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THIOL COMPOUNDS AS PROTECTIVE AGENTS IN
ERYTHROCYTES UNDER OXIDATIVE STRESS
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The potential for the thiol-containing drugs, N-acetyl cysteine and N-mercaptopropionyl glycine, to act as
antioxidants intracellularly has been studied in erythrocytes under oxidative stress. The effects have been
compared with that of the glutathione peroxidase inhibitor, mercaptosuccinate. The results show differ-
ential responses of sickle and normal erythrocytes to the thiol compounds. N-acetyl cysteine is the more
efficacious with no toxic effects in these systems. N-Mercaptopropionyl glycine is not only limited in its
ability to demonstrate antioxidant capacity in erythrocytes but also exerts deleterious effects.

KEY WORDS: sickle erythrocyte, antioxidant, membrane, N-acetyl cysteine, mercaptosuccinate, mer-
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INTRODUCTION

Compounds containing a thiol group, such as N-acetyl cysteine (NAC), 2-mercapto-
propionyl glycine (MPG), are known for their efficacy in restoring the activity of
protein-bound sulphydryl groups. The ability of NAC to protect cells and tissues (and
particularly studied has been the lung) against oxidative damage has been attributed
to radical scavenging and to the enhancement of the availability of cysteine, a
substrate for glutathione synthesis.' NAC is reported to be a scavenger of hydroxyl
radicals’ and ferryl myoglobin radical species® as well as displaying a ready reactivity
with hypochlorous acid,” whereas its reaction with hydrogen peroxide is slow. MPG
has been used in the therapy of heavy metal poisoning and haemochromatosis.* It is
also recognised as a scavenger of ferryl myoglobin radicals and hydroxyl radicals.*®
Recent studies have shown MPG to be effective in suppressing myocardial reperfusion
injury in in vivo animal models.’ Mercaptosuccinate is a thiol-containing inhibitor of
the selenium-dependent enzyme, glutathione peroxidase, a property which MPG has
been reported to exhibit, to a lesser extent.®

Markers of free radical-mediated damage in sickle erythrocytes have been recog-
nised for a number of years. Reduced glutathione levels are diminished on average by
20%." Increased endogenous levels of lipid peroxides and their secondary metabolites
have been identified in sickle erythrocyte membranes.*'? In particular, samples

Corresponding author: Dr. Catherine Rice-Evans, Division of Biochemistry, United Medical and Dental
Schools of Guy’s and St Thomas’s Hospitals, Lambeth Palace Road, London SE! 7EH. Tel: 071-928
9292 x 3716; Fax: 071-928 3619.

Visiting Research Associate, Department of Biochemistry, Kasturba Medical College, Magalore 575001,
India.

315

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/10/11

For personal use only.

316 V. UDUPI AND C. RICE-EVANS

containing higher proportions of irreversibly sickled cells retain elevated levels of
membrane-associated iron'>'* which has been implicated in the potentiation of
peroxidative membrane damage.'® In vitro studies have demonstrated the suppression

of membrane damage on incorporation of peroxyl radical scavengers which act as -

chain-breaking antioxidants.>'? ‘

We have examined the ability of thiol-containing compounds to (i) modulate
oxidative stress in sickle erythrocytes and (ii) attenuate oxidative damage in sickle
erythrocytes compared with normal erythrocytes applying exogenous oxidative stress
which preferentially initially consumes intracellular reduced glutathione. The results
show that N-acetyl cysteine is highly effective as an antioxidant in sickle erythrocytes
in in vitro systems, in contrast with N-mercaptopropionyl glycine which demonstrates
toxic properties.

MATERIALS AND METHODS

All chemicals used were of analytical grade. N-acetyl cysteine (NAC), mercapto-
propiony! glycine (MPG) were obtained from Sigma Chemical Company. Hepari-
nised blood from normal donors and patients with sickle cell anaemia was taken and
used within 16 hours. The red cells were separated and washed three times with
isotonic phosphate buffer 5mM (pH 7.4). The washed erythrocytes were incubated at
2.5% haematocrit for 1 h at 37°C with NAC, MPG and mercaptosuccinate, ] mM con-
centration. Exogenous oxidative stress was applied in the form of 0.1 mM ¢-butyl
hydroperoxide at 37°C for 1 h, conditions which did not induce lipid peroxidation in the
normal erythyrocyte membranes. After incubation, the cells were washed twice with
isotonic phosphate buffer. The reduced GSH levels of red blood cells were determined
spectrophotometrically applying 5,5’dithiobis(2-nitrobenzoic acid) at 412 nm.' Normal
and sickle erythrocyte membranes were prepared by hypotonic haemolysis.”” The
membrane protein concentration was determined by the Lowry assay,'® using bovine
serum albumin as a standard. Membrane lipid peroxidation was assayed using the
modified thiobarbituric acid assay'® with the absorbance of the chromophore, measured
at 532 nm, corrected for the background absorbance at 580 nm due to possible contribu-
tions from haem proteins. Appropriate controls were incorporated according to
Gutteridge et al. ® Free thiol levels of membrane proteins were analysed by the
spectrophotometric method of Haest et al.*' using reduced glutathione as standard.

RESULTS

The intracellular thiol levels of red blood cells obtained from healthy donors and
sickle patients was determined by measuring the reduced glutathione level. Consistent
with earlier reports,®*? the reduced GSH level of sickle erythrocytes from patients in
this study showed a 25% decrease (p < 0.001) when compared to the normals.
Treatment of normal erythrocytes with the thiol-containing drugs N-acetyl cysteine,
N-mercaptopropionyl glycine and mercaptosuccinate markedly enhanced the intra-
cellular thiol level in these cells. When sickle cells were exposed to the thiol com-
pounds, under the same conditions, on the other hand, no significant modification in
the intracellular thiol levels was detected for any of the drugs (Figure 1).

Normal and sickle erythrocytes were exposed to exogenous oxidative stress by
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FIGURE 1 Intracellular thiol levels in control and sickle erythrocytes treated with N-acetyl cysteine
(NAC), mercaptopropionyl glycine (MPG) and mercaptosuccinate (MS) (all at 1 mM, 1 hr). Upper panel
(a) control normal and sickle erythrocytes, (b) NAC-treatment, (c) MS-treatment, (d) MPG-treatment.
Values are mean & SD (n = 5). Lower panel (a’) t-butyl hydroperoxide stressed normal and sickle
erythrocytes, (b’) NAC-treatment, (¢’) MS-treatment, (d") MPG-treatment.

treating with 0.1 mM ¢-butyl hydroperoxide for 1h (a condition which did not induce
membrane lipid peroxidation in normal red cells). z-Butyl hydroperoxide preferentially
reacts intracellularly with the reduced glutathione prior to initiating haemoglobin
oxidation and membrane lipid peroxidation.”* The time-scale was selected after
studying the effects of 0.1 mM hydroperoxide at varying times of incubation on the
reduced glutathione levels (Figure 2). The results indicate that initially the reduced
glutathione levels are depressed to 0.4 mM but subsequently recover and stabilise at
0.6 mM after 1-3 h after addition of the hydroperoxide. The protective effects exerted

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/10/11
For personal use only.

318 V. UDUPI AND C. RICE-EVANS

7)|
O
O
.o;

=

£

5 1.000 ¢+

© T

: * .
o
\/
0.000 + + + et +— 4
0 30 60 30 120 150 180
TIME IN MIN.
O—OCONTROL ®— @ +100uM t—B8H

FIGURE 2 The time dependence of intracellular glutathione levels in normal erythrocytes on exposure
to r-butyl hydroperoxide, © control incubation, ® r-butyl hydroperoxide treatment (0.1 mM). Values are
mean *+ SD (n = 5).

by the thiol compounds on the erythrocytes against the effects of ¢-butyl hydroperoxide-
induced stress are depicted in Figure 1. z-Butyl hydroperoxide-induced oxidative
stress (0.1 mM) caused pronounced depletion (ca. 75%) of reduced GSH. Prior
incubation with thiol compounds protected the normal erythrocytes against thiol
depletion significantly. Among the three, mercaptosuccinate was more protective
against loss of the thiol group implying its ability to cross the membrane more readily
than NAC or MPG. However, none of the compounds exercised a significant protec-
tion of the sickle erythrocytes from tBH-induced oxidative stress.

To investigate membrane alterations, lipid peroxidation and membrane protein
thiol levels were measured. Red blood cell membranes were prepared after incubating
intact cells (sickle and normal) with thiol compounds with and without oxidative
stress. Exposure of normal red blood cells to 0.1 mM hydroperoxide for 1h induced
no peroxidation in the membrane lipids in our study and, thus, the presence of thiol
compounds in the incubating system manifested no change. 1-Butyl hydroperoxide at
the same concentration, on the other hand, induced a marked elevation of thio-
barbituric acid-reactive compounds in the sickle erythrocytes membranes (Figure 3).
It was interesting to note that only NAC at 1 mM concentration attenuated the
membrane lipid peroxidation and this antioxidant property was demonstrated in
sickle erythrocytes both with and without exogenous oxidative stress.

Measurement of free thiol groups of membrane proteins was carried out as marker
of oxidative protein damage in normal and sickle erythrocyte membranes after
treatment of the erythrocytes with the thiol compounds in the presence and absence
of t-butyl hydroperoxide-induced oxidative stress. Figure 4 illustrates pronounced
oxidation of the thiol groups of normal erythrocyte membrane proteins in cells under
exogenous oxidative stress. The membrane protein thiol oxidation observed in control
normal erythrocytes under oxidative stress could be substantially suppressed by prior
treatment of the cells with mercaptosuccinate, whereas the NAC and MPG were
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FIGURE 3 The effects of the thiol compounds in suppressing ¢-butyl-hydroperoxide-induced lipid
peroxidation in sickle erythrocyte membranes in the presence of NAC, in the presence of MS, and in the
presence of MPG [1 mM drugs, 0.1 mM #-butyl hydroperoxide, 1hr incubation]. Values are mean + SD
{(n = 35).

ineffective. On the other hand, the extent of the membrane thiol oxidation in sickle
erythrocytes under exogenous oxidative stress is unresponsive to all the thiol com-
pounds, whereas, as mentioned above, NAC attenuated lipid peroxidation in these
cells. In the absence of exogenous oxidative stress, however, MPG and MS enhance
the membrane thiol oxidation in sickle erythrocytes.

A positive relationship exists between inhibition of protem thlol oxidation and

enhancement of -SH equivalents within intact normal cells in the presence of mer-

captosuccinate (see Figure 2(b) for comparison), which confirms the antioxidant role
of thiol compounds in cells, especially under conditions of exogenous oxidative stress.
On the other hand, the membrane protein thiol level in sickle cells remains unaltered
and the thiol compounds exert no protection against oxidative stress.

DISCUSSION

Many studies have suggested that thiol-containing drugs may be important in protect-
ing cells and tissues intracellularly from oxidative stress.> We are interested in evaluat-
ing the efficacies of N-acetyl cysteine and mercaptopropionylglycine as antioxidant
drugs in pathological erythrocytes under oxidative stress compared to normal eryth-
rocytes, and their response to exogenous oxidative stress selected at a level such that
no peroxidation is induced in normal erythrocyte membranes. In addition, the
membrane-penetrating thiol compound, the glutathione peroxidase inhibitor mer-
captosuccinate is applied for comparison. The work described in this paper shows
that, although NAC, MPG and mercaptosuccinate are equally effective in enhancing
the intracellular thiol levels of normal erythrocytes, they exert no apparent effect on
this parameter in sickle erythrocytes under the same conditions.
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FIGURE 4 The effects of thiol compounds in protecting the membrane proteins from z-butyl
hydroperoxide-induced oxidative stress. Upper: normal erythrocyte membranes unstressed and stressed, a,
a’ unstressed and stressed, b, b’ NAC-treatment, unstressed and stressed, ¢, ¢’ MS-treatment, unstressed
and stressed, d, d’ MPG-treatment, unstressed and stressed. Lower: sickle erythrocyte membranes
unstressed and stressed. Columns as above. Values are mean + SD (#n = 5).

NAC is a known promoter of GSH synthesis in vivo, providing the critical pre-
cursor, cysteine, thus enhancing thiol levels in erythrocytes treated with this com-
pound. MPG and mercaptosuccinate are capable of elevating the reduced GSH level
in normal red cells by inhibiting glutathione peroxidase,® the latter being the major
pathway for GSH consumption in tissues. The lack of response of the intracellular
thiol levels in sickle erythrocytes to these compounds suggests either a slower access
intracellularly via the sickle membrane or increased oxidation of these compounds
upon entering the cells. However, the membrane data preclude the former consideration.
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The drugs partially reversed the loss of intracellular thiol levels in normal eryth-
rocytes exposed to exogenous oxidative stress (at a level that does not induce lipid
peroxidation), mercaptosuccinate providing 50% protection and NAC and MPG pro-
viding 35% protection. Again in sickle erythrocytes under oxidative stress the thiol
drugs elicited no response in the glutathione levels or total intracellular thiol levels.

N-acetyl cysteine is the most effective antioxidant against membrane damage. The
protective property of NAC on lipid peroxidation is consistent with earlier reports of
inhibition of incubation-induced propagation of oxidative damage in sickle mem-
branes by antioxidants such as ascorbate, a-tocopherol and the trihydroxamate
hydrogen-donor, desferrioxamine.’ The mechanism of action of these compounds has
been explained by their chain-breaking antioxidant property. NAC may be intercept-
ing the propagation phase of peroxidising lipids in sickle membranes (with the
concomitant formation of thiyl radical which may be removed by, for example,
bimolecular termination). Identification of thiyl radical species by EPR, formed in
other systems on the addition of NAC, without any subsequent deleterious effects has
been reported earlier.’ MPG and MS do not exhibit the same antioxidant properties
in these erythrocyte systems. NAC exerts no action on the membrane thiol oxidation
status, but intercepts the propagation of lipid peroxidation. For membranes prepared
from normal erythrocytes after exposure to oxidative stress, MS and NAC exert a
degree of protection but MPG amplifies the oxidative stress. The data suggest that the
interaction of MPG with haemoglobin may induce formation of an intermediate
enhancing oxidative stress rather than MPG acting directly as an antioxidant.

We have previously reported that MPG only has a limited inhibitory effect on
erythrocyte membrane lipid peroxidation induced by ferryl myoglobin radical species
compared with NAC and that MPG is capable of inducing lipid peroxidation in
erythrocyte membranes in the presence of myoglobin.’ Other studies of Puppo et al.*
suggest that MPG is able to enhance iron release from the haem pocket of myoglobin
in the presence of a large excess of hydrogen peroxide, whereas previous studies of
Rice-Evans et al* have shown that other reducing agents such as ascorbate or
desferrioxamine decrease the propensity for iron release from myoglobin activated by
hydrogen peroxide by reducing ferryl myoglobin to metmyoglobin. MPG, however,
induced peroxidation of erythyrocyte membrane lipids in the presence of metmyo-
globin (in the absence of hydrogen peroxide).

These studies again suggest that MPG, in contrast with NAC, is capable of
interfering with the haem pocket in some way. These studies show that N-acetyl
cysteine has a beneficial effect on sickle erythrocytes in inhibiting endogenous lipid
peroxidation, as well as suppressing lipid peroxidation when exogenous oxidative
stress is applied. However, the intraceliular thiol level is unchanged, perhaps reflecting
the oxidation of the drugs within the sickle cells and the limited ability of the
glutathione-generating system to function as effectively once the exogenous oxidative
stress is consumed. The intracellular thiol level in normal erythyrocytes is enhanced
by all the thiol compounds under the conditions applied. The observations concerning
these membrane permeant reductants are particularly important in view of the
significance recently attached to the role of the membrane bound nonhaem iron in
enhancing peroxidative damage to the sickle cell membrane. For example, Hebbel et
al.” have recently implicated ascorbate in enhancing peroxidation in membranes of
sickle erythrocytes by its efficacy as a reducing agent, although it is not clear what
concentrations were applied.
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