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Abstract—Changes of dynamics and chemical composition in membranes of intact red blood cells and
isolated erythrocyte membranes treated with alloxan were investigated in order to assess whether
alloxan-induced generation of active forms of oxygen may be critical for erythrocyte destroying. fn vitro
incubation of native red blood cells or prepared erythrocyte membrane ghosts with various concentrations
of alloxan gave rise both to levels of membrane TBA-reacting substance and lipid membrane micro-
viscosity both in the deeper and surface regions of lipid bilayer, as evidenced by fluorescence polarization
technique. The amount of membrane phospholipid decreased upon alloxan action and that of membrane
cholesterol remained rather unchangeable, thus resulting in significant elevation of membrane
cholesterol : phospholipid (C:PL) ratio. Both time course and concentration effect of alloxan were found
to change exponentially with the different rates of the reaction. There was a linear correlation between
1,6-diphenylhexatriene-1,3,5 (DPH) and l-anilinonaphthalene-8-sulfonate (ANS) anisotropy coef-
ficients and C:PL ratio (respectively » = 0.697 and r = 0.580) as well as TBARS levels (r = 0.386 for
reps and r = 0.324 for runs), thus implying the possible effect of membrane dialdehydes on bilayer
components immobilization. Regression coefficients significance testing showed reaction rates of TBARS
and C:PL changes to be significantly parallel, contrary to those of fluorescence anisotropy coefficients
assessing considerably slower dynamics of alloxan-induced changes. The relevance of changes induced
by alloxan in isolated erythrocyte ghosts and intact red blood cells and the compatibility of the present
results with several previous studies support the widespreading idea pointing the cell membrane as a
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main target of damage during alloxan action.

The chemical agent alloxan has been used extensively
for the inducing of an experimental model of diabetes
mellitus in animals, as it exhibits highly selective
cytotoxicity for the pancreatic beta cells [1,2].

Several investigators consistently suggested that
diabetogenic action of alloxan is mediated by the
generation of toxic oxygen species [2-4].

Experimentally induced diabetes, provoked by the
administration of alloxan-dialurate redox couple,
exhibits featuring of the metal-catalyzed Haber-
Weiss reaction as the mechanism for the destruction
of pancreatic beta cells [1, 3].

The present knowledge, which is far from being
exhaustive, indicates that all the prior studies on the
mode of action are compatible with the view of
selective toxicity of this drug to beta cells and attribu-
table to coincidence of rapid accamulation of alloxan
in pancreatic cells and their equisitive sensitivity to
peroxides {5-7].

None of the findings detracts from the view that
alloxan eventually leads to alterations of the prop-
erties of islet cell plasma membranes [1].

The pharmacological nature and partition of
alloxan in redox cycling reactions notwithstanding,
its mode of action may be sufficiently general for
different types of cells and tissues by similar mech-
anism [8].

* Address all correspondence to: Cezary Watata, Chair
of Biophysics, University of £.6dZ, ul. Banacha 12/16, 90-
237 Lodz, Poland.

Both in vitre and in vivo numerous free radicals
scavengers protect against alloxan-induced exper-
imental diabetes {6], and the characteristic of such
protection points to the cell membrane as a main
target of damage [9].

However, the action of alloxan on other types of
cells was poorly investigated. Hence, a study was
undertaken to follow the alterations of membrane
fluidity and lipid composition in membranes of
erythrocytes, given their continuous exposure to
alloxan.

MATERIALS AND METHODS

Fasting venous blood, drawn on acid citrate dex-
trose solution, was obtained by venipuncture from
eleven healthy volunteers aged 19-47 years (mean =
1 SDj; 29.53 + 7.30) and recruited from the Central
City Blood Bank.

Erythrocytes, separated from plasma and buffy
coat of leucocytes, were washed four times within
the subsequent hour. Aliquots of red blood cells
were subjected to a moderate hemolysis procedure
according to Marchesi and Palade [10] in order to
obtain erythrocyte membrane ghosts. Membrane
ghosts preparations were resuspended in 0.14M
saline to membrane protein concentration of 2.5 mg
protein/ml [11]. Suspensions of red blood cells of
hematocrit 50% were incubated with 0.14 M saline
alloxan solution at final alloxan concentrations of
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1 mg/ml and 2 mg/ml, parallely with control samples
without alloxan for 4 hr.

In order to estimate the optimal incubation con-
ditions (time course and alloxan concentration)
native erythrocytes (hematocrit 50%) were incu-
bated without alloxan for 4, 1, 2, 4, 6, 12, 24 and
48 hr at 37°, and additionally 50% suspensions of red
blood cells were incubated for 4 hr with alloxan at
the range of concentrations of 0.5-20 mg/ml.

Time intervals of 4 hr and alloxan concentrations
of up to 2 mg/ml were selected for the further study,
as inducing trace hemolysis not exceeding 1% with
respect to control.

In order to testify the influence of various alloxan
concentrations on isolated erythrocyte membranes,
the membrane ghost preparations were subjected to
alloxan action at four concentration variants: 0.154,
0.308, 0.615 and 0.923 mg of alloxan per 1 mg of
membrane protein. The time course of the reaction
was investigated by incubating the samples with the
highest alloxan concentration over 1, 2 or 4 hr, paral-
lely with relevant control samples incubated without
alloxan. All the samples, supplied with trace amounts
of streptomycin (20ug per 1ml of incubation
medium), were incubated in sterile conditions at 37°
and kept in darkness.

After the incubation erythrocytes were centrifuged
and washed twice to remove the bulk of degraded
and active alloxan, the first supernatant being col-
lected and used to determine alloxan-induced red
blood cell hemolysis; after that erythrocyte mem-
branes were prepared and treated as above men-
tioned.

Membrane-bound hemoglobin was expressed as a
percentage of the total membrane protein. The
degree of post-incubation hemolysis was counted as
the multiplicity of the Ay, value determined for the
control sample, assuming mean control hemolysis
equal to 1.0 and standard deviation equal to sd =
SD{aps)/Xjabs), Where the factors indexed [abs] assess
parameters estimated for populations of control
absolute values.

The amount of TBA-reacting aldehyde material
attached per 1mg of membrane and hemolysate
proteins were determined by the procedure of
Kobayashi et al. [12] and Placer et al. [13], respect-
ively.

Membrane chloesterol and phospholipid levels
were estimated according to Babson ef 4l. [14] and
Vaskovsky er al. [15] respectively, after the prior
lipid extraction [16].

Fluorescence measurements. A reproducible and
simple fluorescence polarization technique was
employed to monitor alterations of erythrocyte mem-
brane fluidity by the performance of two different
fluorescence probes. 1,6-diphenylhexatriene-1,3,5
(DPH), ¥ which is sensitive enough to monitor even
faint changes in fluidity of lipid domains, was used
to trace lipid fluidity alterations of the hydrocarbon
core [17], whereas the second probe, I-anilio-

+ Abbreviations used: ANS, 1-anilinonaphthalene-8-sul-
fonate; C, cholesterol; DPH, 1,6-diphenylhexatriene-1,3,5;
ESR, electron spin resonance; PL, phospholipids; r.ns and
rppy. fluorescence anisotropy of ANS and DPH respect-
ively; TBARS, 2-thiobarbituric acid reacting substance.
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naphthalene-8-sulfonate (ANS), locates predomi-
nantly near membrane surface, interacting with
charged phospholipid groups [18].

The anisotropic orientation of both the probes
used reflects the degree of the order of the membrane
lipid molecule and as such lipid fluidity of the two
different bilayer regions [17, 18].

Fluorescence polarization of DPH and ANS
embedded into the membrane lipid region was
measured upon excitation with polarized mono-
chromatic light, and steady-state fluorescence ani-
sotropy was determined by the emission intensities
through an analyzer oriented parallely or per-
pendicularly to the direction of polarization of the
excitation light. Accordingly, anisotropy values were
calculated as follows:

r= v — Iy G)/Uvv + 2yuG),

where I and Iyy represent the vertical and hori-
zontal orientation of the electric vector or excitation
and emission, respectively. A gratifying factor G =
Liyy/Iyy refers to a correction for the inequality of
the detection system to horizontally and vertically
polarized emission [18].

Fluorescence spectra were recorded at 25°, on a
laboratory-made photon-counting spectrofluoro-
meter equipped with thermostated cell holders. DPH
107°M tetrahydrofurane solution and ANS
5% 107*M Tris-buffer solution (50 mM, pH7.0)
were added to 100 ug protein/ml sample of erythro-
cyte ghosts to final DPH and ANS concentrations of
2x 107°M and 2.5 x 1075 M, respectively. In each
case the sample was excited at 366 nm through a
monochromator with band-width set at 4 nm, the
emission being recorded through a cutoff 4 M NaNO,
filter and additional interference filters: 427 nm for
DPH and 480 nm for ANS (VEB Carl Zeiss Jena,
GDR).

Statistical elaboration. All the resultant values are
expressed as the mean of individual means of trip-
licates. Normal distribution of the variables was
tested by means of a Shapiro-Wilk’s procedure, and
significance was calculated either by means of
Student’s t-testing and variance analysis or by Mann—
Whitney-Wilcoxon testing and Kruskal-Wallis one-
way analysis by ranks for all the cases not necessarily
assessing normal distribution (values of significance
denoted by asterisks).

Significance of alloxan-induced changes in intact
red blood cells is given in three comparison variants
for each parameter, where numericals 1, 2 and 3 are
attributed to the comparison of control with alloxan
concentration of 1mg/ml, 2 — the comparison
between control and 2 mg/ml solution, 3 — between
concentrations 1 mg/ml and 2 mg/ml, respectively.

Significance of changes in the series of experiments
with isolated erythrocyte ghosts at each of the per-
formed alloxan concentrations is given with respect
to control and as the result of variance analysis (A).
All the partial resuitant values in temporal variant
of experiment were calculated as a percentage
change with respect to the control value (sample
incubated at a given time without alloxan), accepted
to be equal to 100%, and assuming control standard
deviation as equal (SD/%) x 100%.

Partial correlation analysis was performed as the
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Table 1. Chemical characteristics of erythrocyte membrane ghosts isolated from intact red
blood cells subjected to alloxan action

Sample Control Alloxan concentration Significance

parameter (11) (mg/mi)

1(11) 2 (11)

Trace 2.50 £ 0.56 4.91 +0.87 8.59 £2.10 1 0.0001
haemoglobin (%) 2 0.0001

3 0.0001

Post-incubation 1.00 £ 0.06 1.24 £ (.18 1.59 = 0.45 1 0.0001

hemolysis (%) 2 0.0001
30.013

Membrane 137235 160 = 29 182 + 47 1* 0.039
TBARS 2% 0.028
(X10%) [As/mg 3*0.121
protein]

Hemolysate 90+ 16 96+ 16 100 = 25 10.170
TBARS (x10%) 20.123
[pmol/mg Hb] 30.328

PL (x10°) 997 + 112 759 + 46 676 = 95 1 0.0001
[mmol/g 2 0.0001
protein] 30.008

C (x10% 764 + 68 737 + 64 73571 10.175
[mmol/g 20.180
protein] 30473

C:PL 776 £ 81 924 + 83 1046 = 77 1 0.0001
(x10%) 2 0.0001

30.001

Number of samples examined is given in parentheses.

Each value represents mean = 1 SD.
Incubation time: 4 hr.

Table 2. Steady-state anisotropy of 1,6-diphenyl-
hexatriene-1,3,5 and 1-anilinonaphthalene-8-sulfonate in
membranes of intact erythrocytes treated with alloxan

Alloxan concentra-

tion
(mg/ml)

Sample Control
parameter (11) 11D 2 (11)  Significance
rop (X10°) 18027 186%8 1917 10.054

2 0.001

3 0.067
rans (X10%) 206 £ 12 214+ 14 224+14  10.083

2 0.002

30.055

Number of samples examined is given in parentheses.
Each value represents mean *+ 1 SD.
Incubation time: 4 hr.

measure of the variables’ interdependence.
Iterative nonlinear regression procedure and
regression coefficients significance testing were
employed to estimate the parallel character of the
various parameter alterations found in erythrocyte
membranes given their exposure to various alloxan
concentrations and the various time of incubation.

RESULTS

Alloxan action on intact red blood cells.
Tables 1 and 2 present chemical characteristics and

steady-state anisotropy values for the membranes
isolated from red blood cells subjected to alloxan
action. As it might be expected both the amount
of membrane trace hemoglobin and the degree of
alloxan-induced hemolysis are significantly elevated
in membrane preparations of alloxan-treated
erythrocytes. Similarly proned changes may be
noticed as to TBARS level and anisotropy values,
however, the alterations of hemolysate TBARS,
though elevated, are poorly significant.

Distinctly marked correlation was established
between anisotropy coefficients and C: PL ratio (r =
0.697 for rppy and r = 0.580 for rans), and it was
significantly lower in the case of membrane TBARS
level (r = 0.386 and r = 0.324, respectively; the criti-
cal value was 0.453 at P < 0.01).

Alloxan action on isolated erythrocyte membrane
ghosts.

Significant elevation of membrane TBARS level
as well as concomitant increase of both DPH and
ANS anisotropy values in membrane ghosts given
their exposure to alloxan were found (Tables 3 and
4). Conversely, the membrane phospholipid amount
lowers as alloxan concentration increases.
Regression coefficients’ significance testing showed
relative alterations vs alloxan concentration in the
case of TBARS level and C:PL ratio to be sig-
nificantly parallel (P < 0.380), whereas quite dif-
ferent kinetics of changes were found when
comparing C:PL ratio with fluorescent probes ani-
sotropy alterations (0.02 > P > 0.01 for rppy and
P < 0.01 for rans). The rate of relevant phospholipid
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Table 3. Chemical composition and lipid fluidity of erythrocyte membranes treated with various doses
of alloxan
Alloxan TBARS C PL C:PL Topn 7aNs
concentration (Asn/mg (mmol/g {mmol/g
(mg/ml) protein) protein) protein)
(x10%) {(x10% {x10% (x10% (< 10%) (x10%
0 200 + 27 669 * 62 1080 = 86 721 £ 96 207 =21 188 £ 15
0.385 228 £ 32 658 *+ 64 900 + 99 829 + 85 224 + 14 194 = 12
0.770 244 = 42 657 = 68 795+ 119 88556 225+ 14 202 +8
1.540 279 + 47 679 £ 69 694+ 109 1016+ 79 238 £ 22 2109
3.850 306 = 38 675 + 59 637 = 84 1145 +112 242> 10 217213
Significance 1*: 0.023 1: 0.343 1: 0.0001 1: 0.006 1: 0.019 1: 0.156
2*: 0.018 2: 0.335 2: 0.0001 2: 0.0001 2: 0.014 2: 0.006
3*: 0.003 3:0.362 3: 0.0001 3: 0.0001 3: 0.001 3: 0.0001
4*: 0.0001 4: 0.409 4: 0.0001 4: 0.0001 4:0.0001 4: 0.0001
A*: 0.005 A:0.379 A: 0.0001 A: 0.0001 A: 0.004 A: 0.001
Number of samples examined is 11. Each value represents mean * 1 SD. Incubation time: 2 hr,

Table 4. Chemical composition and lipid fluidity of erythrocyte membranes incubated with alloxan
Incubation TBARS C PL C:PL Fooph rANS
time {Ass/mg (mmol/g {mmol/g
(hours) protein) protein) protein)

Control (33) (227 £ 17) (696 = 81) (1159 + 166) (591 £ 41) (229 + 6) (193 £ 12)
x107° %1073 *x1073 %1073 x 1073 x107*
1(11) 115.1 £ 9.8 101.7 £ 16.2 76.1 £ 13.7 144.4 + 13.2 103.2 %12 109.1 + 4.7
21D 131.7 = 14.2 107.2 £ 22.8 67.1x13.9 158.1 £ 19.5 105325 109.6 = 3.7
4 (11) 1450+ 18.0 108.9 + 14.0 58.0+9.2 199.9 £ 10.2 105.3 = 1.0 113.2+4.3
Significance 1: 0.0001 1: 0.368 1: 0.0001 1: 0.0001 1: 0.001 I: 0.0001
2: 0.0001 2: 0.139 2: 0.0001 2: 0.0001 2: 0.0001 2: 0.001
3: 0.0001 3:0.038 3: 0.0001 3: 0.0001 3: 0.0001 3: 0.0001
A: 0.0001 A:0.232 A: 0.0001 A: 0.0001 A: 0.0001 A: 0.0001

Number of samples examined is given in parentheses.
Each value represents mean = 1 SD.
Absolute values of control samples are given at the top.

Significance of changes at each incubation time is given with respect to control {100%) and as the result of variance

analysis {(A4).
Alloxan concentration: 3.85 mg/ml.

diminution is markedly symmetrical with regard to
the above discussed parameters. When analyzing the
rate of membrane constituent affection in the time
course of the reaction, similarly proned biases may
be observed to occur. As evidenced by regression
coefficients’ significance testing, drastic and most
dynamic changes of the C:PL ratio, and even
TBARS level, are not accompanied by equally inten-
sified changes in membrane fluidity (P <0.002 and
P < 0.003 for C:PL vs rppy and rans, respectively;
P <0.003 and P < 0.006 for TBARS vs rppy and
rans, respectively).

As might be predicted, a significant correlation
was established between DPH and ANS anisotropy
coefficients and C:PL ratio (r=10.622 and r=
0.706), as well as moderate reverse correlation with
membrane phospholipid level {r = —0.369 and r =
—0.662, respectively). Positive correlation of DPH
and ANS anisotropy with membrane TBARS is note-
worthy (r = 0.647 and r = 0.584, respectively), thus
implying the possible effect of dialdehydes on mem-
brane components immobilization.

DISCUSSION

The results clearly show that, under the conditions
stated, the diabetogenic agent alloxan induced dras-
tic degradation of membrane phospholipids with sim-
ultaneous faint destroying of cholesterol. It seems
reasonably certain that the significant diminution
of membrane phospholipid and unchanged level of
membrane cholesterol imply just as pronounced
alterations of membrane fluidity. These changes of
membrane lipids resulted in considerable increase of
steady-state fluorescence anisotropy of both
employed fluorescent probes, indicating membrane
rigidization both in hydrocarbon core region and
near-surface bilayer region.

It seems likely that fluctuations of the C: PL ratio,
followed in both the options of our experiment,
result most probably from membrane phospholipid
degradation and essentially not from membrane
cholesterol accretion. Considering this, it should be
emphasized that the total amount of membrane lipid
decreases. Hence, assuming the lipid bilayer com-
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pressibility to be maintained in certain intimate
limits, one might expect the progressive degradation
of total bulk of membrane lipids to impose rather
restricted fluctuations of membrane lipid fluidity, as
evaluated by fluorescence anisotropy values. There
is accumulating experimental data suggesting that
alloxan should be considered as a causative factor in
the enhanced sensitivity of red cells to peroxidation
{2, 3]. The evidence for lipid peroxidation-induced
membrane rigidization is nowadays overwhelming
{19-22].

Alloxan can be reduced in vitro to dialuric acid,
which auto-oxidizes spontaneously forming H,O,,
O3 and HO’, and the detection of hydrogen per-
oxide in erythrocytes after treatment with alloxan
implies similar conversion of alloxan to dialuric acid
in vivo [2]. Such aerobic reduction and oxidation
cycling reactions are sources of reactive oxygen
species, which induce highly localized tissue damage
{1, 2]. The specificity of damage appears to depend
upon a selective accumulation of alloxan-dialuric
acid redox couple in pancreatic beta cells. Other
tissues and organs appeared essentially unaffected by
diabetogenic doses of alloxan, and the only exception
was observed in vitamin E deficiency, where dialuric
acid induced erythrocyte hemolysis [3].

Whether reported herein alloxan-induced low-
ering of membrane fluidity results mainly from
altered membrane lipid status remains to be estab-
lished, however, the bulk of convincing evidence
concomitantly encourage the speculation upon the
fact that the main functional events of alloxan action
are located at the plasma membranes [1-3].

Erythrocytes might be expected to be highly sus-
ceptible to peroxidation as they contain a powerful
transition metal catalyst and their membranes are
rich in polyunsaturated fatty acids [23].

Beyond its relevance to the mode of action of
alloxan, the experimental data presented herein also
suggest that the mechanism of alloxan action cer-
tainly contributes to the essential alterations in cell
membrane dynamics.

The relevance of changes induced by alloxan in
the membranes of intact erythrocytes and isolated
ghosts preparations is briefly evidenced.

Haem components, many of which are intimately
associated with the phospholipids of the biological
membranes, were shown to be the best promoters in
lipid peroxidation both in vitro and in vivo. Hence,
the oxidative interaction of haemoglobin with mem-
brane lipid constituents is of great importance, as it
can be regarded as a key step in membrane lipid
peroxidation and hemolytic process {23].

Though a differential extension of found alter-
ations might be expected, due to haem catalytic
peroxidation effect [24], they are not really much
more profoundly expressed in the experiments with
intact erythrocytes. The only, if noteworthy, non-
concomitant tendencies are fluctuations of mem-
brane cholesterol content (which diminishes
evidently more rapidly in isolated erythrocyte mem-
branes) might be due to possible releasing of micro-
vesicles of different lipid composition (i.e. enriched
with cholesterol) from the ghosts incubated with
higher alloxan concentrations.

In both the cases the range of damage in alloxan-
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treated cell membranes turned out to depend
strongly upon the intensity of peroxidation process,
given the performed alloxan concentrations. Time
dependence of changes accumulation might also be
expected to occur, and it is really the case.

Our findings are in keeping with numerous reports,
where induced membrane lipid peroxidation implied
the decrease of membrane phospholipid : cholesterol
ratio and increase of DPH or ANS anisotropy
f19-21].

Conflicting results as regards to the effect of
alloxan on isolated erythrocyte ghosts were obtained
recently by one of us (J6Zwiak, unpublished data).
In the study mentioned, alloxan was found to induce
a significant increase of membrane fluidity at the
depth of C-12, as evidenced by ESR spectra of doxyl-
stearic acid derivatives, and was out of any influence
at the depth of C-16. That report, when considered
with regard to our present findings, seems surprising.
However, these two studies need not be mutually
exclusive, since the methodological approach carried
out in each case, may explain why membrane fluidity
fluctuations found are oppositely directed. Alloxan,
which is believed to destroy double bonds in polyun-
saturated fatty acids of membrane phospholipids via
free radical mechanism, favours the gap creation in
phospholipid matrix of lipid bilayer, mainly at the
depth range of C-7 to C-12, where the bilayer is
expected to contain a large proportion of fatty acid
double bonds susceptible for peroxidation. Hence,
the order parameter and freedom of rotational dif-
fusion decreases in a differential manner, which is
dependent upon the ESR probe location. The
rotational motion may be thus greater or slower
subject to the fitness of a probe location and gap
occurrence. A fluorescent probe, like DPH or ANS,
reflects the resultant microviscosity of lipid bilayer,
respectively, at the deeper region of hydrophobic
core or near bilayer surface, and as such can monitor
lipid mobility alterations affected by C:PL ratio or
even crosslinking of membrane components con-
ditioning acyl chain flexibility [22]. However, it
should be realized that fluctuations of the amounts
of TBARS and followingly the correlation of these
changes with relevant alterations of anisotropy
values, reported herein, may comply an additional
interference effect due to natural membrane sugars
and/or proteins elevating the determined TBARS
levels.

Acknowledgements—All the fluorescence measurements
were carried out thanks to the courtesy of Dr Zygmunt
Wasylewski (Institute of Molecular Biology, Jagielionian
University, Cracow). We express our indebtedness to Dr
Grzegorz Bartosz (in situ) for his helpful and stimulating
discussion of our results.

REFERENCES

1. Malaisse WJ, Alloxan toxicity to the pancreatic B cell—
a new hypothesis. Biochem Pharmacol 31: 3527-3534,
1982.

2. Heikkila RE, Winston B, Cohen G and Barden H,
Alloxan-induced diabetes: evidence for hydroxyl rad-
ical as a cytotoxic intermediate. Biochem Pharmacol
25: 1085-1092, 1976.

3. Cohen G, Oxy-radical production in alloxan-induced



1798

10.

11.

diabetes: an example of an in vivo metal-catalyzed
Haber-Weiss reaction. In: Free Radicals in Moleculur
Biology, Ageing and Disease (Ed. Armstrong D), pp.
307-316. Raven Press, New York, 1984,

. Heikkila RE, The prevention of alloxan-induced dia-

betes in mice by dimethyl sulfoxide. Eur J Pharmacol
44: 191-193, 1977,

. Malaisse W}, Malaisse-Lagae E, Sener A and Pipeleers

DG, Determinants of the selective toxicity of alloxan
to the pancreatic B cell. Proc Natl Acad Sci USA 79:
927-932, 1982,

. Malaisse-Lagae E, Sener A and Malaisse WI, Bio-

chemical basis of a species difference in sensitivity to
alloxan. FEBS Lert 133: 181-187, 1981.

. Sener A, Malaisse-Lagae E and Malaisse WI, Non-

carbohydrate nutrients protect against alloxan-induced
inhibition of insulin release. Endocrinology 110: 2210-
2215, 1982.

. Grankvist K, Marklund SL, Sehiin J and Taljedahl

1B, Superoxide dismutase, catalase and scavengers of
hydroxyl radicals protect against the toxic action of
alloxan on pancreatic islet cells in vitro. Biochem J 182:
17-25, 1979,

. Grankvist K and Marklund SL, Effect of extracellularly

generated free radicals on the plasma membrane per-
meability of isolated pancreatic beta cells. Inr J Bio-
chem 18: 109-113, 1986.

Marchesi VT and Palade GE, The localization of Mg~
Na—K-activated adenosine triphosphatase on red blood
cell membranes. J Cell Biol 358; 385-404, 1967.
Lowry OH, Rosenbrough NJ, Farr AL and Randall R},
Protein measurement with the Folin phenol reagent. J
Biol Chem 193: 265-275, 1951,

. Kobayashi Y, Yoshimitsu T and Usui T, Evaluation of

lipid peroxidation on human erythrocyte hemolysates.
J Immunol Meth 64&; 17-23, 1983,

. Placer ZA, Cushman L and Johnson BC, Estimation

of product of lipid peroxidation (malonyl dialdehyde)

14.

15.

16.

17.

18.

19,

20.

21.

C. WaTtara, A. Bupzielewska and Z. JOZWIAK

in biochemical systems. Anal Biochem 16: 359-364,
1966.

Babson AL, Shapiro PO and Philips GE, A new assay
for cholesterol and cholesterol esters in serum which is
not affected by bilirubin. Clin Chim Acta 7: 800809,
1962.

Vaskovsky VE, Kostetsky EY and Vasendin LM, A
universal reagent for phospholipid analysis. J Chro-
matogr 114: 129-141, 1975.

Rose HG and Oklander M, Improved procedure for
the extraction of lipids from human erythrocytes. J
Lipid Res 6: 128-131, 1965.

Shinitzky M and Barenholz Y, Fluidity parameters of
lipid regions determined by fluorescence polarization.
Biochim Biophys Acta 515; 367-394, 1978.

Slavik 1, Anilinonaphthalene sulfonate, a probe of
membrane composition and function. Biochim Biophys
Acia 694: 1-25, 1982.

Bartosz G, Szabo G, Szollosi J, Damjanovich S, Ageing
of the erythrocyte—IX. Fluorescence study on changes
in membrane properties. Mech Ageing Dev 16: 265~
274, 1981.

Eichenberger, K, Bohni P, Winterhalter KH, Kawato
R and Richter C, Microsomal lipid peroxidation causes
increase in the order of the membrane lipid domain.
FEBS Lert 142: 59-62, 1982.

Rice-Evans C, Rush I, Omorphus SC and Flynn DMI,
Erythrocyte membrane abnormalities in glucose-6-
phosphate dehydrogenase deficienty of the Medi-
terranean and A-types. FEBS Len 136: 148-153, 1981,

. Richter C, Biophysical consequences of lipid per-

oxidation in membranes. Chem Phys Lipids 44; 175~
189, 1987.

. Clemens M and Waller HD, Lipid peroxidation in

erythrocytes. Chem Phys Lipids 45; 251-268, 1987.

24. Szebeni J and Toth K, Lipid peroxidation in hemo-

globin-containing liposomes. Effects of membrane
phospholipid composition and cholesterol content.
Biochim Biophys Acta 857: 139-145, 1986.



