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Abstract
The objective of this study was to investigate if erythrocytes play a role in the maintenance of redox homeostasis of the plasma.
Thus, we studied L-cysteine efflux and influx in vitro in human erythrocytes. In the present study, we exposed the erythrocytes
to different concentrations of L-cysteine and then measured the intracellular free –SH concentrations. Erythrocytes treated in
the same manner were later utilized for the cysteine efflux studies. The effect of temperature on the influx and the efflux
processes were also evaluated. Change in the free –SH content of the buffer was evaluated as a measure for the presence of an
efflux process. The effects of free –SH depletion on L-cysteine transport is also investigated. We also determined the rate
of L-cysteine efflux in the presence and absence of buthionine sulfoximine (BSO) in erythrocytes that are pretreated with
1-chloro-2,4-dinitro benzene, a glutathione (GSH) depletory. Our L-cysteine influx studies demonstrated that erythrocytes
can respond to increases in L-cysteine concentration in the extracellular media and influx L-cysteine in a concentration-
dependent manner. Free –SH concentrations in erythrocytes treated with 1 mM L-cysteine reached to 1.64 ^ 0.06 mM in 1 h
whereas this concentration reached to 4.30 ^ 0.01 mM in 10 mM L-cysteine treated erythrocytes. The L-cysteine efflux is also
determined to be time-and concentration-dependent. Erythrocytes that are pretreated with higher L-cysteine concentrations
displayed a higher efflux process. Outside concentration of free –SH in 1 mM L-cysteine pretreated erythrocytes reached to
0.200 ^ 0.005 mM in 1 h whereas this concentration reached to 1.014 ^ 0.002 with 10 mM L-cysteine pretreated
erythrocytes. Our results also indicate that the rate of inward and outward transport of L-cysteine is affected by the oxidative
status of the erythrocytes. When GSH is depleted and GSH synthesis is blocked, the L-cysteine uptake and the efflux processes
are significantly decreased. Depending on our results, it could be concluded that erythrocytes play a role in the regulation of
the plasma redox status and intracellular level of GSH determines the rate of the L-cysteine efflux.
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Introduction

L-Cysteine is the only amino acid that has an important

functional free –SH group. This amino acid is required

for erythrocytes mainly in glutathione (GSH) synthesis

[1]. Erythrocytes cannot synthesize protein since they

do not have a functional protein synthesizing system.

Thus, L-cysteine in erythrocytes is not incorporated

into proteins. However, this does not make L-cysteine

less significant for erythrocytes. On the contrary, it is a

strictly required amino acid for the erythrocyte

integrity. L-Cysteine is mainly utilized in GSH

synthesis in erythrocytes. Except being incorporated

into the soluble antioxidant, GSH, L-cysteine itself

plays a role in the maintenance of a proper intracellular

or extracellular redox status. GSH is a tripeptide,

which is synthesized from three amino acids, glutamic

acid, cysteine and glycine. Although three amino acids

are required for GSH synthesis, the rate of GSH

synthesis is determined only by L-cysteine availability

[1]. The functional –SH group which gives GSH its

critical role is provided by the amino acid L-cysteine.

GSH functions as a soluble antioxidant and protects
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the cells against free radicals and lipid peroxidation

[2,3]. It is also involved in detoxification of several

xenobiotics [3–5]. GSH reacts with toxic xenobiotics

in a glutathione S-transferase catalyzed reaction and

forms GSH conjugates that are then transported out

from the cells in an ATP dependent manner [6–11].

Although GSH is actively synthesized in erythrocytes,

the synthesized GSH is not effluxed from the

erythrocytes [12]. Thus in contrast to liver, erythro-

cytes do not provide the plasma with GSH [13].

In this study, we investigated if erythrocytes provide

the blood plasma, therefore, the other cells with L-

cysteine which is the rate limiting amino acid in GSH

synthesis. The study also questioned if erythrocytes

function in regulation of L-cysteine concentrations in

the blood plasma, by uptaking when its concentration

is raised, and carrying and releasing it at distal tissues

where its concentration is relatively low. Recent

investigations point that L-cysteine may contribute to

the redox homeostasis in the blood plasma and in the

periplasm of some bacteria also. Thus L-cysteine

availability in the blood plasma may influence the

oxidized/reduced state of several other metabolites

normally found to occur in the plasma. L-Cysteine

influx into erythrocytes has been extensively studied.

It has been shown that the L-cysteine transport into

erythrocytes and other cells is mainly mediated by Na-

dependent and Na-independent systems [14]. How-

ever, to the best of our knowledge, L-cysteine efflux

from erythrocytes has not been studied.

Materials and methods

Materials

L-Cysteine, L-alanine, L-serine, buthionine sulfoximine

(BSO), and 1-chloro-2,4-dinitrobenzene (CDNB) were

obtained form Sigma Chemical Co. (St Louis, Missouri,

MO, USA). 5,50-Dithiobis(-nitro benzoate) (DTNB)

was obtained from Fluka BioChemica, (Switzerland).

Blood was obtained from the blood bank of SSK

Hospital, (Antakya, Turkey) as 300 ml units derived

from people with no prerecorded medical conditions.

Preparation of erythrocytes

Plasma was separated by centrifugation at 2000 g for

5 min. The plasma and the buffy coat were then

removed and discarded. The resulting erythrocyte

pellet was washed twice with two volumes of

phosphate buffered saline (PBS) (9 parts of 0.15 M

NaCl and 1 part of 0.1 M potassium phosphate buffer,

pH 7.4) and was further used in the experiments at

20% hematocrit [15]. PBS-glucose contained 8 mM

of glucose in the PBS.

L-Cysteine influx studies

A total of 0.25 ml of washed erythrocytes were

suspended in 1 ml of PBS-glucose containing 1.4

and 10 mM concentrations of L-cysteine and incu-

bated for 10, 30, 60 and 120 min at 378C in a water

bath. At the end of incubation erythrocytes were

removed, centrifuged and the supernatants were

discarded. The free –SH concentrations in erythro-

cytes were then determined as described by Sedlak

[16]. Briefly 100ml of erythrocytes were lysed in

100ml of 10% TCA prepared in sodium phosphate–

EDTA buffer (0.01 M sodium phosphate/0.005 M

EDTA). The erythrocyte lysates were then centrifuged

at 12,000 g for 5 min. At the end of centrifugation

100ml of the supernatant was mixed with 1.9 ml of

Tris–EDTA buffer containing 0.6mM/ml DTNB

(262 mM Tris base, 13 mM EDTA, pH 8.9). Samples

were allowed to stand for 5 min to develop color. The

absorbances of the samples were then measured at

412 nm and the concentrations of free –SH were

calculated by using the mM extinction coefficient of

13.6. Uptake rate where indicated was calculated from

the following equation.

Influx rate ¼ Free –SH concentration obtained

following treatment with l2 cysteine

2 Control Free –SH:

L-Cysteine efflux studies

A total of 0.25 ml of washed erythrocytes were

resuspended in 1 ml of PBS-glucose in the presence

of different concentrations of L-cysteine. Erythrocytes

were incubated at 378C in a water bath for 1 h to allow

the uptake process. At the end of incubation

erythrocytes were centrifuged and the supernatants

were discarded. The erythrocytes were then resus-

pended in 1 ml of fresh PBS-glucose and incubated at

378C for indicated times to allow the efflux process.

At the end of incubation erythrocytes were centrifuged

and the supernatants were transferred to fresh tubes.

The free –SH concentrations in the supernatant was

then measured as described above.

Statistical analysis

One-way analysis of variance (ANOVA) and Student-

Newman-Keuls multiple comparison tests were

applied to process the data statistically. All tests

were performed on triplicate samples. Results were

expressed as mean ^ SD p , 0.05 values were

considered to be significant.

Results

Table I shows the result of the time and the

concentration dependent L-cysteine influx by eryth-

rocytes. As seen, erythrocytes accumulated L-cysteine
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inside cell from the media in an efficient way. The

influx process is increased when L-cysteine concen-

tration in the media is increased. The influx process is

continued to increase for a 1 h time period. Beyond

this time, further incubation did not increase the

L-cysteine influx. Table II displays the results of the

L-cysteine efflux studies. Our results demonstrated

that erythrocytes may transport the influxed

L-cysteine back into the media from the cytoplasm

when L-cysteine is absent. The rate of the L-cysteine

efflux is dependent on time and on the intracellular

levels of L-cysteine. Incubation of L-cysteine pre-

treated erythrocytes in an L-cysteine free media

resulted in an efflux of the amino acid back into the

media. The efflux rate increased for up to 1 h and

further incubation did not result in a more efflux.

Table III shows the effect of temperature changes on

the L-cysteine influx process. Erythrocytes do not

influx L-cysteine efficiently from the media when

incubated at 48C. When the temperature is increased,

the transport process restarts and increases as the

temperature is increased. Table IV shows the effect of

temperature on the L-cysteine efflux process in

erythrocytes. As seen this process is also temperature

dependent and efflux process increases as the

temperature is increased. Figures 1 and 2 show the

effects of GSH depletion by CDNB on the L-cysteine

influx and efflux processes, respectively. As seen in the

figures, both the influx and the efflux process are

significantly decreased when GSH is predepleted by

CDNB. The decreases in the influx and efflux

processes are time depended and become more

efficient as the exposure time to CDNB is increased.

In the last step, we investigated the effect of inhibition

GSH synthesis by BSO following depletion by CDNB.

Figure 3 shows the results of this experiment. It is

shown that inhibition of GSH synthesis following its

depletion further decreases the amount of L-cysteine

effluxed from the erythrocytes.

Discussion

As shown in the table, erythrocytes take up L-cysteine

from the media effectively in a time and concentration

dependent manner. The influx process is continued in

an increased manner as the L-cysteine concentration is

increased. These results indicate that erythrocytes are

equipped with highly efficient L-cysteine uptake

systems. The L-cysteine uptake in erythrocytes is

mainly mediated by Na- and ATP-dependent ASC

system and Na-independent systems [17–19]. How-

ever, these described systems are all indicated to

operate at lower L-cysteine concentrations than we

used. Therefore, we suggest that erythrocytes may

have carrier systems that can respond to the higher

concentrations of the amino acid. The concentration

of L-cysteine in the blood plasma is usually low [20].

Thus, it is difficult to ascribe a certain role for the

presence of such efficient uptake systems in erythro-

cytes. However, it could be suggested that erythro-

cytes are equipped as such to function as a regulatory

mechanism against L-cysteine increase in the blood

plasma. High concentration of the amino acid in the

plasma is known to be toxic [21]. This possibility also

Table I. Time course L-cysteine influx in erythrocytes: washed erythrocytes were resuspended in PBS-glucose containing the indicated

concentrations of L-cysteine and incubated for 10, 30, 60, and 120 min. At the end of incubation free –SH concentration in the erythrocytes

were determined. Results are the mean ^ SD of three separate experiments.

Free –SH concentrations in erythrocytes (mM)

10 min 30 min 60 min 120 min

Control 0.94 ^ 0.04 0.91 ^ 0.03 0.94 ^ 0.03 0.90 ^ 0.03

1 mM Cysteine 1.20 ^ 0.02* 1.24 ^ 0.01* 1.64 ^ 0.06* 1.63 ^ 0.06*

4 mM Cysteine 1.5 ^ 0.03* 1.91 ^ 0.02* 2.13 ^ 0.04* 2.14 ^ 0.03*

10 mM Cysteine 2.48 ^ 0.09* 3.42 ^ 0.02* 4.30 ^ 0.01* 4.33 ^ 0.04*

* Significantly different from the control. p , 0.05.

Table II. Time course L-cysteine efflux from erythrocytes preincubated with L-cysteine: 0.25 ml of washed erythrocytes were first

preincubated in 1 ml of PBS glucose containing 1.4 and 10 mM of L-cysteine for 1 h. At the end of incubation erythrocytes were centrifuged,

the supernatants were discarded and the resulting erythrocyte pellets were washed. The washed erythrocytes were then resuspended in 1 ml of

fresh PBS-glucose and incubated further for 10, 30, 60, and 120 min to allow the efflux process. At the end of incubation free –SH levels in the

supernatants were measured. Results are the mean ^ SD of three separate experiments.

Free–SH concentrations in the media (mM)

10 min 30 min 60 min 120 min

Control 0.008 ^ 0.0032 0.008 ^ 0.007 0.006 ^ 0.004 0.005 ^ 0.004

1 mM Cysteine 0.096 ^ 0.004* 0.146 ^ 0.007* 0.200 ^ 0.005* 0.200 ^ 0.02*

4 mM Cysteine 0.245 ^ 0.006* 0.385 ^ 0.006* 0.501 ^ 0.01* 0.504 ^ 0.01*

10 mM Cysteine 0.673 ^ 0.02* 0.849 ^ 0.01* 1.014 ^ 0.002* 1.019 ^ 0.03*

* Significantly different from the control. p , 0.05.
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predicts that erythrocytes may function in the

modulation of L-cysteine concentrations in the blood

plasma. In the next step of our study, we tested this

possibility and thus we studied L-cysteine efflux in

erythrocytes pretreated with different concentrations

of the amino acid. Our results showed that erythro-

cytes efflux L-cysteine in a concentration dependent

manner. The efflux rate is found to be higher in

erythrocytes treated with higher concentrations of

L-cysteine. Therefore, we suggest that erythrocytes

may influx L-cysteine when its concentration is

elevated, especially as a result of food intake rich in

L-cysteine or cysteine supplementation, and release it

to distal tissues where its concentration is lower.

In order to assess if the bidirectional L-cysteine

transport in erythrocytes is a metabolically active and

carrier mediated process we evaluated the influx and

the efflux processes at different temperatures. The

influx process is significantly inhibited at 48C at all of

the concentrations tested. Increasing of the tempera-

ture later recovered the influx process. Similar results

were obtained with the efflux studies. Based on these

results we conclude that both the influx and the efflux

processes are metabolically active and carrier

mediated. Additional evidence came from the GSH

depletion experiments. Exposure of erythrocytes to

CDNB resulted in a decrease in both the influx and

the efflux processes in a time-dependent manner.

CDNB-induced depletion of GSH in erythrocytes

may result in a more oxidized membrane lipid and

protein thiol. This in turn may induce structural or

conformational changes in the membrane and/or in

the amino acid carrier that finally results in a decrease

in the bi-directional L-cysteine transport. Another

possibility may be that the influxed L-cysteine is

rapidly consumed in GSH predepleted and oxidatively

stressed erythrocytes. However, later experiment

strongly support our prediction that L-cysteine

transport may require a properly reduced membrane

lipid and protein thiol. Inhibition of GSH synthesis by

BSO in CDNB treated erythrocytes resulted in an

additional inhibition of L-cysteine efflux. This result

also suggests that L-cysteine efflux is regulated by

intracellular GSH concentrations. This regulation

may involve reduction of some membrane proteins

that are involved in the transport process. The efflux of

amino acids is usually investigated in cells in small

intestine. These cells uptake the ingested amino acids

from the intestinal lumen and efflux the taken amino

acids into the circulation. It has also been shown that

Escherichia coli efflux cysteine from the cytoplasm to

the periplasm by CydDC transporters to provide a

balance in redox status [22]. Mutants in cydDC have

been shown to cause a disturbance in redox status in

the periplasm. In addition, lysosomes have been

shown to have a system that is used to efflux the amino

acids derived from enzymaticaly digested proteins

[23]. This system called LYAAT-1 is an amino acid

transporter involved in the efflux of L-proline,

L-alanine, or glycine, from the organelle lumen to

the cytosol. Similar or the same efflux systems may

also function in erythrocytes. In these respects, the

L-cysteine uptake and efflux processes in erythrocytes

may posses different functions. One function may be

Table III. The effect of temperature on L-cysteine influx: washed erythrocytes were resuspended in PBS-glucose containing the indicated

concentrations of L-cysteine and incubated for 1 h at different temperatures. At the end of incubation free –SH concentrations in erythrocytes

were determined. Results are the mean ^ SD of three separate experiments.

Free–SH concentrations in erythrocytes (mM)

48C 158C 258C 378C

Control 1.210 ^ 0.004 1.276 ^ 0.004 1.254 ^ 0.003 1.242 ^ 0.02

1 mM Cysteine 1.278 ^ 0.003* 1.621 ^ 0.03* 1.650 ^ 0.004* 1.640 ^ 0.06*

4 mM Cysteine 1.254 ^ 0.002* 1.892 ^ 0.06* 1.919 ^ 0.005* 2.130 ^ 0.04*

10 mM Cysteine 1.253 ^ 0.03* 2.484 ^ 0.15* 2.985 ^ 0.16* 4.300 ^ 0.01*

* Significantly different from the control and from the values obtained at other temperatures. p , 0.05.

Table IV. The effect of temperature on L-cysteine efflux: 0.25 ml of washed erythrocytes were first preincubated in 1 ml of PBS-glucose

containing 1.4 and 10 mM of L-cysteine for 1 h at 378C. At the end of incubation erythrocytes were centrifuged, the supernatants were

discarded and the resulting erythrocyte pellets were washed. The washed erythrocytes were then resuspended in 1 ml of fresh PBS-glucose and

incubated further for 60 min at different temperatures to allow the efflux process. At the end of incubation free–SH levels in the supernatants

were measured. Results are the mean ^ SD of three separate experiments.

Free–SH concentrations in the media (mM)

48C 158C 258C 378C

Control 0.006 ^ 0.001 0.009 ^ 0.002 0.007 ^ 0.003 0.009 ^ 0004

1 mM Cysteine 0.025 ^ 0.004* 0.096 ^ 0.04* 0.187 ^ 0.004* 0.200 ^ 0.001*

4 mM Cysteine 0.111 ^ 0.005* 0.313 ^ 0.01* 0.388 ^ 0.006* 0.501 ^ 0.010*

10 mM Cysteine 0.143 ^ 0.02* 0.595 ^ 0.002* 0.873 ^ 0.018* 1.014 ^ 0.002*

* Significantly different from control and from the values obtained at other temperatures. p , 0.05.
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the modulation of the L-cysteine concentrations in the

plasma by lowering when its high and by increasing it

when its concentration is low thus providing a

homeostasis in the blood. A similar function is

displayed by intestinal cell membranes [24]. Glucose

transporters that function on the apical membrane

influx glucose from the intestinal lumen into intestinal

cells when glucose is increased especially after a

carbohydrate rich diet. This process is reversed on the

basolateral membrane of intestinal cells and in this

case GLUT2 exports the concentrated glucose from

the intestinal cells to the plasma. The liver is also

known to display a similar function influxing glucose

when its concentration in the plasma is high and

effluxing glucose when the concentration of glucose in

the plasma is low. This type of a function in

erythrocytes becomes of significant importance

especially when feeding with cysteine rich diets or

cysteine supplementation therapies. Cysteine sup-

plementation has been used for different purposes in

children and in adults [25,26]. Cysteine supplements

or formulations of cysteine rich diets seem to become

popular since it has been understood that it is the rate

limiting amino acid in GSH synthesis. GSH functions

in scavenging of free radicals that are known to

participate in development of several life threatening

diseases [27]. Thus another function may be related to

redox regulation in erythrocytes and in the plasma.

Efficient influx and the following efflux of L-cysteine

by erythrocytes may also contribute to the redox status

of the blood plasma. L-Cysteine is known to be

oxidized easily when it is outside of the cells. Thus

formation of cystine form L-cysteine would be limited

in the blood plasma due to high uptake. On the other

hand, plasma thiol levels have been shown to be

implicated in vascular diseases. It has been shown that

* *
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Figure 1. The effect of CDNB on L-cysteine influx. The control

group was incubated with 4 mM L-cysteine for 1 h and then the rate

of the influx was determined. The CDNB group was first incubated

with 1.2 mM CDNB for the indicated time periods. The washed

erythrocytes were treated with 4 mM of L-cysteine for 1 h. Then the

rate of influx was determined in washed erythrocytes. Results are the

mean, SD of three separate experiments. p , 0.05. *Statistically

different from the control.

Figure 2. The effect of CDNB on L-cysteine efflux. The control

group was incubated with 4 mM L-cysteine for 1 h and then the

washed erythrocytes were transferred to fresh media and incubated

for an additional 1 h. The efflux rate was then measured in the

media. The CDNB group was first incubated with 1.2 mM CDNB

for the indicated time periods. Washed erythrocytes were treated

with 4 mM L-cysteine and incubated for 1 h. At the end of

incubation, the erythrocytes were washed and transferred to fresh

media and incubated for 1 h. The rate of efflux was then determined

in the media. Results are the mean, p , 0.05. *Statistically different

from the control.

Figure 3. The effect of BSO on L-cysteine efflux. The control

group was incubated with only PBS-glucose. The normal efflux

group was incubated with 4 mM of L-cysteine for 1 h and then

transferred to fresh media and the rate of efflux was determined for

1 h in the media. The CDNB group was preincubated with 1.2 mM

CDNB and for 90 min. The washed erythrocytes were then treated

with 4 mM L-cysteine for 1 h and then erythrocytes were transferred

to fresh media and incubated further for 1 h. The efflux rate was

determined in the media. The CDNB þ BSO group was first

preincubated with 1.2 mM CDNB for 90 min. The washed

erythrocytes were then treated with 4 mM L-cysteine and 5 mM

BSO for 1 h. Washed erythrocytes were then transferred to fresh

media containing 5 mM BSO and incubated further for 1 h. The

efflux rate was determined in the media. Results are the mean, SD of

three separate experiments. *Significantly different from the control.

**Significantly different from the normal efflux group.

***Significantly different from the CDNB group. p , 0.05.
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reduced cysteine is correlated with the amount of

reduced homocysteine preventing its oxidation to

disulfide form [28]. This function was correlated with

total blood cysteine concentration. Thus it was

concluded that reduced cysteine plays a role in the

maintenance of plasma redox status. In this sense it

could be suggested that L-cysteine efflux plays a role in

the maintenance of a proper redox status in the blood

plasma. Another function may be the fast and safe

transport of cysteine from sites its concentration is

higher to distal tissues. Thus, erythrocytes may

function, except being hemoglobin bags, in the

transport of several other metabolites, in addition to

L-cysteine, in the blood plasma.

References

[1] Griffith OW. Biologic and pharmacologic regulation of

mammalian glutathione synthesis. Free Radic Biol Med

1992;27:922–935.

[2] Gille G, Sigler K. Oxidative stress and living cells. Folia

Microbiol 1995;40(2):131–152.

[3] Clemens MR, Waller HD. Lipid peroxidation in erythrocytes.

Chem Phys Lipids 1987;45:251–268.

[4] Eckert KG, Eyer P. Formation and transport of xenobiotic

glutathione-S-conjugates in red cells. Biochem Pharmacol

1986;35:325–329.

[5] Awasthi YC, Garg HS, Dao DD, Partridge CA, Srivastava SK.

Enzymatic conjugation of erythrocyte glutathione with

1-chloro-2,4-dinitrobenzene: The fate of glutathione conju-

gate in erythrocytes and the effect of glutathione depletion on

hemoglobin. Blood 1981;58:733–738.

[6] Ansari GAS, Singh SV, Gan JC, Awasthi YC. Human

erythrocyte glutathione S-transferase: A possible marker of

chemical exposure. Toxicol Lett 1987;37:57–62.

[7] Strange RC, Jones PW, Fryer AA. Glutathione S-transferase:

Genetics and role in toxicology. Toxicol Lett 2000;112:

357–363.

[8] Olive C, Board P. Glutathione S-conjugate transport by

cultured human cells. Biochim Biophys Acta 1994;1224:

264–268.

[9] Matsuda Y, Epstein LF, Gatmaitan Z, Arias IM. The role of

thiols in ATP-dependent transport of S-(2,4-dinitrophenyl)

glutathione by rat liver plasma membrane vesicles. Biochim

Biophys Acta 1996;1279:35–42.

[10] Keppler D. Export pumps for glutathione S-conjugates. Free

Radic Biol Med 1999;27:985–991.

[11] LaBelle EF, Singh SV, Srivastava SK, Awasthi YC. Dinitro-

phenyl glutathione efflux from human erythrocytes is primary

active ATP-dependent transport. Biochem J 1986;238:

443–449.

[12] Lunn G, Dale GL, Beutler E. Transport accounts for

glutathione turnover in human erythrocytes. Blood 1979;54:

238–244.

[13] Lu SC, Sun WM, Yi J, Ookhtens M, Sze G, Kaplowitz N. Role

of two recently cloned rat liver GSH transporters in the

ubiquitous transport of GSH in mammalian cells. J Clin Invest

1996;97:1488–1496.

[14] Young JD, Wolowyk MW, Jones SM, Ellory JC. Red-cell amino

acid transport. Evidence for the presence of system ASC in

mature human red blood cells. Biochem J 1983;216(2):

349–357.

[15] Awasthi YC, Mısra G, Rassın DK, Srivastava SK.

Detoxification of xenobiotics by glutathione S-transferase in

erythrocytes: The transport of the conjugate of glutathione

and 1-chloro-2,4-dinitrobenzene. Br J Haematol 1983;55:

419–425.

[16] Sedlak J, Lindsay RH. Determination of sulfhydriyl groups in

biological samples. Anal Biochem 1963;25:192–205.

[17] Palacin M, Estevez R, Bertran J, Zorzano A. Molecular biology

of mammalian plasma membrane amino acid transporters.

Physiol Rev 1988;78:969–1054.

[18] Rosenberg R. Na-independent and Na-dependent transport of

neutral amino acids in the human red blood cells. Acta Physiol

Scand 1982;116(4):321–330.

[19] Yidiz D, Bagdadioglu T. L-Cysteine uptake is stimulated by 1-

chloro-2,4-dinitrobenzene in vitro in human erythrocytes.

Toxicol Mech Method 2004;14:241–245.

[20] Suliman ME, Barany P, Filho JCD, Qureshi AR, Stenvinkel P,

Heimburger O, Anderstam B, Lindholm B, Bergstrom J.

Influence of nutritional status on plasma and erythrocyte

sulphur amino acids, sulph-hydryls, and inorganic sulphate

in end-stage renal disease. Nephrol Dial Transplant

2002;17:1050–1056.

[21] Wang FX, Cynader MX. Pyruvate released by astrocytes

protects neurons from copper-catalyzed cysteine neurotoxicity.

J Neurosci 2001;21(10):3322–3331.

[22] Pittman MS, Corker H, Wu G, Binet MB, Moir AJ, Poole RK.

Cysteine is exported from the Escherichia coli cytoplasm by

CydDC, an ATP-binding cassette-type transporter required

for cytochrome assembly. J Biol Chem 2002;277(51):

49841–49849.

[23] Sagne C, Agulhon C, Ravassard P, Darmon M, Hamon M,

Mestikwy SE, Gasnier B, Giros B. Identification and

characterization of lysosomal transporter for small neutral

amino acids. PNAS 2001;98(13):7206–7211.

[24] Berk L, Matsudaira Z, Darnell B. Molecular cell biology. New

York: W. H. Freeman and Company; 2000. p 597–604.

[25] Badaloo A, Reid M, Forrester T, Heird WC, Jahoor F.

Cysteine supplementation improves the erythrocyte gluta-

thione synthesis rate in children with severe edematous

malnutrition. Am J Clin Nutr 2002;76(3):646–652.

[26] Sen CK, Packer L. Thiol homeostasis and supple-

ments in physical exercise. Am J Clin Nutr 2000;72(2):

653S–669S.

[27] Lomaestro BM, Malone M. Glutathione in health and disease:

Pharmacotherapeuticissu. Ann Pharmacother 1995;29:

1263–1273.

[28] Andersson A, Lindgren A, Arnadottir M, Prytz H, Hulfberg B.

Thiols as a measure of plasma redox status in healthy subjects

and in patients with renal or liver failure. Clin Chem

1999;45:1084–1087.

D. Yildiz et al.512

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/3
0/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.


