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Summary

Cross-membrane transport of 14C-leucine was measured by means of

liquid scintillation counting. Both influx and efflux rates of Leu

were determined by disappearance and exodus of 14C-Leu into the

external medium. A saturable and non-saturable components of Leu

transport were observed in human erythrocytes.

Maximum uptake rate (Jmax) of Leu by the saturable component

increased at low Cd++ concentrations between 5-20 ppm. The uptake by

the non-saturable component was inhibited by Cd++. Diffusion constant

(Kd) and transport constant (Kt) of Leu influx decreased

logarithmically as the Cd++ concentration was increased. The presence

of intracellular Cd++ caused a decrease in Leu efflux rate; whereas,

extracellular Cd++ had no effect.

In general, Cd++ appeared to affect the transport protein

asymmetrically, depending on its presence at the inner or outer side of

the membrane.
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INTRODUCTION

World wide annual emissions of cadmium from natural sources (such

as airborne soil particles, volcanic aerosols, forest f'res,

vegetation, etc .••) were estimated at 8.4 x 105 kg (Nriagu, 1980). In

the United states alone, the total amount of cadmium d'spersed from

anthropogenic sources is about 3.5 x 107 kg/year (U.S. EPA, 1975b).

The first major use of cadmium, as CdS in paint pigments, occured

well over 60 years after its discovery in 1817. Current commercial

applications of cadmium include electroplating, enamel pigments,

plastic stabilizers, nickel-cadmium batteries, alloys, solar cells,

luminescent materials, solders, and control rods of nuclear reactors.

The combined annual discharge of cadmium in southern California's

m~nicipal effluents and San Francisco Bay has been estimated at 50 tons

(Schafer, 1976) and 2 tons (CBE Report, 1983) respectively.

Cadmium is highly toxic to human beings (Gleason et al., 1969).

During World War II, cadmium oxide fumes, which cause chemical

pneumonitis, were considered as a potential weapon (Gafafer, 1964).

Long-term human exposure to cadmium is associated with gastrointestinal

disturbances (Rise and Fulkerson, 1973; Friberg et al., 1974; Friberg,

1978), lung insufficiency (Friberg, 1950; Smith et al., 1976), kidney

impairment and proteinurea (Kazantzis et al., 1963; Lauwerys et al.,

1974, 1976), osteomalacia (Adams et al., 1969;

Kazantzis, 1978), anosmia (Friberg, 1950) and

Pujol et

yellowing

al., 1970;

of teeth

(Princi, 1947). In addition, cadmium was shown to be a mutagen and
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carcinogen in animals (Furst and Schlauder, 1977; Rivedal and Sanner,

1981; Rubin and Kroll, 1981; Takenaka et al., 1983), and a potential

carcinogen causing lung and renal cancer in humans (Potts, 1965;

Kolonel, 1976). In the diet, the highest concentration of cadmium is

found in grain, cereals, oyster, crab and whale meat (Ishizaki et al.,

1970; Reynolds and Reynolds, 1971; Fox, 1976). In the United States,

an average diet contains about 50 ug Cd/meal (Duggan and Corneliussen,

1972). Cadmium is also present in cigarettes, which contain

approximately 1 ug/cigarette when inhaled (Menden et al., 1972). The

average daily intake of cadmium by Americans was estimated at 200-500

ug (Schroeder et al., 1967). Little evidence exists indicating that

cadmium plays a physiological role in any organism. Recent data on rat

growth rates suggest the possibility that cadmium may be an essential

element for this species only (Schwarz and Spallholz, 1976). Intake of

cadmium at a level of 10-20 ug/day has been shown to induce maximum

cardiovascular changes. However, cadmium may be apparently inert at

dosages of 50-100 ug intake/day due to the production of the

detoxifying protein, metallothionein (Kopp et al., 1982).

Cadmium ion is presumably transported across the cell membrane by

active transport mechanisms rather than by simple diffusion (May et

al., 1977). It has been observed that the rapid clearance of Cd++ from

plasma after venous injection resulted partly from its subsequent

transfer to the rat red cells (Lucis et al., 1969). In one study with

mice (Nordberg, 1972), maximum cadmium levels in red cells were reached

within 4 hours. It has been suggested that cadmium may compete for

binding sites with calcium or zinc-binding protein (Washko and Cousins,
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1977; Frazier and Kingsley, 1977). Apparently no study has be n don

on the transport kinetics of cadmium in any mammalian cell system, nor

have the effects of cadmium on the cell surface enzymes been exam"n d.

Several membrane bound ATPases were found to be involved n h

transport of inorganic ions (Barany and Barany, 1959; S racher and

Chan, 1961; Skou, 1963; Hille, 1968), which, in turn, a so r gula

cellular transport of small water-soluble metabolites.

the co-transport of Na+ and amino acids in human red b ood c

(Spencer, 1969; Alvarado et al., 1970), and the transpor 0

rabbit ileum (Goldner et al., 1969; Frizzell et al., 1973)

For x mp

s

Previous studies on cells of brain, liver,

g ucos n

had b en

k'dn y inobserved. and

mammals indicated that Cd++ inhibited the Na+ ATPase by n era ng

with essential sulphydryl groups (Simon et al., 1947; Bader ea.,

1970; Mustafa and Cross, 1971). It is likely that inhib"t'on of

membrane ATPase may interfere with the transport process.

Recent studies on the amino acid transport system in several

marine organisms have indicated a reduction in the uptake rate of amino

acids when divalent cations such as Cd++, Cu++, Mg++, Hg++ and Fe++

were present (Rice and Chien, 1977; Ellory et al., 1981; Viarengo et

al., 1981; Lee et al., 1983; Chien et a1., 1984). A similar decreasing

trend in the uptake rate of glycine in marine mussels, Mytilus edulis,

with increasing cadmium concentration was observed by Marelich et al.

(1984). Cadmium exposure caused a decrease in the transport constant

(Kt), indicating an increase in affinity between the transport site and

glycine. At present, the nature of interaction between Cd++ and the

amino acid transport components rema"ns obscure.
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The purpose of this study is to determine the kinetics of cadmium

uptake, and to investigate the effect of cadmium on the transport of

leucine into human erythrocytes (RBC). Five experiments were

conducted: (1) The uptake kinetics of Cd++ by RBC. (2) Leu uptake rate

was monitored in the presence of the extracellular Cd++ as well as (3)

the Leu uptake affected by intracellular Cd++ in pre-loaded RBC.· (4)

Outward transport of Leu was also studied by observing the efflux of

cellular Leu affected by extracellular Cd++, as ~ompared to (5) the

efflux of Leu in the presence of intracellular Cd++. 109Cd and 14C-Leu

were used as radioactive tracers to monitor the subtrate concentration.
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MATERIALS and METHODS

Freshly packed human red blood cells (RBC) were purchas d rom th

Irwin Memorial Blood Bank (San Francisco, California). The RBC's wer

washed twice in isotonic solution (150mM NaCI, 15 mM Tros-HCI, and 5 mM

glucose), centrifuged, and the buffy coat discarded. Th red

were stored in synthetic plasma (140 mM NaCI, 15 mM KCI, 20 mM

Tris-HCI, and 5 mM glucose) at 4°C, and were used WO hOn on w k.

Before each experiment, erythrocytes were separated from h syn

plasma by centrifugation at 2,000 g for 3 minutes.

Concentrations of substrates in the media were adjus d

proportionally with added radio-isotope dosages. Therefore, bo h co d

leucine (Sigma Chemical Company) and 14C-Ieucine (50 uC'lm) (Am rsharn

UK) were used to prepare leucine solutions. Cadm'um solu ons

contained both cold CdCl2 and 109Cd (123 uCi/rnl) (Amersham UK).

Synthetic plasma, leucine and Cd++ solutions were adjusted to pH 7.4

(at 37°C) with diluted HCI or NaOH. Iso-osmolality at various leucine

and Cd++ concentrations was maintained by adjusting the concentration

of NaCI in the media.

Uptake experiments (1, 2 & 3):

The uptake rate of leucine and Cd++ into the red cells was

determined by measuring the decrease in radioactivity of the external

medium, which contained either 14C-Ieucine (.005 uCi/ml) or 109Cd (.006

uCi/ml). A 500 ul suspension of washed erythrocytes (hematocrit = 77%)

was incubated in media containing the appropriate concentration of
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leucine (in leucine uptake experiments) or cadmium (in the cadmium

uptake experiments) at 37°C. When necessary, RBC's were pre-loaded

with Cd++ before incubation in leucine media. Incubation was stopped

after 20-30 minutes by adding 1 ml of ice-cold n-dibutylphthalate

(Ferreira and Lew, 1976) to the cell suspension, and immediately

centrifuged at 7,000 g for 5 minutes. The decrease in radioactivity

(cpm) from the media (above the n-dibutylphthalate layer) was

determined as follows. A 200 ul sample from the incubating medium was

added to 3.5 ml Scintisol (Isolab Inc) and analyzed with a Searle

Analytic 6892 liquid scintillation counter (LSC). Uptake rates were

reported in mole/liter cell water/hour.

Efflux experiment (4 & 5):

In the leucine exodus experiment, the cells were pre-loaded with

either leucine (.012 mol/I) or both leucine and Cd++ (0-110 ppm). The

extracellular leucine and Cd++ were removed by washing with isotonic

buffer and efflux of leucine into the external medium measured. A 1 ml

suspension of washed erythrocytes (hematocrit 70% 90%) was

incubated in leucine and Cd++ solution from 10 to 60 minutes at 37°C.

The cells were then washed and centrifuged at 5,000 g for 2 minutes.

The supernatant was removed by siphoning, and the inside wall of

centrifuge tube was carefully wiped with absorbent tissue. The red

cell pellet was re-incubated in normal synthetic plasma at 37°C. After

5 to 15 minutes, radioactivity of the incubating medium was measured by

LSC.
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Extraction of l4C-leucine and 109Cd:

Intracellular leucine and Cd++ were determined by measuring the

radioactivity level within the RBC by lysing them in 1 ml of 5% Triton

X-IOO in water, deproteinizing in 2-3 ml trichloroacetic acid (50 gil),

and centrifuged at 7,000 g for 10 minutes. Hemolysate radioactivity

was monitored by LSC. Blank values, the measure of radioactivity of

interstitial fluid in packed RBC, were obtained by mixing cell samples

with l4C-leucine or 109Cd at O°C. The cells were quickly separated

by centrifugation and the supernatant siphoned off. Net entry of

leucine and Cd++ were calculated by subtracting the hemolysate

radioactivity from the blanks.

recovery rate was 97% (r2 = 0.99).

In uptake experiments, the mean

Cellular Cd++ and leucine were

determined by same methods for both influx and efflux experiments.

Determination of cell water:

Cell water contents were estimated by drying the pellet of red

cells to constant weight in an aerated oven at 110°C. Mean values of

cellular water were found to be 52% of cell weight.
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RESULTS

Saturable and non-saturable constituents were observed in Cd++ and

leucine transport by human erythrocytes (Fig. la,lb,2). The mean,

maximum uptake rate (Jmax) of Cd++ was 3.4 x 10-4 mol/l/h. At 0

ppm Cd++ exposure, the mean Jmax of leucine influx was 3.8 x 10-4

mol/l/h. When extracellular Cd++ was 5 and 20 ppm, Jmax of Leu uptake

increased 116% and 122% respectively (Fig. 3). However, at 50 ppm Cd++

Jmax differed little from the control value (Fig. 3).

The uptake rqte (J) of leucine at physiological concentration in

serum (2 x 10-4 M) was 3.1 x 10-4 mol/l/h. At 5 ppm of intracellular

Cd++, leucine uptake rate was increased to 151% as compared to an

increase of J to 244% when Cd++ was present extracellularly (Fig. 4).

Above 5 ppm Cd++, the uptake rate decreased with increasing

extracellular Cd++. The reverse relationship was observed when

intracellular Cd++ was increased (Fig. 4).

In the non-saturable system, the entry rate of Cd++ and leucine

increased linearly with increasing substrate concentration (Fig.

la;lb,2). The mean values of the diffusion constant (Kd) and transport

constant (Kt) of leucine influx are listed in Table 1. Kd and Kt of

leucine transport decreased logarithmically with increasing

extracellular concentration of Cd++ (Fig. 5a,6).

The mean efflux rate of leucine in pre-loaded red cells (0.012
-7 /mol/l Leu) was 6.4 x 10 mol h. Efflux rate remained constant despite

the increases in external Cd++ (Fig. 7). However, efflux rate

decreased logarithmically as cellular Cd++ concentration increased

(Fig. 7). The greatest drop in efflux rate (67%) occured near the 5
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ppm Cd++ level. Above this level, efflux rate decreased slowly (Fig.
7).
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DISCUSSION

Two different modes of transport, saturable and non-saturable, of

amino acids have been reported for human, sheep, and rabbit

erythrocytes (Winter and Christensen, 1964; Young et al., 1980). The

present study on leucine uptake supports the presence of these two

distinctive uptake pathways in human red blood cells (Fig. 2). The

influx of cadmium also demonstrated similar characteristics (Fig. 1).

Since the saturable components of both the leucine and divalent Cd++

transport system showed a limited transport rate (Jmax), they could

operate according to the carrier-mediated model in which the substrate

molecule forms complex with a carrier-protein and, then, is

translocated through the bilipid-Iayer membrane. However, its

non-saturable component behaved more like a channel-mediated structure

through which the substrate was translocated. Jmax value can not be

determined for this mode of transport. The relationship between the

uptake rate and substrate concentration of the non-saturable component

was linear. Its diffusion constant (Kd) was estimated as the slope of

the uptake curve (Table 1).

In the presence of extracellular Cd++, Jmax of leucine uptake

initially increased at low Cd++ concentration, but gradually decreased

to the level of the control when Cd++ concentration approached near 50

ppm (Fig. 3). This finding contradicts earlier reports on marine

invertebrates (i.e. Rice and Chien, 1977; Viarengo et al., 1981; Lee et

al., 1983) that Cd++ reduces the amino acid uptake rate. It is

possible that Jmax of leucine uptake in human erythrocytes may decrease
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even further at Cd++ levels above 50 ppm. However, the uptake ra e of

leucine at physiological concentration in serum (2 x 10-4 molll Leu)

did not fall below the level of controls when the cells were expos d to

100 ppm Cd++ (Fig. 4). As has been suggested by several rev w rs

(Vallee and Ulmer, 1972; McAuliffe and Murray, 1972; Friedberg, 1974;

Blundel and Jenkins, 1977), Cd++ reacts strongly with pro ns,

enzymes, and a wide range of other biological molecules. Th

enhancement of leucine uptake may be due to (1) Cd++ direc y in erac s

with the transport protein and makes it more efficient. (2) Th

presence of Cd++ indirectly results in a secondary effect on he

transport component, such as complexing with glutathione (L' and

Manning, 1955; Rabenstein et al., 1983). Such a mechan'sm has been

postulated to function in the transport of amino acids (Young et al.,

1976). And (3) the availability of new transport sites is considered.

It has been postulated that Cd++ is attached to thiol groups in

glutathione and cysteinyl residues; to imidazole groups in histidiny1

residues, and also to keto and phosphate groups. Cadmium interaction

probably induces changes in structural conformation and affects the

reactive site of the transport protein (Cherian and Nordberg, 1983).

As was pointed out, the Na+ ATPase is inhibited by Cd++ at the

sulphydryl group(s) (Simon et al., 1947; Mustafa and Cross, 1971), and

the co-transport of Na+ and amino acids is affected. However, the

uptake rate of leucine was not reduced because leucine transport in

human erythrocytes is not Na+-dependent (Young et al., 1980).

Therefore, different effect in the uptake rate of Leu was observed,

contradicting other results of previous studies with systems which may
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be Na+ sensitive. The opposite effect occured as low Cd++
concentration caused an increase in the Leu uptake rate (Fig. 3).

According to Wang and Gilpin (1983), several amino acids form complexes

with Cd++ (e.g. octahedral complex between three molecules of glycine

and a cadmium ion). Thus, uptake of leucine would be more efficient

when the Leu-Cd++ complex was transported by a second, saturable
system.

Both intracellular and extracellular Cd++ increased the uptake of

leucine; except the uptake rate further increased as intracellular Cd++

increased (Fig. 4). Hoare (1972)~ in his study of leucine transport in
human erythrocytes, found: (1) a single carrier system mediates both
the exchange and net fluxes of leucine, (2) that its binding to the

carrier increases the rate of carrier re-orientation, and (3) the

carrier is, at equilibrium, about equally distributed between the two

sides of membrane. Hence, the uptake rate of leucine increased, it is

assumed that the re-orientation of the carrier on the outer membrane is

much faster than that of the carrier-subtrate complex at the inner

side, and intracellular Cd++ is supected to induce such an effect by

interfering with this orientation process." As a consequence, Cd++ may

have shifted the equilibrium and availability of the carrier toward the

extrinsic side of the membrane.

The affinity between the carrier protein and its substrate in the

saturable system increased significantly when Cd++ was present (Table

1). This effect may be caused by conformational change of the

transport protein as it interacts with Cd++ as suggested by Rice and

Chien (1977). However, it is possible that the new Kt value(s)
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describes the affinity of a different transport system, as suggested

earlier where the Leu-Cd++ complex was being translocated. In this

case, this new Kt value(s) was not affected by Cd++ and remained

constant despite the increase in Cd++ level (Table 1). A similar

effect was observed for the diffusion constant (Kd) of leucine "nf ux

in the non-saturable pathway. Possible chelation between amino ac"ds

and Cd++ (Wang and Gilpin, 1983) may explain the decrease of Kd (Table

1); and the Leu-Cd++ complex could not migrate through the same channe

as did leucine. Instead, this complex species may have entered the red

cells via a different route that possessed a lower Kd character"st"c.

However, data from the efflux experiments discounted this poss"bility.

It can be argued that Leu-Cd++ complex could exit by the same

channel that it uses to diffuse into the cells. Yet, efflux rates of

pre-loaded leucine decreased as intracellular Cd++ was increased.

Again, similar to leucine influx, the reduction in efflux rate may have

been due to the chelating process, which was absent when Cd++ was only

present outside the cells. Under such conditions, the efflux rate of

cellular leucine remained constant regardless of the

extracellular Cd++ level.

Cadmium acts both as a stimulant and repressor in leu uptake; at

increasing

low Cd++ concentration the uptake of Leu was enhanced (Fig. 3,4). As

the Cd++ concentration was increased, the Leu uptake rate levelled off

and gradually decreased to the level of control (Fig. 3). Hence, we

observed an inversion effect known as hormesis (Furst, 1985).

Furthermore, earlier data from a time exposure experiment (Malerich et

al., 1984) reported that the inversion effect of Cd++ on the amino acid
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uptake appeared to be dependent on Cd++ dosage and not on time exposure

to Cd++.

The experimental results indicated that Cd++ reduced the Leu

transport by the non-saturable component. However, at physiological

leucine concentration in serum this system contributes very little to

the total Leu uptake (Fig. 2), as

alone. Since low Cd++ level

compared to the saturable system

stimulated the enhancement of the

saturable pathway, the efficiency of Leu uptake was not seriously

affected. Our data suggested that short-term exposure to 20 ppm Cd++

or less is unlikely to interfere with the Leu uptake in human

erythrocytes. Further studies should be done to elucidate the

mechanism and nature of interactions between cadmium and the leucine

transport components.
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TABLE 1

Kinetic parameters describing the up ake of I u in by hum n

erythrocytes at various Cd++ levels.

[Cd] (ppm) Jmax (mol/l/h) Kt (mol/ ) d (l/h)

o (3.8 ± .9) x 10-4 (1.0 ± .2) x 10-4 5. ± .3

5 (8.1 + .7) x 10-4 (2.8 + .2) x 10-5 3. +

20 (8.3 ±1.5) x 10-4 (2.4 + .4) x 10-5 2.0 + . 7

50 (4.3 ± .7) x 10-4 (2.9 + .5) x 10-5 1.9 + .5

Jmax and Kt values of the saturable component were calcu a ed

according to the Lineweaver-Burk linear transformation. Kd values of

the non-saturable component were estimated as the slopes of the

diffusion curves. Each value represents the mean + its standard

deviation (n=5).
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LEGENDS

Fig. 1. A: The uptake rate of Cd++ by human erythrocytes at d'f eren

extracellular Cd++ concentrations. The uptake curve descr'b s h

influx of Cd++ by the (Y) saturable component with the me n Jmax
-4 4(3.4 ± 1.2) x 10 molllih and the mean Kt = (l.l± .4) x 10- mo I

and (D) non-saturable component with the mean Kd = 2.8 ±.7 l/h. Th

zig-zag axes represents the condensed scales. B: The uptake curv h

been resolved into the (Y) saturable and (D) non-saturable compon n .

E represents the transport of Cd++ by both components. A Cd++

concentration below 1 x 10-4M, difussion of Cd++ across the m mbran

may not occur.

Fig. 2. The uptake rate of leucine in human erythrocytes a var'ous

Cd++ levels by the (Y) saturable component and (D) non-saturable

component. Below physiological leucine concentration in serum
-4(2 x 10 M), Leu uptake in the control occurred mainly by the

saturable component. The non-saturable component may not function
-4below 2 x 10 M Leu. In the saturable pathway Cd++ generally enhanced

the Leu uptake rate. Increasing the Cd++ concentration inhibited the

non-saturable component. This could be demonstrated as change in slope

(Kd) of the uptake curves (Fig. Sa). The zig-zag axis represents a

condensed scale.

Fig. 3. Maximum uptake rate (Jmax) of Leu at various Cd++

concentrations.
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Fig. 4. Leu uptake at the physiological Leu concentration (2 x 10-4

M) in synthetic plasma at various Cd++ concentrations. Mean uptake

rate of the control (at 0 ppm Cd++) was (3.1 ± .8) x 10-4 mol/l/h.

Fig. 5. A: Diffusion constant (Kd) of the non-saturable component for

Leu transport at various Cd++ concentrations. B: Analysis of Leu
uptake by the non-saturable component, according to the procedure of

Akedo and Christensen (1962). Distribution ratios (c.p.m./l cellular

water: c.p.m/l external medium) are plotted against 1/[Leu], showing

different intercepts for the Leu uptake curves at various extracellular

Cd++ concentrations. If Cd++ exerts no effects on the Leu uptake, all

uptake curves should intercept y-axis at a same point. The
experimental results showed decreasing intercepts, which indicated Cd++

inhibits the non-saturable component and vary its diffusion constant,

Kd.

Fig. 6. Transport constant (Kt) of the saturable component for Leu

transport at various Cd++ concentrations. Kt decreased with increasing

Cd++ concentration from 0-20 ppm, indicating an increase in affinity

between the transport protein and Leu.

Fig. 7. Efflux of Leu at different Cd++ concentrations.

rate of the control (at 0 ppm Cd++) was (6.4 ±, .3)

Mean efflux

10-7 mol/h.x

Efflux rate was measured within 5 minute period. Note: preliminary

data suggested that prolonged incubation of RBC in media up to 15 min

did not result in the alteration of the efflux rate.



REFERENCES

Adams, R.G., Harrison, J.F. & Scott, P. (1969). The development of

cadmium-induced proteinuria, impaired renal function, and

osteomalacia in alkaline battery workers. Quart. J. Med. 38,
425-442.

Akedo, H. & Christensen, H.N. (1962). Nature of insulin action on

amino acid uptake by the isolated diaphragm. J. BioI. Chern. 237,
118-122.

Alvarado, F., Torres-Pinedo, R., Mateu, L. & Robinson, J.W.L. (1970).

Counter-transport between sugars and amino acids in rabbit ileum.

FEBS Lett. 8, 153-156.

Bader, H., Wilkes, A.B. & Jean, D.H. (1070). The effect of

hydroxylamine, mercaptans, divalent metals and chelators on

(Na+ + K+)-ATPase. A posible control mechanism. Biochim.

Biophys. Acta 198, 583-593.

Barany, V.M. & Barany, K. (1959). Studies on "active centers" of

L-myosin. Biochim. Biophys. Acta 35, 293-303.

Blundel, T.L. & Jenkins, J.A. (1977). The binding of heavy metals to

proteins. Chern. Soc. Rev. 6, 139-171.

Citizens for a Better Environment Report (1983). Toxics in the bay: An

assessment of the discharge of toxic pollutants to the San

Francisco Bay by municipal and industrial point sources.

Cherian, M.G. & Nordberg, M. (1983). Cellular adaptation in metal

toxicology and metallothionein. Toxicology 28, 1-5.

Chien, P., Zineb. L., Ueda, R. & Almeida, E. (1984). The effects of

-20-



cadmium on the cell ultrastructure and amino acid transport

kinetics of Tegula funebralis (gastropoda). Proc. Am. Assoc. Adv.

Sci. 3, 35.

Duggan, R.E. & Corneliussen, P.E. (1972). Dietary intake of pesticide

chemicals in the United States (III), June 1968 - April 1970.

Pestic. Monit. J. 5, 331-341.

Ellory, J.C., Jones, S.E.M. & Young, J.D. (1981). Glycine transport in

human erythrocytes. J. Physiol. 320, 403.

Ferreira, H.G. & Lew, V.L. (1976). Use of ionophore A23187 to measure

cytoplasmic Ca buffering and activation of the Ca pump by internal

Ca. Nature (London) 259, 47.

Fox M.R.S. (1976). Cadmium metabolism--a review of aspects pertinent

to evaluating dietary cadmium intake by man. In: Trace Elements

in Human Health and Disease. Vol. II: Essential Toxic Elements,

(Prasad, A.S. and Oberleas, D., eds). New York: Academic Press,

pp. 401-416.

Frazier, J.M. & Kingsley, B.S. (1977). In: Clinical chemistry and

chemical toxicology of metals (Brown S.S., ed.). Amsterdam,

Elsevier: North Holland Biomed. Press, pp. 33-36.

Friberg, L. (1950). Health hazards in the manufacture of alkaline

accumulators, with special reference to chronic cadmium poisoning.

Acta Med. Scand. 138 (Suppl. 240), 124.

Friberg, L. (1978). Proceedings, First International Cadmium

Conference, Metal Bulletin Limited, London, pp. 167-173.

Friberg, L., Piscator, M., Nordberg, G.F. & Kjellstrom, T. (1974).

In: Cadmium in the environment, 2nd Ed. Cleveland: CRC Press Inc.,

pp. 128.
-21-



Friedberg, F. (1974). Effects of metal binding on protein structure.

Quart. Rev. Biophys. 7, 1-33.

Frizzell, R.A., Nellans, H.N. & Schultz, S.G. (1973). Effects of

sugars and amino acids on sodium and potassium influx in rabbit

ileum. J. Clin. Invest. 52, 215-217.

Furst,A. & Schlauder, M.C. (1977). Inactivity of two noble metals as

carcinogens. J. Environ. Pathol. Toxicol. 1, 51-57.

Furst,A. (1985). Hormetic effects in pharmacology. Health Physics,

in press.

Gafafer, W.M. (1964). Occupational Diseases, a Guide to Their

Recognition. U.S. Department of Health, Education and Welfare,

Public Health Service, Washington, D.C., pp. 103.

Gleason, M.N., Gosselin, R.S., Hodge, H.C. & Smith, R.P. (1969).

Clinical Toxicology of Commercial Products: Acute Poisoning (Home

and Farm). Baltimore: Williams and Wilkins.

Goldner, A.M., Schultz, S.G. & Curran, P.F. (1969). Sodium and sugar

fluxes across the mucosal border of rabbit ileum. J. Gen.

Physiol. 53, 362-383.

Hille, B. (1968). Charges and potentials at the nerve surface.

Divalient ions and pH. J. Gen. Physiol. 51, 221-236.

Hise, E.C. & Fulkerson, W. (1973). In: Cadmium, the dissipated element

(Fulkerson, W. & Goelher, H.E., eds), Oak Ridge National Library,

pp. 203-278.

Hoare, D.G. (1972). The transport of L-leucine in human erythrocytes:

a new kinetic analysis. J. Physiol. 221, 311-329.

-22-



Ishizaki, A., Fukushima, M. & Sakamoto, M. (1970). Distribution of Cd

in Biological Materials. II: Cadmium and Zinc Contents of

Foodstuffs. Jap. J. Hyg. 25, 207-222.

Kazantzis, G. (1978). Proceedings, First International Cadmium

Conference. London, Metal Bulletin Ltd., pp. 194-198.

Kazantzis, G., Flynn, F.V., Spowage J.S. & Trott, D.G. (1963). Renal

tubular malfunction and pulmonary emphysema in cadmium pigment

workers. Quart. J. Medicine 32, 165-192.

Kolonel, L.N. (1976). Association of cadmium with renal cancer.

Cancer 37, 1782-1787.

Kopp, S.J., Glonek, T., Perry, M.H., Erlanger, M., & Perry, E.F.

(1982). Cardiovascular actions of cadmium at environmental

exposure levels. Science 217, 837-838.

Lauwerys, R., Buchet, J.P. & Roels, H. (1976). The relationship

between cadmium expos~re or body burden and the concentration of

cadmium in blood and urine in man. Int. Arch. Occup. Environ.

Health 36, 275-285.

Lauwerys, R., Buchet, J.P., Roels, H.A. & Stanescu, D. (1974).

Epidemiological survey of workers exposed to cadmium. Arch.

Environ. Health 28, 145-148.

Lee, W., Swinehart, J.C. & Crowe (1983). Effects of copper II, mercury

II, and iron IlIon primary amines and divalent cations losses

from and glycine incorporation into the gills of the bivalve

mollusc Mytilus edulis. Mol. Physiol. 3, 79-88.

Li, N.C. & Manning, R.A. (1955). Some metal complexes of sulfur-

containing amino acids. J. Am. Chern. Soc. 77, 5225-5228.

-23-



Lucis, O.J., Lynk, M.E. & Lucis, R. (1969). Turnover of cadmium 109 in

rats. Arch. Environ. Health 18, 307-310.

Marelich, G., Nguyen, Q., Paulino, M. & Chien, P. (1984). The effects

of divalent cadmium on the filtration rate and amino acid uptake

kinetics of the edible bay mussel, Mytilus edulis. Pacific

Division, Proc. Am. Assoc. Adv. Sci. 3, 56.

May, P.M., Linder, P.W. & Williams, D.R. (1977). Computer simulation

of metal-ion equilibria in biofluids: models for the low-molecular

-weight complex distribution of calcium (II), magnesium (II),

manganese (II), iron (III), copper (II), zinc (II), and lead (II)

ions in human blood plasma. J. Chem. Soc. (Dalton) pp. 588-595.

McAuliffe, C.A. & Murray, S.G. (1972). Metal complexes of sulphur-

containing amino acids. Inorg. Chim. Acta Revs. 6, 103-121.

Mustafa, M.G. & Cross, C.E. (1971). Pulmonary alveolar macrophage.

Oxidative metabolism of isolated cells and mitochondria and

effects of cadmium ion on electron- and energy-transfer reactions.

Biochemistry 10, 4176-4185.

Menden, E.E., Elia, V.J., Michael, L.W. & petering, H.G. (1972).

Distribution of cadmium and nickel of tobacco during cigarette

smoking. Environ. Sci. Technol. 6, 830-832.

Nordberg, G.F. (1972). Cadmium metabolism and toxicity. Environ.

Physiol. Biochem. 2, 7-36.

Nriagu, J.O. (1980). Cadmium in the Atmosphere and Precipitation.

In: Cadmium in the Environment, Part I. New York: Wiley, pp. 73.

Princi, F. (1947). A study of industrial exposure cadmium. J. Ind.

Hyg. Toxicol. 29, 315-320.

-24-



Potts, C.L. (1965). Cadmium proteinuria--The health of battery workers

exposed to cadmium oxide dust. Ann. Occup. Hyg. 8, 55-61.

Pujol, M., Arlet, J., Bollinelli, R. & Carles,' P. (1970). Tubulopathie

des intoxications chroniques par Ie cadmium. Arch. Mal. Prof.

Med. Trav. Secure Sco. 31, 637-648.

Rabenstein, D.L., Isab, A.A., Kadima, W. & Mohanakrishnan, P. (1983).

A proton nuclear magnetic resonance study of the interaction of

cadmium with human erythrocytes. Biochim. Biophys. Acta 762,

531-541.

Reynolds, C.V. & Reynolds, E.B. (1971). Cadmium in crabs and crabmeat.

J. Assoc. Public Anal. 9, 112.

Rice, M.A. & Chien, P.K. (1977). The effects of divalent cadmium on the

uptake kinetics of glycine by the polychaete, Neanthes virens.

Wasmann J. BioI. 35, 137-143.

Rivedal, E. & Sanner, T. (1981). Metal salts as promoters in vitro

morphological transformation of hamster embryo cells initiated by

benzo(a)pyrene. Cancer Research 41, 2950-2953.

Rubin, R.J. & Kroll, R. (1981). Toxicity, mutagenesis and

co-mutagenesis of cadmium (Cd) in Salmonella mutants TA98 and

TA100. Toxicologist 1, 25.

Schafer, R.A. (1976). Characteristics of municipal wastewater

discharges. Annual Report, Southern California Coastal water

Research Project, pp. 57-60.
-Schroeder, R.A., Nason, A.P., Tipton, I.R. & Balassa, J.J. (1967).

Essential trace metals in man: zinc. Relation to environmental

cadmium. J. Chron. Dis. 20, 179-210.

-25-



Schwarz, K. & Spallholz, J. (1976). Growth effects of small cadmium

supplements in rats maintained under trace-element controlled

conditions. Fed. Proc. 35, 255.

Simon, F.P., Potts, A.M. & Gerard, R.W. (1947). Action of cadmium and

thiols on tissues and enzymes. Arch. Biochem. 12, 283-291.

Skou, J.C. (1963). Studies on the Na+ + K+ activated ATP hydrolysing

enzyme system. The role of SH group. Biochem. Biophys. Res.

Commun. 10, 79-84.

Smith, T.J., Petty, T.L., Reading, J.C. & Lakshminarayan, A. (1976).

Pulmonary effects of chronic exposure to airborne cadmium.

Am. Rev. Resp. Dis. 114, 161-169.

Spencer, R.P. (1969). Intestinal absorption of amino acids-- current

concepts. Am. J. Clin. Nutr. 22, 292-301.

Stracher, A. & Chan, P.C. (1961). Effect of p-chloro- mercuribenzoate

on myosin A-adenosintriphosphatase activity. Arch. Biochem.

Biophys. 95, 435-440.

Takenakad, S., Oldiges, H., Koenig, H., Hochrainer, D. & Oberdoerster,

G. (1983). J. Natl. Cancer Inst. 70, 367.

U.S. Evironrnental Protection Agency (1975b). Technical and

microanalysis of cadmium and its compounds. EPA, Office of Toxic

Substances, Rep. EPA 560/3-75-005, Washington, D.C.

Vallee, B.L. & Ulmer, D.D. (1972). Biochemical effects of mercury,

cadmium, and lead. Ann. Rev. Biochem. 41, 91-128.

Viarengo, A., Pertica, M., Mancinelli, G., Capelli, R. & Orunesu, M.

(1981). Effects of copper on the uptake of amino acids, on

protein sysnthesis and on ATP content in different tissues of

Mytilus galloprovincialis. Mar. Environ. Res. 4, 145-152.

-26-



Wang, S.M. & Gilpin, R.K. (1983). Cadmium-113 and carbon-13 NMR

spectrometry of camium-amino acid complexes. Anal. Chern. 55,

493-497.

Washko, P.W. & Cousins, R.J. (1977). Role of dietary calcium and

calcium binding protein in cadmium toxicity in rats. J. Nutrition

107, 920-928.

Winter, C.G. & Christensen, H.N. (1964). Migration of amino acids

across the membrane of the human erythrocytes. J. BioI. Chern.

239, 872-878.

Young, J.D., Ellory, J.C. & Tucker, E.M. (1976). Amino acid transport

in normal and glutathione-deficient sheep erythrocytes.

Biochem. J. 154, 43-48.

Young, J.D., Jones, E.M. & Ellory, J.C. (1980). Amino acid transport

in human erythrocytes. Proc. R. Soc. Lond. B209, 355-375.

-37-



o
:J>
C
~-c:
3:
no
z
o
m
z....
:J:J»....-oz
.--..
3o-

Cd++ UPTAKE RATE (104mol/l/h)

..II I\) W C1I. . . .
o 00 0

....
C1I.
o

W
o.
o

..II -o,
U1 .-,

(II

~-4)C
..II

1:o.
U1

..IIo.
~

t---~



..
n 0,

~
~
c ~
~ )(- ..
c: 01
~ ~

n
0z
n
m enz )(
-I ..
:J:J 01
~ .~
-I-0z
.--.-
3
0-<,-.........

Cd++UPTAKE RATE (1ci3mol/l/h)

.
o

-<

.
o

~.
o

•

•



t-:I:j LEUCINE UPTAKE RATE (103 mol/I/h)f-J.
00
C
'"1
(1)

~0 0 .... I\) (.)
N . . . . ..... (J1 0 0 0 0

....
O. e@ ..

UI \\\(J1

r- >< e ....

m .... \\ ~~

c: O.
0 UI- ....Z 0.

e (!) It •

m .;:.
0
0
Z
0
m I\)z
-I ><....
:tJ 0.>
-I .;:.

-0 U'IZ ><
.......- ....
3 0,
0 ~ C

<,.....
"-""

N
0.... (!) • "C e

0. "C

W 3
0
Q.



t-:rj

Jmax (104 mol/I/h)f-I.
00c
t-;
(1)

LV N ~ CJ) CD. . . .
0 0 0 0

0

en

0»
c
3:-c:
3:
0 N
0 0
Z
0
m
z
-t
:JJ»
-t-0
Z
.--...
'a
'a
3
~

C1Io



t-7j
\-l-

oo
(104 mol/I/h)c LEUCI E UPTAKE RATEI-i

(D

~
~ ~

N 0) ex» 0• . . •
0 0 0 0 • .

0 0
0

U1
~
0

0
:J> N
C 0
!: /1-c:
!:
0 l0 Iz U1
0 0

Im ...z....
m / -::rJ =')C ...:J> ... ...... .. Q)
Q) (')- (') CD0 CD -~/ -z c-........ Q)

"
..

" ()
()

3 ':1
a.

~ +
"--" •0

0 ~

~
~
0



(II

n
:l:-
e
~-c:
~

o I\)

0 0
z
o
mz
~
:D
:I:-
~-0z
........
"a
"a
3......,.

o

(II
o



I-rj o STR BUTIO R 10
f-'.

00
C
"i
ro ~
V1 • . .
tJ:j 0 0 0

....
)C

0

I \
1/.(,,)

.... I\)
)C •

r- ....m 0c: (,,)

n
0
z
o
m
z c.n
-t )C

::D ....
» 0
-t

(,,)

-0
Z
,-."

3
0-
~

o '" '"0 0
'0:J,....

0
3

)( 3- n.. o
0 Q.



Kt (1 04 mol/l)

o.
N

o.
~

o.
0)

o.
(X)

.
o

o

C1I
o



t-xj LEUCINE EFFLUX RATE (107 mol/h)f-/.
00c
t;

~ .,. 0) Q)(l) ....
-..J . . . . .

0 0 0 0 0

0
(II

..A

0

n ~
~ 0c
~-c:
~

0
0zo (IIm 0z
-f
::u
~
-f-0
z
"'"'"" ~ m

"
,..

)C~

" f»
,..
~

3 e f»
........ CD e- CD

e -- Cf»
~ f»

..A 0
~

0 e, 0
0 + a..+ +

+
..A
..A

0


	The University of San Francisco
	USF Scholarship: a digital repository @ Gleeson Library | Geschke Center
	1985

	The dual role of cadmium on leucine transport in human erythrocytes
	Quan H. Nguyen
	Recommended Citation


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38

