As shown above, MT levels in both the kidney and liver were significantly higher in rats fed thehigh-protein diet and 25 or 50 ppm cadmium. Thus, the lack of a significant change in theexcretion of cadmium in rats fed the high-protein diet (i.e., long-term exposures) may beassociated with an increase in the tissue retention of cadmium due to the increase in MTsynthesis.    Marked increases in the urinary excretion of cadmium have been associated with renaldamage (16). In a previous report, we have observed renal damage in rats fed a high-proteindiet and drinking water containing 50 ppm cadmium for 90 days (5). Thus, renal damage mayexplain the marked increase in urinary cadmium following 90 to 120 days of exposure to thehigh-protein diet and drinking water containing 25 or 50 ppm cadmium.    Cadmium is known to form complexes with the thiol group of cysteine and reducedgluthathione (17,18). Since the concentration of cysteine in the high-protein diet was fourfoldhigher than found in the low-protein diet, experiments were performed to determine theimportance of cysteine in explaining these dietary differences. Results showed that whencysteine was added to the low protein diet to the level present in the high protein diet, significantdietary differences in liver and kidney cadmium and MT were not observed.    In the long-term studies, the level of cadmium observed in the urine from animals fed the lowprotein diet with cysteine added was similar to the levels observed in rats fed the high-proteindiet. However, in the short-term studies, the cadmium level in the urine 24 hr after treatmentwas higher in rats given the low protein plus cysteine than the high- or low-protein diet groups.Furthermore, of the three groups studied, the tissue levels and the amount of cadmiumabsorbed were highest in the group fed the low protein with cysteine added. These short-termresults suggest that cysteine affects both the absorption and tissue retention level of cadmium.This suggestion is in part supported by the studies of Kennedy in which cysteine was shown toincrease the kidney level and the nephrotoxicity of cadmium (19,20). An important factor in theeffect of cysteine was the ratio of this amino acid to cadmium. These investigators reportedmarked renal lesions and kidney cadmium concentrations when the dose of cysteine was 250times the dose of cadmium or greater. In the present study, the ratio of cysteine to cadmiumwas determined from the daily food and water consumption. For rats fed these diets anddrinking water containing 5, 25 or 50 ppm cadmium the ratios were, respectively: low protein,21.5, 4.3 and 2.3; high protein, 88, 17.6 and 9.5; and low protein plus cysteine, 104, 20.7 and11.2. These ratios suggest that dietary cysteine would have a greater effect on theaccumulation of cadmium in the kidney when the exposed level to cadmium was relatively low.Thus, the dose of cadmium and this ratio may both be considered important factors in cadmiummetabolism.    Several investigators have suggested that the intracellular level of MT may protect the cellagainst cadmium-induced toxicity (10). For example, cadmium toxicity in rats is reduced if theyare pretreated with zinc (21). Zinc stimulates the synthesis of MT. In an attempt to determinethe importance of dietary protein on MT synthesis and cadmium toxicity, long-term studies wereperformed. The toxicity of cadmium was determined by measuring the activity of COMT. Theactivity of this enzyme has been previously shown to be sensitive to cadmium by thisinvestigator and others (22). Results from these studies show thatdietary protein affects both the activity of this enzyme and MT levels. The activity of COMT andMT in the lung and heart was significantly lower in rats fed the low-protein diet than those fedthe high-protein diet and 50 ppm cadmium.    These results provide additional support to the importance of MT in protecting the cell againstcadmium-induced toxicity.    This research was supported by the Office of Health and Environmental Research U.S.Department of Energy under contract DE-AC05-82ER60094 with the Oak Ridge ResearchInstitute.    I am indebted to Dr. F. Hartman for his analyses of the diets for cysteine.    REFERENCES    1. Fitzhugh, 0. G., and Meiller, F. H. The chronic toxicity of cadmium. J. Pharmcol. Exptl.Therap. 72: 15-20 (1941).  2. Itokawa, Y., Tbmaoko, A., and Tanaka, J. Bone changes in experimental chronic cadmiumpoisoning. Environ. Health 26: 241-244 (1973).  3. Gontzea, I., and Popesca, F. The effect of body protein supply on resistance to cadmium.Brit. J. Ind. Health 35: 154-160 (1978).  4. Suzuki, S., Taguchi, T., and Yokohashi, G. Dietary factors influencing upon the retentionrate of orally administered lO5mCdCl2 concentrations in mice with special reference to calciumand protein in the diet. Ind. Health 7: 155-259 (1969).  5. Revis, N. W. The relationship of dietary protein to metallothionein and cadmium-inducedrenal damage. Toxicology 20: 323-333 (1981).  6. Piotrowski, J. K., ¶Tojanowska, B., Wisniewska-Knyple, J. M., and Bolanowska, W. Mercurybinding in the kidney and liver of rats repeatedly exposed to mercuric chloride: induction ofmetallothionein by mercury and cadmium. Toxicol. Appl. Pharmacol. 27: 11-19 (1974).  7. Kotaonis, F. N., and Klaassen, C. D. Comparison of methods for estimating hepaticmetallothionein in rats. Toxicol. Appl. Pharmacol. 42: 583-588 (1977).  8. McCaman, R. E. Microdetermination of catechol-omethyl-transferase in the brain. Life Sci.4: 2353-2359 (1965).  9. Kagi, J. H. R., and Vallee, B. L. Metallothionein: a cadmium and zinc-containing protein fromequine renal cortex. J. Biol. Chem. 235: 3460-3465 (1969).  10. Piscator, M. On cadmium in normal human kidney together with a report on the isolation ofMT from livers of cadmium exposed rabbits. Nord. Hyg. Tidskr. 48: 76-82 (1964).  11. Revis, N. W. and Horton, C. A possible mechanism for cadmium-induced hypertension inrats. Life Sci. 23: 409- 418 (1980).  12. Shaikh, Z. A., and Lucis, 0. S. Induction of cadmium binding protein. Fed. Proc. Fed. Am.Soc. Exp. Biol. 29: 298 (1970).  13. Webb, M. Protection by zinc against cadmium toxicity. Biochem. Pharmacol. 21:2751-2765 (1972).  14. Hegsted, D. M., and Chang, Y. Protein utilization in growing rats. J. Nutr. 85: 159-168(1965).  15. Harper, A. E. Effects of variation in protein intake on enzymes of amino acid metabolism.Can. J. Biochem. 43: 1589-1603 (1965).  16. Friberg, L., Piscator, M., Nordberg, G. F., and Kjellstrom, J. Cadmium in the Environment.CRC Press, Cleveland, 1974.  17. Albert, A. Quantitative studies on the activity of naturally occurring substances for tracemetals. Biochem. J. 50: 691-698 (1952).  18. Lenz, G. R., and Martell, A. E. Metal chelates of some sulfur-containing amino acids.Biochemistry 3: 745-753 (1964).  19. Kennedy, A. The effect of L-cysteine on the toxicity of cadmium. Brit. J. Exptl. Pathol. 49:360-364 (1968).  20. Murakami, M., and Webb, M., A morphological and biochemical study of the effects ofL-cysteine on the renal uptake and nephrotoxicity of cadmium. Brit. J. Exptl. Pathol. 62: 115-130(1981).  21. Oh, S. H., and Whanger, P. D. Biological function of metallothionein. VII. Effect of age onits metabolism in rats. Am J. Physiol. 237: E18-E22 (1979).  22. Solomon, S. H., and Hallenberg, W. K. Catecholamine release: mechanism of mercuryinduced vascular smooth muscle contraction. Am. J. Physiol. 229: 8-12 (1975).      
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