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Weakened cellular scavenging activity against oxidative stress in
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Summary Glutathione functions to scavenge oxi-
dants or xenobiotics by covalently binding them and
transporting the resulting metabolites through an
adenosine 5'-triphosphate-dependent transport sys-
tem. It has been reported that the intracellular con-
centration of glutathione decreases in diabetes melli-
tus. In order to elucidate the physiological signifi-
cance and the regulation of anti-oxidants in diabetic
patients, changes in the activity of the glutathione-
synthesizing enzyme, y-glutamylcysteine synthetase,
and transport of thiol [S-(2,4-dinitrophenyl)gluta-
thione] were studied in erythrocytes from patients
with non-insulin-dependent diabetes and K562 cells
cultured with 27 mmol/l glucose for 7 days. The activ-
ity of y-glutamylcysteine synthetase, the concentra-
tion of glutathione, and the thiol transport were
771%, T771% and 69 %, respectively in erythrocytes
from diabetic patients compared to normal control
subjects. Treatment of patients with an antidiabetic
agent for 6 months resulted in the restoration of y-
glutamylcysteine synthetase activity, the concentra-

tion of glutathione, and the thiol transport. A similar
impairment of glutathione metabolism was observed
in K562 cells with high glucose levels. The cytotoxici-
ty by a xenobiotic (1-chloro-2,4-dinitrobenzene) was
higher in K562 cells with high glucose than in con-
trol subjects (50% of inhibitory concentration,
300 £ 24 umol/l vs 840 £ 29 umol/l, p < 0.01). Expres-
sion of y-glutamylcysteine synthetase protein was
augmented in K562 cells with high glucose, while en-
zymatic activity and expression of mRNA were
lower than those in the control subjects. These re-
sults suggest that inactivation of glutathione syn-
thesis and thiol transport in diabetic patients increa-
ses the sensitivity of the cells to oxidative stresses,
and these changes may lead to the development of
some complications in diabetes mellitus. [Diabetolo-
gia (1995) 38: 201-210]
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In recent studies on the pathogenesis of diabetic com-
plications, it has been proposed that cellular injury
caused by intracellular alterations in the metabolism
of defence systems against oxidative stress results in
diabetic complications [1, 2].

It is known that there are defence systems against
oxidative stresses inside the cells. Glutathione (y-glu-
tamylcysteinyl glycine, GSH) is present in most mam-
malian cells and plays an important role in many bio-
logical processes such as sulphur-containing amino
acid metabolism, has functions in the synthesis of
proteins and nucleic acids, and participates in the cel-
lular defence system against oxidative stress by
reducing disulphide linkage of proteins and other cel-
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lular molecules, or by scavenging free radicals and
reactive oxygen intermediates [3]. GSH is synthe-
sized intracellularly by two GSH synthesizing en-
zymes, y-glutamylcysteine synthetase (y-GCS) and
glutathione synthetase. y-GCS is the key enzyme for
GSH synthesis [4]. This enzyme has been purified
from rat kidneys, and its cDNA structure has been
clarified [5]. GSH synthesis is believed to be an im-
portant factor in cellular defence when cells are ex-
posed to oxidative stress by radiation or drugs. Re-
cently, Goldwin et al. [6] reported that the levels of
v-GCS increase in drug-resistant malignancies in
accordance with the levels of GSH, indicating the
importance of GSH synthesis for cells to acquire
drug resistance. Human erythrocytes contain a high
concentration of GSH (2 mmol/l) and its related
enzymes such as glutathione peroxidase, glutathione
reductase, glutathione S-transferase, y-GCS and glu-
tathione synthetase, which protection against oxida-
tive damage in human erythrocyte membranes [7].

A previous report from our laboratory has indicat-
ed that a decrease in the concentration of GSH and
an increase in the concentration of glutathione disul-
phide (GSSG) are observed in erythrocytes from pa-
tients with diabetes mellitus [8]. These changes re-
sulting in an oxidant/anti-oxidant imbalance in dia-
betic patients were suggested to be the cause of cellu-
lar damage. Furthermore, a similar decrease in anti-
oxidant activities was observed in aortic endothelial
cells from diabetic experimental animals [9].

When cells are exposed to an electrophile, a kind
of oxidant species, GSH forms a thiol compound
with the electrophile by the catalytic reaction of glu-
tathione S-transferase. Since the GSH S-conjugate
formed has mutagenic and carcinogenic activities,
further detoxification is required [10]. It is known
that the cells transport thiols in a form of GSSG or
GSH S-conjugates outward through adenosine 5'-tri-
phosphate (ATP)-dependent efflux processes [11-
15]. The transport of GSH S-conjugate in erythro-
cytes was first reported by Board [11], and it was
shown that the addition of 1-chloro-2, 4-dinitroben-
zene (CDNB) to erythrocytes results in the efflux of
S-(2,4-dinitrophenyl) glutathione (GS-DNP), and
that the transport of this conjugate is inhibited by
the depletion of intracellular ATP. We previously
found the presence of two independent transport sys-
tems for GSSG [16] and also evidence that erythro-
cytes transport GSH S-conjugate through one of the
transport systems for GSSG [12]. The presence of
GSH S-conjugate-stimulated Mg?*-ATPase has
been shown and partial characterization of this en-
zyme has been reported [17]. Recently, we found
that the expression of y-GCS and GSH S-conjugate-
stimulated Mg?* -ATPase is responsive to oxidative
stress [18].

However, the pathological significance of im-
paired GSH metabolism in diabetic patients has not
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Table 1. Clinical characteristics of the subjects

NIDDM patients  Control subjects
(n=15) (n=15)
Sex (male/female) 9/6 9/6
Age (years) 577192 53.9+%5.2
Weight (kg) 39%6 58+7
Body mass index 2343 +£2.58 22.81+222
(kg per m?)
Fasting plasma glucose 13.28 £ 2.00? 545%£022
(mmol/! plasma)
Glycated haemoglobin  10.6 +1.3* 53+02

(HbA,,, %)

Values are expressed as mean + SD.
2P < 0.01 vs control subjects

been fully understood. In the present study we inves-
tigated the intracellular defence system against oxi-
dative stress using erythrocytes and K562 cells as ma-
terials, and attempted to elucidate the pathological
importance of GSH synthesis and the active thiol-
transport in diabetes. K562 cells were established
from acute erythroleukemia cells and are known to
possess characteristics for erythroid cells [19], and
some characteristics of GSH metabolism in these
cells have been clarified [18].

Subjects, materials and methods

Materials. Glutathione reductase and DE-52 were purchased
from Pharmacia Fine Chemicals (Uppsala, Sweden). Dowex-1
was from Bio-Rad Laboratories (Richmond, Calif., USA). a-
Cellulose, microcrystalline cellulose, and other chemicals and
reagents were from Sigma (St. Louis, Mo., USA). [*H] Glycine
was from New England Nuclear (Boston, Mass., USA). RPMI
1640 and fetal calf serum were from GIBCO (Grand Island,
N.Y., USA). FITC-conjugated anti-rabbit IgG-mouse IgG
was from Rockland (Gilbersville, Penn., USA). K562 cells
were donated by the Japan Cancer Research Resources Bank
(Tokyo, Japan).

Subjects. Erythrocytes from 15 patients with NIDDM (9 male,
6 female; 57.7 £ 9.2 years of age (mean + SD)] were used as
subjects after informed consent was obtained from each pa-
tient. The clinical characteristics are shown in Table 1. Their
fasting plasma glucose levels ranged from 9.55 to 16.98 mmol/
1, with a mean + SD value of 13.28 + 2.00 mmol/l. The levels of
HbA,, were 10.6+1.3%. Mean duration of NIDDM was
12 £2 years. Eight of the patients had been treated with an
oral antidiabetic agent (acetohexamide), three with insulin,
and four had received no medication. Patients taking either
GSH, vitamin C, or vitamin E were excluded. Fifteen healthy
volunteers [nine male, six female; 53.9+ 5.2 years of age
(mean + SD)} were used as control subjects.

Preparation of samples. Fresh venous blood collected in 1 mg
of EDTA/ml following a 12-h fast was rapidly freed of leuco-
cytes and platelets by passing it through a small cellulose col-
umn at 4°C [20]. The erythrocytes were washed three times
with phosphate-buffered saline, pH 7.4 at 4°C. The erythro-
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cytes were frozen at —20°C and then thawed at 37°C to effect
haemolysis. The cellular debris was removed by centrifugation
at 4°C for 60 min at 5,000 x g. The cytosolic fraction was em-
ployed for the estimation of enzyme activities. For the estima-
tion of GSH or ATP, 2 ml of whole blood was rapidly mixed
with 1ml of ice-cold 20 % trichloracetic acid or perchloric
acid, respectively. These acid extracts were used in 6 h.

K562 cells were maintained in RPMI 1640 medium supple-
mented with 10 % fetal calf serum at 37°C in 5% CO, with
100 % humidity. The cells were harvested by centrifugation at
4°C. The cytosolic fraction of K562 cells was recovered by ly-
sis via the addition of four volumes of 10 mmoll NaH,PO,/
Na,HPO,, pH 7.4, containing 0.5 mmol/l ethylenediamine tet-
raacetic acid, 0.1 mmol/l 2-mercaptoethanol, and 0.5 mmol/l
phenylmethylsulphonyl fluoride followed by sonication for
2 min. Preparation of the cytosolic fraction was done as de-
scribed above.

Thiol transport. The activity of thiol transport was studied in
erythrocytes by estimating GS-DNP efflux which was formed
intracellularly. Unless otherwise indicated, erythrocytes were
incubated for 4 h at 37°C at 20 % haematocrit in 1% bovine
serum albumin, 8 mmol/1 glucose, 62 mmol/l NaCl, 40 mmol/l
NaH,PO,/Na,HPO,, 35 mmol/l Na-TES [N-Tris-(hydroxy-
menthy-2-aminomethane sulphonic acid)}, pH 7.4 (buffer A),
containing 45 pCi of [*Hjglycine (25 uCi/nmol). After the in-
cubation, the cells were washed twice in 20 volumes of 0.15
mol/l NaCl, allowed to stand for 3 min at 37°C in the saline,
and washed twice more to remove mosi of the residual
[*H]glycine as described previously [21]. The transport experi-
ment for GS-DNP was performed essentially according to the
method of Lunn et al. [22] for the transport of GSSG, with a
slight modification [21]. Briefly, erythrocytes containing la-
belled GSH were incubated in buffer A, containing 0.5 mmol/l
CDNB for 1 h at 37°C. The cells were then washed with saline
twice to remove residual CDNB and further incubated for 1 h
at 37°C. After incubation, aliquots of the supernatant fraction
of the incubation mixture were diluted with 10 volumes of
0.5 mmol/l GS-DNP, 0.5 mmol/l glycine, pH 7.0, and applied
to a 10 X 95-mm column of Dowex-1 (formate). The cell sus-
pension was treated with an excess of t-butylhydroperoxide at
37°C for 20 min. The same volume of 10 % trichloracetic acid
was added to the cell suspension. Trichloracetic acid in the su-
pernatant was removed by mixing with diethyl ether, and the
supernatant was applied to a Dowex-1 column (formate
form). The column was eluted with a 50-ml linear gradient of
0 to 4 mol/l formic acid. Each 2 ml of fraction was collected
and the radioactivity estimated. The peak fraction of radioac-
tivity eluted approximately at 2 mol/l formic acid was identical
to that of carrier GS-DNP. The specific activity of GS-DNP
was determined as that of PH]GSH as described previously
[21]. Briefly, labelled GSH in the cell suspension was oxidized
to GSSG with an excess of t-butylhydroperoxide at 37°C for
20 min. The same volume of 10 % trichloracetic acid was ad-
ded to the cell suspension. Trichloracetic acid in the superna-
tant was removed by mixing with diethyl ether, and the GSSG
fraction in the supernatant was prepared using a Dowex-1 col-
umn (formate form). The radioactivity of the fraction was esti-
mated, and the concentration of GSSG in the peak fraction
was assayed using an enzyme-recycling method as described
previously [12]. The activity of GS-DNP transport was correc-
ted for haemolysis and expressed as nmol GS-DNP - ml erythro-
cytes™ - hour™. :

Thiol transport of inside-out vesicles. The GS-DNP transport
was examined using sealed inside-out vesicles from erythro-
cytes. Erythrocytes were separated into young and old erythro-
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cyte fractions on the basis of specific gravity using Percoll-Hy-
paque centrifugation [23]. Vesiculation and preparation of in-
side-out vesicles were performed as described previously [24].
The transport experiment was performed as previously de-
scribed [12], using 25 w! of vesicles, in 125 ul of 10 mmol/l Tris-
HCI, pH 7.4, containing 2 mmol/l ATP, 10 mmol/l MgCl, and
0.5 mmol/l [PH]GS-DNP. The incubation at 37 °C was terminat-
ed at 5 min, and the transport rate was expressed as pmol GS-
DNP per ml inside-out vesicles per min. Vesicles without
ATP served as blanks. GS-DNP was prepared enzymatically
using glutathione S-transferase as described by Wahilander
and Sies [25]. [’H]GS-DNP was prepared using ["H]GSH and
CDNB according to the same method used for unlabelled com-
pounds.

Thiol transport of K562 cells. The activity of thiol transport was
studied in K562 cells by estimating GS-DNP efflux as describ-
ed previously [18] using 5 x 10° of K562 cells and 45 uCi of
[*H]glycine (25 uCi/nmol). Before the transport experiment,
cells containing labelled GSH were incubated with 25 ymol/l
CDNB at 37°C for 2 h. After the incubation, the cells were
washed three times in 20 volumes of the incubation medium
to remove excess CDNB as described previously [21]. The
transport experiment in K562 cells was 15 min at 37°C, and
the transport activity in K562 cells was expressed as pmol - 105
cells? - min .

Enzyme assay. The activity of y-GCS was estimated using L-a-
aminobutyrate, L-glutamic acid, and [*P]-ATP as substrates
as previously described [26]. The activity of glutathione S-
transferase was estimated photometrically as described by
Beutler [27]. One unit of enzyme activity was expressed as
1 pmol substrate changed per min.

Estimation of ATP and glutathione. Concentrations of intracel-
lular ATP and GSH were estimated enzymatically as described
by Beutler [27].

Immunological estimation. Immunological staining of the cells
was performed as described by Kaplow [28). y-GCS was puri-
fied from human erythrocytes according to the method of Yan
and Meister [5] using the enzyme from rat kidney. Rabbits
were immunized with the enzyme and the rabbit anti-human
7-GCS obtained was used as the first antibody [18]. Mouse
FITC-conjugated anti-rabbit immunoglobin antibody was
used as the second antibody. A FACScan (Becton Dickinson,
Oxford, UK) was used for the flow-cytometric analysis. The ex-
citation wavelength was 488 nm by argon-ion laser, and green
fluorescence from FITC collected through a 530 nm band-
pass filter was measured on a log scale. The antigen content
was expressed as fluorescence indices (the ratio between the
mean fluorescence channel number of the cells in the pres-
ence of antibody and the presence of antibody and the pres-
ence of rabbit IgG as a blank).

Northern blot analysis. The cloned cDNA was isolated accord-
ing to the method described by Goldwin et al. [6]. A human
liver y-GCS probe (267 bp corresponding to nucleotides 54—
320 of rat kidney y-GCS) was generated from human liver
mRNA by polymerase chain reaction [18]. This probe radiola-
belled with P using a random primer technique was used to
screen a human fetal liver cDNA library in Agt1l. Isolation of
cytoplasmic RNA and Northern blot analysis were essentially
based upon the method of Sambrook et al. [29]. Cytoplasmic
RNAs isolated from K562 cells were subjected to electrophor-
esis in 1% agarose gels containing 0.6 mol/l formaldehyde,
subsequently transferred to nylon-membrane filters, and later
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Table 2. Activities of y-glutamylcysteine synthetase and thiol
transport in erythrocytes

NIDDM Control
patients subjects
(n=15) (n=15)
GSH (mmol/1) 1.8+0.2° 22403
ATP (mmol/l) 1.6%0.3 1.7+0.2
v-GCS 0.24 +0.02° 0.31+£0.01
(units/ml erythrocytes)
Glutathione 1.82£0.42 1.79+0.36
S-transferase
(units/ml erythrocytes)
Initial intracellular 1152 £ 62 1166 =77
GS-DNP formed
(nmol/ml erythrocytes)
GS-DNP transport rate 297 £317 430+ 13

(nmol - ml erythrocytes™ - h™)

Values are expressed as mean £ SD.
ap < 0.01 and ®p < 0.05 vs control subjects

hybridized with [*?P]-labelled nick-translated probes for y-
GCS. Autographed filters were analysed using a Fujix Bio-
Analyzer BAS-2000 (Fuji Photo Film, Japan). The relative
radioactivity was expressed as photostimulated luminescence
(PSL) [30].

Cytotoxicity assay. CDNB sensitivity was determined by tetra-
zorium salt assay [31] based on the evidence that living cells
are able to convert a tetrazorium salt to a blue formazan pro-
duct. Cells (5,000-10,000) were plated in 150 pl of medium
per well in a 96-well plate. Two hours after the addition of
0.1 mmol/l CDNB, the cells were incubated for 4 h at 37°C
with 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazorium
bromide (5 mg/ml). The cells were lysed with 100 ul of 20 % so-
dium dodecyl sulphate/50% N, N-dimethyl-formamide, pI
4.7, in each well. After incubation overnight, the absorbance
at 570 nm was measured. The wells in the absence of cells
served as blanks. Cytotoxicity was expressed as 50 % of inhibi-
tory concentration (ICs;).
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Statistical analysis

The data are given as mean + SD. Differences were calculated
with Student’s ¢-test.

Results

Activity of v-GCS and thiol transport in erythrocytes
from diabetic patients. As shown in Table 2, a de-
crease in the activity of y-GCS was observed in ery-
throcytes from diabetic patients (n = 15) in compari-
son to those from normal control subjects (n = 15)
(77 % of control subjects) (0.24 £ 0.02 units per ml
erythrocytes vs 0.31 = 0.01 units per ml erythrocytes,
p <0.05). The concentration of intracellular GSH
also decreased in the cells from diabetic patients
(77% of control subjects) (1.8£0.2mmol/l vs
2.2 £ 0.3 mmol/l, p < 0.05), while no apparent change
was seen in the concentration of ATP or the activity
of glutathione S-transferase in good agreement with
the data reported previously [6]. Incubation of eryth-
rocytes with 0.5 mmol/l CDNB for 1 h at 37°C re-
sults in the formation of GS-DNP. The intracellular
concentration of GS-DNP formed in erythrocytes
from diabetic patients was not different from that of
normal control subjects. A significant decrease in the
GS-DNP transport was observed in diabetic patients
in comparison to that in normal control subjects by
69% (297+31 nmol-ml erythrocytes™ h™ vs
430 + 13 nmol - ml erythrocytes™ - h™, p <0.01). Ef-
fects of treatment with an antidiabetic agent, aceto-
hexiamide, on the changes in the activity of GS-
DNP transport were estimated using four untreated
diabetic patients (Table 3). These patients had not
been treated previously, and treatment with aceto-
hexamide was begun and continued during the obser-
vation period for 6 months. Improvement of the le-
vels of HbA,, from 11.1£1.2% to 6.7+0.9% and

Table 3. Changes in the antioxidant activities in erythrocytes during treatment with antidiabetic agents

Treatment HbA,, GS-DNP transport v-GCS GSH

(month) (%) (nmol - ml erythrocytes™ - h™) (units - ml erythrocytes™) (mmol/1)
Patient 1 before 11.7 257 0.22 1.5

3 9.0 295 0.27 1.8

6 6.2 385 0.35 22
Patient 2 before 9.6 349 0.26 1.8

3 7.4 375 0.33 2.1

6 5.7 407 0.37 2.3
Patient 3 before 10.5 288 0.16 1.7

3 9.5 338 0.28 1.9

6 7.7 360 0.30 2.0
Patient 4 before 12.4 258 0.16 1.4

3 9.5 297 0.25 1.7

6 7.0 352 0.31 1.9

Effect of treatment with an oral antidiabetic agent, acetohexamide, on the changes in the activity of y-GCS, the GS-DNP transport,
and the concentration of GSH were estimated in four untreated diabetic patients
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an increase in the GS-DNP-transport from 287 £ 42
nmol - ml erythrocytes™ - h! to 376 +25 nmol - ml
erythrocytes™ - h™! were observed in each case. There
were also improvements in the activity of y-GCS
due to this treatment from 0.20 £ 0.05 units - ml ery-
throcytes™ to 0.33 + 0.03 units - ml erythrocytes™ in
6 months, and that of the concentration of GSH
from 1.6 £ 0.2 mmol/l to 2.1 & 0.2 mmol/l. There was
a negative correlation between the levels of HbAlc
and the GS-DNP transport in the diabetic patients
(r=0.83, p <0.01) as shown in Fig. 1.

Thiol transport of inside-out vesicles. The transport
activity of GS-DNP was estimated simultaneously
using erythrocytes and inside-out vesicles of erythro-
cytes (Table 4). The GS-DNP transport in the young
fraction from diabetic patients (n =4) was 79 % of
that from normal control subjects (n=4) (370+13
nmol - ml erythrocytes™ - h™ vs 468 +£ 38 nmol - ml
erythrocytes™ - h™?, p<0.01). The GS-DNP trans-
port in the old erythrocyte fraction from diabetic
patients was 63 % of that from normal control sub-
jects (246 +30 nmol - ml erythrocytes™ vs 388 +42
nmol - ml erythrocytes™ - h™!, p<0.01). The GS-
DNP transport of inside-out vesicles from diabetic
patients was lower than that of normal control sub-
jects (n=4) both in the young erythrocyte fraction
(1635 + 45 pmol - ml vesicles™ - min™! vs 2195+ 97
pmol - ml vesicles™ - min™, p <0.01), and in the old
erythrocyte fraction (793 +12 pmol - ml vesicles™ -

min? vs 1321+80 pmol-ml vesicles™ - min™,
p <0.01).

Effect of glucose on the activity of v-glutamylcysteine
synthetase and thiol transport in K562 cells. K562
cells were incubated with various concentrations of
D-glucose from 5.5 mmol/l to 27 mmol/l for 7 days
and the effect of a high glucose concentration on the
GSH metabolism was studied. ‘

The concentration of GSH decreased depending
on the concentration of glucose in the medium
(Fig.2). The following experiments were performed
using K562 cells cultured with 27 mmol/l glucose for
7 days, and the cells with 8 mmol/l glucose were used
as normal controls. As shown in Table 5, the concen-
tration of GSH in the presence of 27 mmol/l glucose
was significantly lower than that in the control sub-
jects (0.8 + 0.1 nmol - 10°cells™ vs 1.4 + 0.1 nmol - 10°
cells!, p<0.01). Incubation of the cells with
27 mmol/l glucose also resulted in a 40 % decrease in
the activity of y-GCS over 7 days (6.9 +0.1 mU - 10°
cells vs 11.5+1.8 mU - 10° cells™, p <0.05). The
GS-DNP transport also decreased in high-glucose-
exposed K562 cells to 62 % of that in the control sub-
jects (21.2£3.1 pmol - 10° cells™ - min™! vs 35.9+ 5.4
pmol - 10% cells? - min™, p <0.01). There was no
change either in the activity of glutathione S-transfer-
ase or in the levels of ATP.
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Fig.1 Relationship between the levels of glycated haemoglo-
bin and the activity of thiol transport. Correlation between
the levels of HbA,. (%) and the transport of GS-DNP
(nmol - erythrocytes™ - h™!) was estimated in erythrocytes
from 15 diabetic patients

Table 4. Effect of cell age on the thiol transport in erythro-

cytes
Transport of GS-DNP
NIDDM patients Control subjects
(n=4) (n=4)
Erythrocytes (nmol - ml
erythrocytes™ - h™)
young fraction 370 £ 132 468 + 38
old fraction 246 + 307 388 £42
Inside-out vesicles pmol - ml
from erythrocytes  vesicles” - mm™)
young fraction 1635 £ 45° 2195+ 97
old fraction 793 +122 1321+ 80

Erythrocytes were separated into two groups by centrifugation
on the basis of specific gravity and inside-out vesicles were pre-
pared from these erythrocytes. Values are expressed as mean
+ SD. ?p < 0.01 vs control subjects

Immunological levels of y-glutamylcysteine synthe-
tase. Immunological levels of y-GCS were estimated
using a flow-cytometric method. In high-glucose-ex-
posed K562 cells, the expression of y-GCS increased
on the 3rd day, and it was 190 % of that of the normal
control subjects on the 7th day (index 18.1 on the 7th
day vs 9.5 of control, typical data from triplicate anal-

yses) (Fig.3).

Northern blot analysis of y-glutamylcysteine synthe-
tase. Expression of y-GCS mRNA was estimated in
K562 cells. The cells were incubated with 27 mmol/l
glucose and aliquots of the cells were drawn during
the incubation. As shown in Figure 4, the stimulatory
effect of the addition of 27 mmol/l glucose on the ex-
pression of y-GCS mRNA was observed at 72 h of
the incubation (a PSL value of 300 at 72 h vs 146 of
the control subjects). The increase in the expression
of y-GCS mRNA declined to the basal level in 7
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Fig.2 Effect of glucose on the GSH concentration. K562 cells
were incubated for 7 days with various glucose concentra-
tions. The concentration of intracellular GSH was estimated.
Mean £ SD of four different analyses

days, while the activity of y-GCS showed a gradual
decrease during the incubation (Fig.5).

Cytotoxicity. Cytotoxic effects of CDNB on K562
cells were estimated (Table 6). K562 cells incubated
with 27 mmol/l glucose for 7 days showed an in-
crease in the sensitivity to CDNB [ICs,
300 % 24 umol/l vs 840 = 29 umol/l, p < 0.01 (four dif-
ferent analyses)]. Previous incubation of the cells
with 50 pmol/l buthionine sulfoximine for 48 h result-
edin a 21 % decrease in the concentration of intracel-
lular GSH (1.1+£0.1 nmol - 10° cells? vs 1.4+0.1
nmol - 10 cells™, p <0.05) and a 35% decrease in
the ICs, value (546 =20 umol/l vs 840 £29 umol/l,
p <0.01). The addition of 1 mmol/l sodium fluoride,
a inhibitor of the GS-DNP transport, resulted in a
20 % decrease in the transport (58.2 +5.5 pmol - 10
cells™ - min™ vs 72.7+6.0 pmol - 10° cells™ - min},
p<0.05) and a 12% decrease in the ICs, value
(739 £17 umol/l vs 840 £ 29 uymol/l, p < 0.05). Treat-
ment of the cells both with 50 umol/l buthionine sul-
foximine and 1 mmol/l sodium fluoride resulted in a
further decrease of the ICy, value to 52%

Table 5. Glutathione metabolism and cytotoxicity in K562 cells
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(399 £ 15 umol/ vs 840 £ 29 umol/l, p < 0.01). Effect
of a glycation inhibitor, aminoguanidine, was also
studied. Treatment of the cells with 27 mmol/l glu-
cose for 7 days in the presence of 1 mmol/l aminogua-
nidine resulted in restoration of the glutathione
metabolism (the level of GSH; 1.3 £0.1 nmol - 10°
cells™!, GS-DNP transport rate; 67.8 + 6.0 pmol - 10°
cells! - min™, respectively) as well as increase in the
level of ICs, (760 £ 30 umol/l).

Discussion

Oxygen radicals and xenobiotics cause tissue dam-
age. Impairment of cellular constituents by deple-
tion of GSH using buthionine sulfoximine, a specific
inhibitor of the GSH-synthesizing step, was reported
by Meister [32] and Martensson et al. [33]. In dia-
betes, hyperglycaemia is thought to cause glycation
and oxidation, and a decrease in the scavenging activ-
ity against oxidative stress. These changes may play a
crucial role in the development of cell damage and
diabetic complications. Injury to pancreatic beta
cells by oxidant radicals is believed to bring about in-
sulitis and cause insulin-dependent diabetes mellitus
[1, 2]. Recently, Oogawara et al. [34] have reported
the glycation reaction of Cu, Zn-superoxide dismu-
tase brings about fragmentation of this enzyme, in
which mechanisms involving reactive oxygen species
are thought to play a role.

Previously, we have shown evidence of the impair-
ment of the anti-oxidant system in erythrocytes from
diabetic patients [8] and in aortic endothelial cells
from diabetic experimental animals [9]. However,
the pathological significance of this impairment of
GSH metabolism in diabetes has not been fully clari-
fied.

In the present study, we employed human erythro-
cytes and K562 cells to investigate the regulation of
the GSH metabolism in diabetes. The present study
showed that the activity of y-GCS decreased in ery-
throcytes from diabetic patients restored to the
levels in normal control subjects when the patients
were treated with an antidiabetic agent for 6 months,

High glucose exposed Control subjects
(27 mmol/l glucose) (8 mmol/l glucose)
GSH (nmol - 10 cells™) (r = 15) 0.8£0.1° 1.4+0.1
ATP (nmol - 10° cells™) (n = 15) 1.2+0.1 1201
v-GCS (mU - 106 cells™) (n = 15) 6.9+0.1° 11.5+1.8
Glutathione S-transferase (mU - 10° cells™) (n = 15) 126 £4.0 12.1£3.0
Intracellular GS-DNP formed (nmol - 10° cells?) (n = 4) 0.58 £ 0.01 0.63 +0.01
GS-DNP transport rate (pmol - 10° cells™ - min™) (n = 4) 222 +3.1° 359+54
IC ®(umol/l) (n = 4) 300 £ 24° 840 + 29

K562 cells incubated for 7 days in the presence of 27 mmol/]
glucose served as high-glucose exposed cells, and those incuba-
ted in 8 mmol/l glucose as controls. Values are expressed

as mean * SD.
4p < 0.01 and Pp < 0.05 vs control subjects
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Fig.3 (A, B) Flow cytometric analysis of y-GCS in K562 cells.
Effect of the incubation of K562 cells with 27 mmol/ glucose
on the immunological levels of y-GCS were analysed using a
flow cytometer. Expression of y-GCS was estimated using
anti-y-GCS rabbit IgG as a first antibody and FITC-conjuga-
ted anti-rabbit IgG mouse serum as a second antibody. The le-
vels are expressed as fluorescence indices. (A) 27 mmol/l glu-
cose; (B) control. Shift of the peak of the relative fluorescence
intensity (18.1) is observed on day 7 (A), from that of control
subjects (9.5) on the same day (B)

with a concomitant increase in the levels of GSH. The
activity of GS-DNP transport also decreased in dia-
betic patients, and was normalized by treatment of
the patients in accordance with a decrease in the
levels of HbA, .. There was a negative correlation be-
tween the levels of HbA,, and the GS-DNP trans-
port, as well as the negative correlation between the
HbA, . and the concentration of GSH or the activity
of y-GCS (data not shown). A possible explanation
for these changes may be glycation of y-GCS as ob-
served in other cytoplasmic enzymes in erythrocytes
such as carbonic anhydrase [35] or Cu,Zn-superox-
ide dismutase [34].

Incubation of K562 cells with 27 mmol/l glucose
for 7 days resulted in a change in the GSH metabo-
lism similar to that observed in erythrocytes as descri-
bed above. The cells exposed to a high glucose con-
centration were highly sensitive to CDNB. Sensitiv-
ity to CDNB was augmented by treatment of the
cells with a inhibitor of y-GCS, buthionine sulfox-
imine, or that of GS-DNP transport, sodium fluor-

207

~= 28S

-- 18S

- 28S

-- 18S

Fig.4 Northern blot analysis of y-GCS mRNA. Approximate-
ly 30 ug of each total RNA extracted from K562 cells was frac-
tionated by electrophoresis, subsequently transferred to nylon-
membrane filters, and later hybridized with P*>-labelled nick
translated y-GCS DNA. Upper panel; (A) 27 mmol/l glucose;
(B) control. Equivalent amounts of total RNA were analysed
in each case and the positions of the 28S and 18S ribosome
are indicated in the lower panel

ide. Simultaneous treatment of the cells with these in-
hibitors resulted in a further increase of the sensitiv-
ity to CDNB. These results suggest that both GSH
synthesis and the GS-DNP transport play important
roles in the defence system and that their impair-
ment in hyperglycaemic cells causes an increase in
the sensitivity to oxidative stress.

The importance of y-GCS in cellular defence sys-
tem is supported by the evidence that this mRNA is
highly responsive to heat shock and chemical insults
such as iodoacetamide, metals, and amino acid simi-
lar to the expression of heat shock protein [18].
Northern blot analysis in the present study showed
an apparent increase in the expression of y-GCS
mRNA in the 72nd h when K562 cells were incubat-
ed with high-glucose, corresponding to the decrease
in the activity of y-GCS; this increase in the levels of
mRNA was followed by an increase in the immunolo-
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Fig.5 Changes in y-GCS during incubation of K562 cells with
glucose. K562 cells were incubated with 27 mmol/l glucose
and aliquots were drawn for the estimation of the activity
(O), immunological level (@), and mRNA of y-GCS([J).
The values were expressed as a percent of the initial values, re-
spectively

gical levels of y-GCS. However, the activity of y-GCS
showed a gradual decrease during the incubation of
the cells with 27 mmol/l glucose. On day 7 of the incu-
bation, the expression of y-GCS mRNA , the level of
y-GCS protein and the activity of y-GCS were ap-
proximately 100 %, 190 % and 45 % of those on day
0, respectively. Decrease in the activity of y-GCS
with a higher level of this enzyme protein in the cells
cultured under high glucose conditions indicates that
y-GCS is inactivated in diabetic conditions, although
the mechanisms are not known. The expression of y-
GCS mRNA was not responsive to the decrease in
the intracellular GSH in diabetic conditions. The pre-
cise mechanism by which the expression of y-GCS
mRNA is regulated is not clear; however, it is
suggested that the impairment of the expression of
y-GCS mRNA contributes to the decrease in y-GCS
activity and GSH.
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The mechanisms by which thiol transport is im-
paired in erythrocytes from diabetic patients and
K562 cells exposed to high glucose are also un-
known. There may be possible reasons for the de-
crease in GSH metabolism such as a decrease in the
levels of ATP or GSH, or the activity of glutathione
S-transferase. The intracellular concentrations of
ATP, the activity of glutathione S-transferase and
GS-DNP formed in diabetic patients were the same
as those in normal control subjects. The activity of
GS-DNP transport using inside-out vesicles from ery-
throcytes of diabetic patients was lower than that of
normal control subjects both in the young and old
erythrocyte fractions. In this experiment, the same
concentration of GS-DNP was used, and other fac-
tors such as the concentrations of ATP and Mg**
were the same.

Alteration of membrane structure and fluidity has
been established in diabetic subjects [36, 37]. It is not
known if autophosphorylation is involved in activa-
tion for y-GCS activity or the thiol transport. Impair-
ment of phosphorylation for some proteins on cyto-
plasmic membranes such as the insulin receptor or
the glucose transporter have been reported in diabet-
ic subjects [38]. Differences in the phosphorylation of
proteins may be another explanation for the decrease’
in thiol transport.

Aminoguanidine, a nucleophilic hydrazine com-
pound, is known to prevent the formation of glyca-
tion products and glucose-derived collagen cross-
links, and inhibit aldose reductase and diamine oxi-
dase, though the primary mechanism of these reac-
tions is not fully understood [39, 40]. In the present
study, neither the level of GSH nor the activity of
thiol transport were impaired when K562 cells were
incubated with 27 mmol/l glucose in the presence of
aminoguanidine. These data suggest that glucose-de-
rived modification of y-GCS and the thiol transport
system is one of the factors for the decrease in their

Table 6. Effect of inhibitors for glutathione metabolism on the cytotoxicity in K562 cells

Condition () IC50 GSH GS-DNP transport rate
(umol/l) (nmol - 10° cells™) (pmol - 10° cells™ - min™)

Controls (4) 840 +£29 14+£01 72760

Glucose (27 mmol/l) (4) 300 + 24* 0.8+0.1% 45.9+£7.0°

Buthionine sulfoximine (50 wmol/l) (4) 546 £ 20° 1.1£0.1° 66.916.1

Sodium fluoride (1 mmol/l) (4) 739 +17° 1.4+0.2 582 +5.5°

Buthionine sulfoximine (50 pmol/l) + 399 +15% 1.1+02 56.1+£4.7%

sodium fluoride (1 mmol/l) (4)

Glucose (27 mmol/l) + aminoguanidine 760 +30 1.3+0.1 67.8£6.0

(1 mmol/1) (4)

K562 cells were incubated for 7 days in the presence of
27 mmol/l glucose or 8 mmol/l glucose. Cytotoxicity was deter-
mined by assay with 3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyl-
tetrazorium bromide. The IC50 is the concentration of
CDNB (umol/1) that inhibited growth by 50 %. Cells in the ab-
sence of CDNB served as blanks. Buthionine sulfoximine was

added 48 h before and sodium fluoride just before the cyto-
toxicity assay. Aminoguanidine was added and cultured in the
presence of 27 mmol/l glucose for 7 days.

Values are expressed as mean * SD.

4p < 0.01 and ®p < 0.05 vs controls
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activity. It is also suggested that inactivation of the
thiol transport in diabetes is brought about at the ear-
ly stage of cell life since decrease in the transport ac-
tivity was similar in both the young and old erythro-
cytes, in comparison to those of normal control sub-
jects.

In conclusion, GSH synthesis and thiol transport
are impaired in erythrocytes from diabetic patients
and K562 cells exposed to high glucose concentra-
tion. The decrease in y-GCS activity is caused both
by inactivation of the enzyme protein and a decrease
in the expression of mRNA. The cells under high glu-
cose conditions are sensitive to oxidative stress. The
impaired cells circulate in the vessels and are ex-
posed to endothelial cells and interactions involving
endothelial cell function and impaired erythrocytes
may occur. Although our results are probably appli-
cable to other tissue cells, however, since we studied
only erythrocytes, these weakened defence systems
may contribute to explaining the pathogenesis of
complications in diabetes.
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