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Abstract—The effect of ethanol abuse on the lipid ordering of the human erythrocyte membranes was
studied by steady-state and time-resolved fluorescence anisotropy measurements of DPH and its polar
analogue TMA-DPH, which probe different membrane regions. Steady-state anisotropy values with
DPH as a probe were slightly but significantly increased (+3%) in erythrocyte membranes from alcoholic
patients. A resistance to the ethanol fluidizing effect was evidenced in these membranes with DPH and
TMA-DPH. No difference in the probe lifetimes was detected between the control and the alcoholic
subjects. In the alcoholic patients as compared to the healthy controls, the residual anisotropy for DPH
was significantly increased (+7%) corresponding to an increase in the orientational order parameter of
4%; a decrease of the apparent correlation time value was also observed. Nevertheless, no differences
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between the two erythrocyte populations were observed with TMA-DPH.

Experimental evidence has shown that ethanol exerts
its pharmacological effects mainly by altering the
physiochemical properties of biological membranes
by changing the “fluidity” [1]. Although most of the
results have been obtained in animal models, recent
studies [2-5] have documented similar perturbations
in human alcoholic patients. A previous work [2]
indicated a slight but significant increase in steady-
state fluorescence anisotropy of DPH together with
a reduced sensitivity to ethanol addition in vitro in
erythrocyte membranes from alcoholic patients as
compared to normal subjects. However, differences
in fluorescence excited state lifetime, apparent cor-
relation time and residual anisotropy affect the
steady-state anisotropy values. Therefore, in the
present study, lifetime and time-resolved fluor-
escence anisotropy measurements were carried out
in order to delineate the respective effect of alcohol
on each parameter, especially on the residual ani-
sotropy [6,7]. In order to get better insight of the
ethanol effect, two fluorophores, i.e. DPHY and
its cationic derivative TMA-DPH labelling different
transverse regions of the erythrocyte membrane,
were used [8, 9].

MATERIALS AND METHODS

Clinical subject group. Venous blood samples were
collected from 10 thoroughly selected male alcoholic

+ Author to whom correspondence should be addressed
at: INSERM U.26, Hopital Fernand Widal, 200 rue du
Faubourg Saint-Denis, 75475 Paris Cedex 10, France.

9 Abbreviations: DPH, alltrans,1,6-diphenyl-1,3,5-hex-
atriene; THF, tetrahydrofuran; TMA-DPH, 1-(4-
trimethylaminophenyl)-6-phenyl-1,3,5-hexatriene; CDT,
carbohydrate deficient transferrin.

patients aged 32-60 years who had been admitted
to hospital for detoxication treatment and from 10
healthy control persons matched for age and sex and
with an alcohol consumption of 0-23 g of ethanol per
day. The daily alcohol consumption in the patients
was estimated at 125-500 g of ethanol per day during
the preceding 8-21 days. The duration of the alcohol
dependence was at least 10 years and all the patients
fulfilled the DSM 111 criteria for alcohol dependence
[10]. All the patients had stopped drinking within
24 hr before sampling and no one had positive blood
or breath tests for ethanol. No patient showed any
clinical signs of complicating organic disease, and no
one had received any drugs during the preceding
week. Blood samples were collected in the morning
with the patients fasting.

Apart from analyses of alanine aminotransferase
(ALAT), aspartate aminotransferase (ASAT),
gamma glutamy! transferase {(GT), alkaline phos-
phatase (ALP) and bilirubin, the samples were exam-
ined for routine peripheral haematological values.
The concentration of CDT in serum was also deter-
mined according to Stibler ef al. [11] in order to
monitor alcohol abuse in alcoholic patients. Samples
from the controls were analysed as well. All reagents
for CDT analysis were provided by Pharmacia
Research and Development (Uppsala, Sweden).

Erythrocyte membrane preparation. Erythrocyte
membranes were prepared from blood samples anti-
coagulated with EDTA as described previously [2].
The membranes obtained were suspended in 10 mM
phosphate buffer (pH 7.4) and stored at ~20° until
fluorescence measurements were done. The protein
concentration was determined according to Lowry ef
al. [12] with human serum albumin as a standard
{Behringwerke, Marburg, F.R.G). Membrane prep-
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Table 1. Peripheral haematological values and concentration of carbohydrate-deficient
transferrin (CDT) in serum in 10 alcoholic patients and 10 healthy controls

Test Alcoholics Controls
Haemoglobin conc. (g/1) (140-170) 1506 1437
Mean corpuscular haemoglobin conc. (g/1) (320-360) 328 1* 349 + 3
Mean corpuscular volume (fl) {76-96) 99 x 2% 85+6
Sedimentation rate (mm) (1-15) 113 82
CDT (mg/) [<74, (11)] 121 = 12 492

The values are mean values =SEM. The normal range of each test is given in brackets.

* P <0.001

arations and all membrane analyses were made
paired on the same day.

Membrane labelling. Diluted samples from thawed
aliquots of the native membranes were used. To 1 ml
of membrane sample, 0.5 ul of DPH dissolved in
THF or TMA-DPH in THF/water 1:1 was added to
give a final probe/lipid molar ratio lower than
1/200. DPH and TMA-DPH were from Molecular
Probes (Eugene, Or, U.S.A)). After thorough
mixing, the membranes were incubated for 1hr at
37°.

Fluorescence measurements. The steady-state ani-
sotropy (r,) was recorded at 25.0 * 0.2° using a SLM
8000 spectrofluorimeter (Urbana, IL, U.S.A.) as
described previously [2]. r, was measured before and
after addition of ethanol from 0.35 to 1.05M and
the slope (Ar;) of the regression line, r—ethanol
concentration, was calculated as a measure of the
fluidizing effect of ethanol [2]. For each concen-
tration, 5-10 determinations were carried out.

Excited state lifetime and nanosecond anisotropy
measurements were performed at the same tem-
perature on a time-correlated single photon counting
mstrument [13] at an excitation wavelength of
357 nm, fluorescence emission being collected
through a Schott KV 418 cut-off filter. The apparatus
response function was obtained with a short lifetime
standard (tetraphenylbutadiene in cyclohexane, 7=
1.76 nsec) [14] according to Wahl et al.[15]. Analysis
of the data was performed as previously described
[11, 13]. Wobbling angle (6,,.x) of probe rotation was
calculated according to Kinosita et al. [16]. Intrinsic
anisotropy values (ry) were 0.384 and 0.390 for DPH
[17] and TMA-DPH [8], respectively.

Statistical analyses. Comparisons between patients
and controls were evaluated by one-tailed Student’s
t-test (membrane parameters) or Mann-Whitney U-
test (peripheral and serum blood parameters) to
determine significant differences (P < 0.05) between
means.

RESULTS

Table 1 summarizes the peripheral haematological
values in the patient group compared to healthy
controls. Mean corpuscular volume is increased in 6
of the 10 patients. In no instance are there any signs
of infection as judged by sedimentation rate and
white cell count. Slightly or moderately elevated
values of GT are present in 5 of the 10 patients, of
ALAT and/or ASAT in three cases and ALP and
bilirubin are somewhat elevated in one patient. In
three alcoholic patients all of the liver test values
are normal. Nevertheless, CDT levels in serum are
clearly increased in the alcoholic patients compared
to the controls (P < 0.001) and to the previously
obtained normal values [11], confirming the alcohol
abuse and that the abuser group was homogeneous
and representative [11].

Steady-state anisotropy values, r;, with DPH as
probe increases in nine patients and is at the upper
limit in one patient with a statistically significant
difference compared to the healthy control (+3%,
P < 0.001) (Table 2). r, Values are less sensitive
to ethanol addition in wvitro (—30%) in alcoholic
patients. With TMA-DPH, r, values are much higher
than for DPH and do not change between patients
and controls, but his parameter is also less sensitive

Table 2. Steady-state fluorescence anisotropy of DPH and TMA-DPH and effect of ethanol
in pitro in human erythrocyte membranes from healthy controls and alcoholic patients

Origin of
the membranes Probe
Controls DPH
Alcoholics DPH
Controls TMA-DPH
Alcoholics TMA-DPH

7 Ar,
0.244 = 0.005 0.0149 = 0.0024
(0.234 — 0.254) (0.0125 — 0.0200)
0.251 = 0.002* 0.0103 + 0.0017*
(0.249 — 0.254) (0.0076 - 0.0125)
0.280 + 0.006 0.0095 = 0.0010
(0.277 — 0.289) {0.0076 — 0.0113)
0.284 = 0.004 0.0071 = 0.0016*

(0.266 - 0.287)

{0.0044 — 0.0096)

Results are expressed as means * standard deviation (range is given in parentheses).
* P < 0.001 (compared to healthy controls).
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Fig. 1. Total fluorescence decay of DPH in erythrocyte
membranes from healthy subjects. (A) Monoexponential
model: 7= 10.90 nsec; x° = 2.66; (B) biexponential model;
7, = 13.43 nsec; 4, = 0.35; 1, = 9.37; a, = 0.65; y* = 2.41;
<> = 11.16 nsec. Symbols: (g} apparatus response func-
tion; () experimental data; (¢) reconvoluted curve.

to in vitro ethanol addition in membrane from
alcoholic subjects (~25%) (Table 2).

The total fluorescence decay of both probes was
measured in the two groups of erythrocyte ghost
membranes to delineate the phenomenon. For DPH,
which labels the hydrophobic region of the lipid
bilayer, the total intensity decay can be adequately
fitted by a monoexponential function (Fig. 1A).
However, when a biexponential model is tried, the
values of the two lifetime components are close to
each other and the chi-square (¥?) value is only
slightly decreased (Fig. 1B). The time-resolved
fluorescence emission of DPH in these membranes
therefore suggests that their hydrophobic interior as
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Fig. 2. Total fluorescence intensity decay of TMA-DPH in

erythrocyte membranes from healthy subjects. (A) Mono-

exponential model: 7= 7.03nsec; x*=20.19; (B) biex-

ponential model: 7, = 7.81 nsec; a, = 0.69; t, = 2,34 nsec;

a,=031; x»*=2.23, <t>=716nsec. Symbols as in
Fig. 1.

probed by this dye is more homogeneous in terms of
polarity and presence of quenching groups, than in
other biological membranes studied so far [9, 17, 21].
The high degree of hydrophobicity of the lipid core
in these membranes is emphasized by the high value
of the probe excited state lifetime which can be
compared to the values measured in hydrocarbon
solvent [18]. Such high values were also found to be
related to a high ordering of the probe environment
[19, 20]. By contrast, the total fluorescence intensity
decay for TMA-DPH is definitely best fitted by a
biexponential (Fig. 2A,B). The environment of this
probe, which is most likely the membrane region
of intermediate polarity near the lipid polar head
groups, is more heterogeneous than the hydrophobic

Table 3. Total fluorescence intensity decay parameters of DPH and TMA-DPH in human erythrocyte
membranes from alcoholic patients and normal subjects.

DPH TMA-DPH
Samples < 7> {nsec)* Ti{nsec) Tx{nsec) a, <> (nsec)*
Controls 10.98 =+ 0.08 7.82+0.14 2,27 £ 0.46 0.70 = 0.01 7.16 = 0.11
Alcoholics 10.80 + 0.10 7.80 = 0.08 2.94 = 0.21 0.69 + 0.06 7.07 £0.23

Biexponential model: iy, = a, exp {(—#/1,) + aexp (—1/15).

Mean (=SD) over five determinations.

* Mean lifetime calculated from <t> = $a,17/3a, 1.
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Fig. 3. Time-resolved fluorescence anisotropy decays of
DPH (A) and TMA-DPH (B) in erythrocyte membranes.
(A) DPH: ® =2.77nsec; r. = 0.230; r,_,=0.326. (B)
TMA-DPH: ® = 4.33 nsec; r.. = 0.254; r,_, = 0.318. Sym-
bols as in Fig. 1; (ip) impulse response function.

core. As for DPH, the lifetime values for TMA~
DPH are higher than in other membrane systems
which can be related to the high degree of rotational
constraints imposed by the environment
[8,9, 18, 21]. The decay parameters for both probes
do not exhibit any significant change between the
two erythrocyte membrane populations (Table 3).
For both probes, the anisotropy decay curves were
fitted by a biexponential function of the form:

re = Bi exp(—t/®,) + B exp(~t/®,).

The second correlation time values were found to
be > 100 ns and therefore a function of the form:

roy = (r=o = ) exp(—t/®) + r.,

F. BEAUGE et al.

was used in all analyses [16], where r,_ is the zero
time value of the anisotropy. r. is the residual ani-
sotropy and @ the apparent correlation time. An
example of the experimental data is given in Fig.
3A, B. The r, parameter was used to calculate the
average orientational order parameter (S) and the
wobbling angle (8y,,) of the probe [6, 16, 22]. The
results are presented in Table 4.

For both probes, the 7, value is high and reflects
the high value of the order parameter. As in model
membrane systems [8, 18] and in biological mem-
branes [9,23], the motion of TMA-DPH is more
constrained than that of DPH. This charge-bearing
probe is tightly anchored in the membrane-water
interface in a manner similar to fatty acids. Recent
experiments (F. Beaugé, unpublished results) with
propionyl-DPH showed similar effects. Therefore,
the rigid-body order parameter [24] as sensed by
these rod-shaped probes is much higher in the polar
half of the erythrocyte membrane than in the hydro-
phobic interior.

Comparison of the data obtained in the two
erythrocyte ghost populations shows that membranes
from chronic alcoholic patients display a significant
(P < 0.001) higher ordering in the hydrophobic
region of the bilayer (Table 4). This is accompanied
by a shorter apparent correlation time parameter
although the data are more scattered. There is absol-
utely no effect within the experimental errors either
on the order parameter or on the apparent cor-
relation time for TMA-DPH.

DISCUSSION

The steady-state anisotropy results from DPH in
erythrocyte membranes appear to be extremely
reproducible as observéd in this and other labor-
atories [2, 5, 25, 26]. Although less studied, this is
also the case for TMA-DPH [5]. From these steady-
state data and time-resolved anisotropy results, the
erythrocyte ghost membranes appear to be highly
ordered in the two membrane regions probed by
both fluorophores. However, in the case of TMA-
DPH, due to the additivity rule of the anisotropies
[27], the measured order parameter is a weighted
average over different populations since the total
intensity decay is multiexponential. We can speculate
that these populations may correspond (i) for the

Table 4. Anisotropy decay parameters of DPH and TMA-DPH in human erythrocyte membranes. A function of the
form: ry, = (ry—ey — r«) exp (—t/®) + r. was used to fit the anisotropy decay data*

Samples ®(nsec) F=0) I St Ghax ()8
DPH Controls 52x1.0 0.305 = 0.009 0.215 + 0.003 0.746 = 0.005 348 +04
Alcoholics 3.0 = 0.6% 0.332 + 0.013% 0.231 + 0.009t 0.773 = 0.015+ 32.8x1.27
TMA-DPH Controls 52=%1.1 0.323 =+ 0.016 0.256 = 0.01 0.810 = 0.002 29.8+0.1
) Alcoholics 48=*x1.9 0.324 = 0.006 0.257 = 0.002 0.812 = 0.004 29.7+0.3

* Mean (*=SD) over 5-10 determinations.

t P < 0.05 (alcoholics compared to controls).

i Calculated from § = (r../r)"2.

[1+ 8 (r/roe)?)'2 - 1

2

§ Calculated from 8,,, = arc cos
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long lifetime emitting species to the probe dissolved
in the lipidic part of the membrane and (ii) for the
short lifetime one to the probe close to membrane
proteins. However, the contribution of the probe
population emitting with the shortest lifetime to the
residual anisotropy must be extremely weak [17]
and, therefore, the residual anisotropy must mainly
result from the long lifetime emitting probe.

The order parameter of DPH computed from the
residual anisotropy value is among the highest as
compared to other Dbiological membranes
[9,17,28,29]. The ghost lipid ordering is sig-
nificantly increased in alcoholic subjects in the hydro-
phobic region probed by this dye. The 7. variation
is even greater than the r; one due to a conversed
changed in the apparent correlation time (¥). Con-
trary to other investigations which have shown insen-
sitivity of this parameter to a number of changes that
dramatically altered the residual anisotropy [30],
chronic alcohol intoxication impairs both
parameters. Therefore, if the use of steady-state
anisotropy measurements is feasible to assess
ethanol-induced membrane perturbations, it must be
noted that this technique provides underestimated
results. The increase in lipid ordering in alcoholic
patients compared to healthy controls is equivalent
to a drop in temperature of 6 + 1° (data not shown)
and is pharmacologically relevant since the normal
body temperature in humans cannot vary by more
than 2° over a period of a day or during exercise [31].
A similar change in temperature would induce large
effects on membrane-associated enzyme activities.

Comparison of the results obtained with DPH
and TMA-DPH indicates that the ethanol-induced
increase in the lipid order parameter is specifically
localized in the hydrophobic part of the phospholipid
acyl chains.

The observed effect with DPH must be based on
chemical modifications of the lipids, probably more
subtle than an overall decrease of the global degree
of unsaturation of the fatty acid chains and/or an
increase in the cholesterol content of the membrane
[1, 32]. It has been observed that the compositional
lipid changes complement one another, buffering
against external stresses [33]. Therefore, more
specific changes in the acyl chains are probably occur-
ring, such as migration of the double bonds either
towards the methyl end or the polar head [34]. With
respect to the cholesterol content, the absence of
modifications at the TMA-DPH level argues against
any changes. Beside the pure adaptive phenomenon
against the fluidizing effect of acute ethanol, con-
sequences of ethanol oxidative metabolism may also
be involved. We have previously suggested that alter-
ations of surface-bound glycans might participate
in the maintenance of the membrane structure in
alcoholic subjects [2, 5].

Beside the higher acyl chain ordering observed
in erythrocyte membranes from alcoholic patients,
chronic alcohol consumption induces a membrane
resistance or tolerance to the in vitro fluidizing effect
of ethanol addition. A high lipid order would indicate
strong acyl chain interactions, less prone to dis-
ruption by ethanol molecules partitioned within the
membrane. However, the resistance to the fluidizing
effect of ethanol is also evidenced in the polar mem-
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brane region where no change in lipid ordering was
observed. As ethanol molecules are known to be
preferentially partitioned in this polar region [1], an
alternative explanation for the membrane resistance
to the in vitro effect can be a decrease in its local
concentration. We have actually shown that the par-
tition coefficient of ethanol into the membranes from
alcoholic patients was decreased [5] and correlated
with the fluidizing efficacy of ethanol [35, 36].

In conclusion, chronic ethanol consumption causes
differential disturbances in lipid organization at dif-
ferent levels of the human erythrocyte membrane.
The exact molecular basis of the alteration in intrinsic
lipid ordering as well as in the sensitivity to ethanol
in vitro remains to be clarified. However, it can be
concluded that the resulting changes in membrane
lipid ordering are sensitive correlates and indicators
of alcohol abuse.
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