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Oxidative damage by diamide, periodate and oxygen-derived reactive species, but r lso exposure to electroporation 
induce in the erythracyte membrane dynamic, presumably fluctuating, defects having the properties of aqueous 
holes with definable radii and selectivities. These leaks, which can be quantified by measuring tracer fluxes or rates 
of colloid-osmotic lysis, are here shown to be inhibited by phloretin and a small number of related phenol 
compounds (phenolphthalein, hydroxyacetopbenones, nitropbenol), while a host of other 'membrane-active' agents 
is not effective in this respect. /so values range from about 200/zM for phloretin and phenolphthalein to about 10 
mM for 4-nitrophenol. Inhibition by phloretin is reversible, not competitive and not related in its extent to the 
extent of leakiness. In contrast, the enhancement of transbilayer mobility of amphiphilie lipid probes, which 
invariably goes along with leak formation of the type described, is not affected by phloretin. Aliphatic alcohols 
(hexanol, butanol) have an amplifying effect on leaks induced by oxidative damage but do not affect leaks induced 
by eleetroporation. The alcohol-amplified leaks maintain the properties of aqueous holes as indicated by a low 
activation energy of leak fluxes. Since both, inhibition and stimulation of leak fluxes do not go along with 
appreciable changes of the apparent radii of the aqueous holes, changes in the dynamics (opening and closing) of 
the defects are proposed to underly the effects of phloretin and alkanols. The membrane lipid domain is likely to be 
the site of the leaks and of their modulation. 

Introduction 

In a number of recent studies we have demonstrated 
that various types of oxidative damage [1-6] but also 
physical modification (electroporation) [7] of  the ery- 
throcyte membrane induce a loss of  its barrier proper- 
ties. The induced defects share a number of features. 
They manifest themselves primarily as aqueous leaks 
for polar or ionic compounds up to a certain molecular 
size, which can be determined by measuring tracer or 
net fluxes. Colloid-osmotic iysis and changes of mem- 
brane potential ensuing from the formation of such 
defects can also be used to quantify the extent of 
leakiness. 

Correspondence: B. Deuticke, Institut f~r Physiologic, Medizinische 
Fakult~it, Rheiniseh-Westf.'ilische Technische Hochsehule Aachen, 
Pauwelsstrasse, D.5100 Aachen, F.R.G. 

From the evaluation of such measurements it has 
been concluded that the aqueous leaks, if cylindrical, 
could have an apparent radius of 0.5-1.0 nm. They 
appear to be present at a very low number per cell 
( < 1), suggesting a fluctuating nature. The leaks due to 
reversible chemical or mild physical alteration are 
readily reversible [1,3], while more aggressive treat- 
ments, e.g. by O2-derived reactive species, produce 
irreversible damage. 

Much of the available data indicates that alteration 
of membrane proteins is the primary event leading to 
formation of these leaks. On the other hand, it is not 
yet clear whether the defects are eventually constituted 
by lipid head groups rearranging from the bilayer con- 
figuration to a membrane-spanning circular pore, by an 
induced mismatch [8] between modified proteins and 
lipids or even by transmembrane protein clusters hav- 
ing undergone conformational changes leading to the 
formation of channels. The first and the second of 
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these alternatives, which involve lipids, are supported 
by the finding of an additional manifestation of the 
barrier defect, namely a marked enhancement of the 
transbilayer mobility of amphiphilic lipid probes such 
as lysophospholipids or palmitoylcaruitine [6,9-12], 
which mimic the properties of native diaeyl phospho- 
lipids up to a certain extent. Such an enhancement 
would only be expected if the membrane lipid domain 
is somehow perturbed and provides the pathway for a 
'facilitated' transbilayer reorientation of the polar 
headgroups. Studies on electroporated artifical lipid 
membranes and theoretical considerations [13,14] also 
provide evidence that hydrophilic pores may occur in 
lipid bilayers under appropriate conditions. 

Further insight into the nature of the barrier defects 
induced by chemical or physical modification might be 
provided by the availability of modifiers (inhibitors or 
enhancers) of the leak fluxes or the enhanced flip 
rates. This study reports on such modifiers. It will be 
demonstrated that phloretin and related phenol com- 
pounds reversibly inhibit leak fluxes while aliphatic 
alcohols markedly enhance the leak permeability. Pre- 
liminary results of this study have been reported else- 
where [15]. 

Materials and Methods 

Materials 

Human blood from healthy donors was obtained 
from the local blood bank. Sources of compounds used 
for oxidative modification of erythrocytes can be found 
in the references describing the details of the methods. 
Compounds tested for their inhibitory action on leak 
fluxes (Table II) were from Merck, Darmstadt; Fluka, 
Neu-Ulm; Roth, Karlsruhe; Sigma, Munich or Cal- 
biochem, Munich, with the exception of 2,4,6-trihy- 
droxyacetophenone (Aldridge) 2,4,6-trihydroxyben- 
zophenone (K&K Chemicals). Labelled compour,.ds 
were from Amersham Bnehler, Braunschweig. Dextran 
1 (FD 1, M r = 800-1200), Dextran 4 (M r 4000-6000), 
Dextran 8 (M r 8000-12000)from Serva, Heidelberg. 

Methods 

Preparation of cells and of media for modification 
Experiments were carried out on human blood 

stored for a maximum of 7 days in conventional storage 
medium containing glucose (20 raM) and adenine (25 
t~M). Erythrocytes were isolated by centrifugation (5 
min, 6000×g), plasma and buffy coat were removed 
and the cells washed three times with isotonic saline at 
room temperature. Cells were suspended, at a hemat- 
ocrit of 10% if not stated otherwise, in one of the 
following media (concentrations in mM) : Medium A: 

KC! (100), NaCI (50) , NaH2PO4/NazHPO 4 (12.5); 
Medium B: KCi (90). NaCI (40), NaH2PO4/Na2HPO 4 
(12.5), trisodium citrate (20); Medium C: KCI (90), 
NaCi (45), NaH2PO4/Na2HPO 4 (12.5), Dextran 4 (26). 

Cell modifications 
The following modifying treatments were applied: 
(a) Diamide, as described in Refs. 1 and 2, by 

incubating the cells at pH 8 for 15-90 min in medium 
B with 5 or 10 mM reagent at 37°C. 

(b) Periodate, as described in Ref. 3, by incubating 
the cells at pH 7.4 for 10-60 rain in medium A with 5 
mM sodium metaperiodate at 0°C. 

(c) t-Butylhydroperoxide, as described in Ref. 4. 
Briefly, the cells were first suspended in medium B 
(Hct 5%) containing in addition sodium azide at 2.5 
raM, and exposed to t-butylhydropernxide (2 raM) for 
15 min at 37*(2. After rapid cooling to 0°C the cells 
were washed twice in medium B at 0°C and than 
incubated (Hct 10%) in this medium in the presence of 
sodium azide (2.5 mM) at 37°C for various periods of 
time. The peroxidative reactions proceeding under 
these conditions [16] were interrupted by addition of 
butylated hydroxytoluene (100 /zM) after appropriate 
periods of time. 

(d) I~doacetate/vanadate/ferricyanide as reported 
in detail in Ref. 5. To induce this type of peroxidativ¢ 
damage the cells were first treated with 0.2 mM 
iodoacetate in 11 vols. of medium A for 30 rain, then 
washed twice in medium B at room temperature and 
incubated in this medium at 37"12 in the presence of 
inosine (2 raM), sodium metavanadate (0.5 mM) and 
ferricyanide (5 mM) for 60 rain. The peroxidative reac- 
tions were terminated by addition of butylated hydrox- 
ytoluene (100 /~M) and the cells washed twice in 
medium B. 

(e) Photodynamic treatment according to Ref. 6. 
Cells were suspended (Hct 10%) in medium C in the 
presence of aluminum chlorotetrasulfophthalocyanine 
(AICISPc) (300/~g/ml). Illumination with white light 
was carried out under exactly the conditions described 
earlier [6] for 50-60 rain. Subsequently the cells were 
washed twice in the dark in medium C. 

(f) Tellurite treatment, following a procedure to be 
described in detail elsewhere. Briefly, erythrocytes were 
depleted of endogenous GSH by incubation with 0.3 
mM chlorodinitrobenzene for 30 min at 37°C [17]. 
After washing, the cells were loaded with labelled 
er'tthritol (1 mM) in a phosphate-buffered saline con- 
taining 300 mg/ml Dextran 8 as an osmotic proteetant. 
After 30 rain loading, GSH (2 mM) and sodium tellu- 
rite (0.3 mM) were added and the suspension incu- 
bated for further 5 rain. After subsequent centrifuga- 
tion at 0*C (6000 × g, 10 rain) the supernatants were 
removed and the efflux of erythritol from the cells 
measured as described below. 



(g) Electroporation according to Ref. 7. Briefly, cells 
were suspended in 2 vols. of medium C, pH 7.4 at 0°C 
and subjected to a single, exponentially decaying pulse 
(~ = 40/,ts) of high voltage (5 or 6 kV cm - t )  by means 
of a discharge equipment with a spark gap as a switch. 
After the discharge the cells were kept strictly at 0-2°C 
to avoid resealing of the induced leaks. 

Assessment of leak permeabilities 
Leak permeabilities indt:ced by the chemical modifi- 

cations and by electroporation were quantified by mea- 
suring the rates of tracer fluxes of ions (CI-, choline) 
or nonelectrolytes (erythritol), the rates of net loss of 
K + into K+-free media, and the rates of colloid-osmotic 
lysis. 

(1) Tracer fluxes. Modified cells were suspended in 
10 vols. of medium B or C containing appropriate 
concentrations of the test permeants (chloride 150 raM, 
erythritol 1 mM, choline 0.5 raM) and their ~4C-labelled 
analogs. After an incubation sufficient for equilibration 
or for uptake of measurable amounts of permeant, 
tracer efflux was measured, usually at 0°C (for details 
see Ref. 1). In the case of test permeants transported 
to an appreciable extent by specific carrier systems, 
these systems were inhibited (CI- by DIDS, erythritol 
by cytochalasin B (10 p,M), choline by decamethonium 
(1 raM)). 

Since choline is taken up very slowly by erythrocytes 
even at 37°C, a sufficient loading was achieved by 
incubating native cells over night in medium A contain- 
ing in addition sucrose 40 mM, ~4C-labelled choline 
chloride (10 ttM), gentamycin (20 /~g/ml), Hct 40%. 
The tracer-loaded cells were than subjected to the 
chemical modifications by adding the modifying agent 
to the loading suspension. At the end of the desired 
exposure time the cells were washed and tracer efflux 
immediately measured in the presence of decametho- 
nium (1 mM). 

(2) Net fluxes. Rates of net K + loss through the 
leaks were studied by following the release of K + into 
K + free media (NaCI (150), Na2HPO4/NaH2PO 4 
(12.5), sucrose (40)) at 22"C (Hct 10%). The blockage 
of specific K + pathways (Na/K-ATPase,  KCI cotrans- 
port, Ca2+-activated K + channel) did not affect the 
results to any extent. K + was determined by flame 
photometry (IL 543), with an internal Li standard. 
Data are expressed as % loss of total intercellular K +. 

(3) Rates of colloid-osmotic lysis. Formation of 
membrane leaks permeable to small cations (and an- 
ions) results in colloid-osmotic lysis due to the slow 
uptake of water and salt driven by the, now unbal- 
anced, osmotic drag of intracellular impermeant so- 
lutes (hemoglobin etc.) The rate of lysis is a function of 
the reflection coefficient of the membrane for the 
external electrolyte and thus a measure of the number 
and properties of the underlying 'defect pores' [2]. 
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Modified cells were suspended in 20 vols. of phos- 
phate-buffered (5 raM) isotonic NaCI and incubated at 
0°C. Fractional hemolyses were determined after suit- 
able time intervals by measuring hemoglobin contents 
in the supernatants and the total suspension [2]. 

(4) Apparent size of induced holes. Mean apparent 
radii of induced holes were derived, according to the 
principles outlined in Refs. 2 and 6, from the molecu- 
lar radii (rsE) of nonelectrolytes capable to protect 
50% of the cells from colloid-osmotic lysis for a period 
of 24 h at a concentration of 40 mosmol/l .  

Assessment of flip rates 
The transbilayer movement of exogenous inserted 

palmitoyllysophosphatidylcholine was measured as de- 
scribed in detail elsewhere [9,12]. Briefly, the probe 
was inserted into the outer membrane layer of modi- 
fied and control erythrocytes and the extent of  its 
reorientation to the inner layer quantified by following 
the loss of its extractability by albumin with time. 

Results 

Inhibition of leaks induced by chemical membrane modi- 
fication 

Erythrocytes treated for 90 rain with the mild SH 
oxidant, diamide, loose labelled erythritol (at 0*(2) with 
a halftime of about 28 min (Fig. la) in contrast to 
native cells which are essentially impermeable to this 
nonelectrolyte at 0°C, particularly in the presence of 
cytochalasin B which blocks crythritol movements via 
the glucose transporter [18], 

These induced leak fluxes can be inhibited by the 
diphenol compound phloretin at concentrations in the 
submillimolar range (Fig. la) *. 50% inhibition require 
about 200-250 p~M. In spite of  the limited water solu- 
bility of  phloretin, the data for the high concentrations 
are meaningful, since in red cell suspensions most of  
the added compound is bound to intracellular binding 
sites, in particular hemoglobin [19]. Under  our experi- 
mental conditions (Hct 5%) only 35% of the added 
phloretin were present in the aqueous phase, as deter- 
mined by spectrophotometry (data not shown). Thus, 
the final aqueous concentrations, even after addition of 
nominally 800/zM phloretin, never exceeded 250 p.M, 
the limiting concentration soluble at 0°C. Inhibition did 
neither reach 100% nor a demonstrable saturation at 
this level. The extent of  inhibition was only slightly 
dependent on the hematocrit during measurement (1-  
10%). This would seem to indicate that at high concen- 

* Concentrations given for phloretin and all other agents added 
refer to the amount added per volume of cell suspension and do 
not take into consideration any changes of these "initial' concen- 
trations doe to binding to th~ membrane or other cell constituents, 
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trations of phloretin its membrane binding is not greatly 
affected by its simultaneous binding to hemoglobin. 

The inhibitory effect of phloretin is not restricted to 
nonelectrolyte leak permeability, but also demonstra- 
ble for ion leaks, e,g, to choline (Fig, lb), K + (see 
below) or CI-  (Fig. le). Even salt leaks indicated by 
collotd-osmotic hemolysis can be suppressed by 
phloretin (Fig. 2a). Moreover, the inhibitory effect of 
phloretin is not restricted to leaks induced by diamide. 
Membrane defects induced by other types of oxidative 
trcament are also suppressed by phloretin (Figs. ld - f ,  
Figs. 2b-d). It should be emphasized that the forma- 
tion of the leaks and the measurement of the leak 
fluxes in the presence or absence of the inhibitor 
occurred consecutively. The inhibition has therefore 
nothing to do with effects on leak formation. 

Concentrations required for reducing the leak fluxes 
to 50% of the values observed in the absen,.t, o: 
phloretin are compiled in Table !. As evident, these 
concentrations vary between 200 and 250/zM for most 
modifications and test permeants. As an exception, for 
which we have hitherto no explanation, barrier defects 
induced by periodate are more sensitive to inhibition 
by phloretin. This is surprising since at 0°C periodate 
produces damage by reversible oxidation of SH groups 
like diamide [3]. 

TABLE ! 
Inhibition, by phloretin, of carious types of induced k, ak pemwabilities 
in the erythrocyte membrane 
Conditions of membrane modifications as described in the Methods. 

I.~o (g.M) 
Diamide 

Erythritol 200 
Cl - 250 
Colloid-osm. lysis 250 

Periodate 
Erythritol 25 
Choline 1.0 
K + 2.0 
Colloid-osm. lysis 0.7 

t-Butylhydroperoxide 
Erythritol 250 
Colloid-osm. lysis 250 

lodoacetate/vanadate/ferrieyanide 
Erythritol 250 

Tellurite + thiol 
Erythritol 250 

Photo-oxidation 
Erythritol 250 

Electroporation 
Erythritol > 250 
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Fig. 3. Inhibitory effect of ph]oretln on erythritol leaks induced by 

¢lcctroporation. Mean values from three experlments. 

Inhibition o f  leaks induced by electroporation 
Besides chemical modification, electroporation, i.e. 

a physical alteration, induces leaks in the erythrocyte 
membrane that are stable at 0°C. These leaks, which 
we have studied in some detail [7,20], can also be 
inhibited by phloretin (Fig. 3). 

Effects o f  other membrane-actice agents 
Phloretin is known to bind to the erythrocyte mem- 

brane and to inhibit numerous transport processes (see 
Discussion),  but also to expand and modify the lipid 
bilayer domain [19] and to induce shape changes of 
erythrocytes [21]. Moreover, phloretin diminishes the 
interracial dipole potential of artificial and natural 
lipid bilayers due to its high dipole moment [22-24]. In 
view of these established effects of  phloretin it seemed 
promising to check whether other compounds with 
such properties would also inhibit the leak permeabil- 
ity. As shown in Table 11, only a few compounds inhibit 
leak permeability like phloretin. Most of  these have a 
high dipole moment [22] and are known or may be 
assumed to lower membrane dipole potentials, In con- 
trast, leak permeability was not affected by a consider- 
able number of  drugs usually termed 'membrane-ac- 
tive'. The list comprises drugs known for their effects 
on numerous transport proteins (e.g., chlorpromazine, 
phenylbutazone, niflumic acid, salieylate, cytoehalasin 
B) (see Ref. 25 for detailed references). Many of them 
have been shown to expand the erythrocyte membrane 
and thereby to decrease osmotic fragility [26] and to 
induce shape changes like phloreti:,~ [21]. It is therefore 
unlikely that such effects are the ones underlying the 
inhibition of leak permeabilites. Interestingly, Zn 2+, 
which has been reported to inhibit various types of 
induced leakiness in tumor cells but also in erythro- 
cytes [27], is also ineffective. 
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TABLE II 

Compounds tested for inhibitory effects on leak permeability induced by 
various membrane modifications 
Each entry based on at least two independent measurements. Leak- 
forming procedure (see Methods): (a) Diamide, (b) Periodate, (c) 
t-Butylhydropemxide, (d) photooxidation, (e) tellurite/thiol, (O 
iodoacetate/vanadate/ferricyanide, (g) eleetroporation. 

Leak tested by measuring 

P©rythritol Colloid-osmotic 
lysis 

Effective (IC5o (mM)) 
Phloretin ( < 0.25) a-d, g a-f 
4-Methoxy-phloretin (0.15) a, b 
Pbenolphthaleln (0.15) a, b b, f 
4-Nitrophenol (10) n, d a, f 
2,4-Dihydroxyacetophenone ( > 2.0) a f 
2,5-Dihydroxyacetophenone ( > 2.0) a b 
2,4,6-Trihydroxyacetophenone ( > 1.0) a b, f 
2,4,5-Trihydroxybutyrophenone (1.0) a a 
2,4,6-Trihydroxybenzoph~.none (0.6) a 

Ineffective (up to (mM)) 
Phlorizin (5) a 
Chlorpromazine (0.1) a 
Phenylbutazone (5) a 
Furosemlde (2) a 
Niflumate (1) a 
Hexestrol (0.03) a 
2-Nitrophenol (10) a 
2,4-Dinitrophenol (10) a 
4-Nitrobenzoate (10) a a 
Phenol (19) a 
Salicylate (10) a, b 
Salicylamide (10) a, d 
Dipyridamole (0.05) a, b 
Cytochalasin B (0.02) a 
Quinidine (1) a, b 
Zn 2+ (2) a,b b 
DIDS (2) a 

Characteristics of  the inhibition by phloretin 
(l)  Reversibility. Inhibition by phloretin requires the 

presence of the agent. Washing the cells with albumin- 
containing saline after 20 rain exposure to 250 /zM 
phloretin almost completely abolished the inhibitory 
effect of phloretin, on colloid-osmotic lysis induced by 
diamide (5 raM, 90 min) (data not shown), Saline 
media did not suffice for this purpose. This finding 
indicates the reversibility of the inhibition and shows 
that phloretin is not a promotor of an irreversible 
'resealing' of the induced leak, but a true 'inhibitor' of 
leak fluxes. 

(2) Competition. The question of a competitive in- 
terference of phloretin with the passage of solutes 
through the induced leak was addressed by determin- 
ing the extent of inhibition at increasing concentrations 
of the test permeant. The extent of inhibition of leak 
flux of erythritol by 250 /zM phloretin proved to be 
independent of the probe concentration between 0.2 
and 20 mM (data not shown). 

TABLE II1 

Lack of influence of extracelkdar pH on the inhibitory effect of 
phloretin on diamide.induced leak permeability to chloride ions 
Cells treated with diamide (5 mM, 45 rain, pH 8, 37°C). Chloride 
leak permeability (P) measured in presence of DIDS (100 p.M) at 
0~C. Phloretin 100 p.M. Rate constants normalized to controls with- 
out phloretin. 

P( + Phlor) [HPhlor] 
PHc P( - Phlor) [Phlor- ] 

6.75 0.70 3.54 
7.27 0.67 1.0 
7.98 0.73 0.25 

(3) pH dependence. Phloretin is a weak acid with a 
pK' ,  in the aqueous phase, of 7.3 [19]. It may therefore 
be asked whether it causes inhibition in the charged 
(A- )  or the uncharged (AH) form. According to the 
data shown in Table III, the inhibition of the diamide- 
induced leak flux of CI- at 0°C is not affected by 
varying the external pH between 6.75 and 7.98, al- 
though the ratio A l l / A -  in the aqueous phase de- 
creases from 3.5 to 0.25 over this range. While this 
might at first sight seem to indicate that both, ionized 
and non-ionized phloretin, are inhibitory, an alterna- 
tive explanation should also be considered: The pK '  of 
weak acids, such as fatty acids or pentadecylhydroxy- 
coumarin, is known to be shifted to the alkaline by 
about 2 pH units upon insertion of the compounds into 
membrane interfaces [28]. If this is also true for 
phloretin, the inhibitor would be in its non-ionized 
form over the whole extracellular pH range studied *. 
in this context it should also be emphasized, that 
carboxylate analogs of the inhibitors (e.g. 4-nitro- 
benzoate pK'4.8)were ineffective (Table II). 

(4) Relationship between the extent o f  leakiness and 
its inhibition by phloretin. In order to understand the 
mechanism of phloretin inhibition, it would also be 
helpful to know whether the extent of inhibition de- 
pends on the extent of initial leakiness. The fractional 
inhibition by a given concentration of phloretin proved 
to be independent of the extent of the originally in- 
duced leak permeability for a number of modifications 
(data not shown). 

(5) Influence of  phloretln on the apparent size o f  
induced 'holes" Apparent sizes can be assigned to the 
holes induced by oxidative modification under the as- 
sumption of a cylindrical hole shape [2,4]. In contrast 
to our former mode of evaluation [4] the size, or 
interpolated size, of nonelectrolytes capable of protect- 

* After completion of this work it has been reported (Bechinser and 
Seelig [45]) that the pK '  of phloretin is in fact about 9.0 when the 
agent is bound to phospholipid membranes. 
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ing 50% of the cells against colloid-osmotic [ysis was 
taken as measure of the mean apparent hole radius. As 
becomes evident from Fig. 4, leaks induced by diamide 
(5 raM, 90 mint had a mean apparent radius of about 
0.55 rim. In the presence of 250/,tM phloretin this was 
only slightly reduced to 0.48 nm although the leak 
permeability was lowered to about 45% of its original 
value. 

(6) Influence o f  phloretin on the enhancement o f  
transbilayer flip rates o f  phospholipid analogs in leaky 
cells, In view of the well-established close correlation 
between leak formation and enhancement of  the flip of  
phospholipid analogs it was of interest to test the effect 

% REORIENTED 

,o! ~2oso 

1; 2'0 3'0 4'0 50 MIN 

Fig, 5. Lack of effect of phloretin (250 ~M) on the transbilayer 
reorientation of palmitoynysophosphatidylcholine, enhanced by pro- 
treatment with diamide 5 raM, 90 rain (e, o) or by 60 rain photo- 
oxidation ([3, Ill. For experimental details see Methods. The mem- 
brane content of the added lysophospholipid (20 nmol/ml cells, 
equivalent to 0.5 reel% of the total membrane phospholipid) is well 
below the membrane perturbing level. Closed symbols: controls. 

Open symbols: phloretin. • ,  Unmodified cells. 
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of phloretin on the latter phenomenon. As shown in 
Fig. 5, the time course of transbilayer reorientation of 
pa!mitoyllysophosphatidylcholine after enhancement by 
diamid¢ or photooxidativ¢ treatment is not retarded by 
phloretin. 

Enhancement o f  the leaks induced by oxidative mem- 
brane modifications 

As mentioned above, (see Introduction) there is 
some reason to believe that the leakiness induced by 
oxidative modification of membrane proteins stems 
from a secondary alteration of the membrane lipid 
domain, If this is true, the induced leaks should be 
sensitive to agents known to perturb the organization 
of the membrane lipid domain. Alcohols are well- 
known for this effect [29-33]. They enhance, for in- 
stance, the ground permeability for nonelectrolytes 
permeating via the lipid domain (see Ref. 29). This 
stimulation by alcohol can also be demonstrated for 
erythritol permeability at 0°C, although the effect is 
hard to quantify in view of the low absolute pcrmeabili- 
ties involved. From an extrapolation of the Arrhenius 
plot for the native erythritol permeability to 0°(3, how- 
ever, and measured data for erythritol permeability in 
the presence of hexanol at 0°C (Fig. 7At one can 
obtain an estimate of the hexanol.induced additional 
flux Ak. As shown in Fig. 6A, this Ak is very low. In 
contrast, if hcxanol is added, at 0°C, to suspensions of 
cells made leaky by pretreatment with diamidc, one 
obtains a large Ak, the leakiness is considerably aug- 
mented (Fig. 6At. 

A more quantitative comparison between alcohol 
effects on the native and the oxidatively enhanced 
permeability is obviated by a conceptual difficulty: 
Quite different conclusions concerning the extent of 
flux enhancement by hexanol will result depending on 
whether the data are expressed, as above, in terms of 
an additive increase Ak = k - k  o (Fig. 6At, or as a 

multiplicative amplification k / k  o (Fig. 6B). The for- 
mer would for instance seem appropriate in the case of 
aqueous pores formed in narallei to the lipid pathway 
of passive ground permeab:.iity. The concept of a multi- 
plicative amplification, on the other hand, would be 
appropriate to describe the consequences of a fiuidiza- 
tion or an increase of polarity of  the lipid bilayer which 
have been proposed to underfy the effects of alcohols 
on nonelectrolyte or ion permeabilities [29,32,33]. 

Expressed in multiplicative terms (Fig. 6B) , the 
effect of hexanol on the diamide-induced leak perme. 
ability is less pronounced than its effect on the native 
permeability. Expressed in additive terms (Fig. 6At it is 
much larger in diamide-treated than in native cells. 
This opposite behaviour underlines the relevance of 
the conceptual problem addressed above, 

Mechanistically, the enhancement of  leakiness by 
hexanol observed in oxidatively modified cells might, in 
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Fig. 6. Stimulation, by heJmnol, of erythritol fluxes in native cells and 
in cells made leaky by pretreatment with diamide (5 mM, 90 rain, 
370C). Fluxes measured at 0 * C  (e ,o )  and 35°C ( • ) .  - . . . . .  , 
Native cells; - - ,  diamide-treated cells. Panel A: Changes de- 
scribed under the assumption of an additional, parallel leak (Ak = k 
-ka). Panel B: Changes described under the assumption of a 
multiplicative amplification of an existing pathway (k/ko). For de- 

tails see text. Mean values from three experiments. 

principle, be based on two different processes. On the 
one hand, it could arise from an influence on the 
apparent size or number of the aqueous defects pro- 
duced by the primary oxidative modification of mem- 
brane proteins. On the other hand, it could result from 
an amplification, by a preceding protein modification, 
of  the above-mentioned fluidizing effects of alcohols 
on the lipid bilayer. These two mechanisms should be 
discernible by the activation energies of the leak fluxes. 
They should be low in the former case, since aqueous 
leaks are involved, but high in the latter case, in view 
of the high activation energy of the alcohol-enhanced 
erythritol fluxes in native erythrocytes, shown in Fig. 
7A. 

Experiments designed to solve this problem (Fig. 
7B) clearly demonstrated that the low temperature 
coefficient of erythritol fluxes in diamide-treated cells 
(Qt0 = 1.7, E a = 30 kJ/mol)  remains low after flux 
enhancement by hexanol (Qta = 1, E a - 0), and is thus 
very different from the temperature coefficient of ery- 

thritol fluxes in cells only exposed to hexanol (Qm = 6.1, 
E~ = 100 kJ/mol),  which is not different from that of 
crythritol fluxes in native control cells (see Fig. 6A). 
This finding would seem to justify the conclusion that 
hexanol either enlarges the aqueous pores produced by 
oxidative treatment or facilitates their formation. 

To distinguish between these two alternatives, the 
size of the aqueous 'holes' was determined in the 
presence of hexanol. As shown in Fig. 4, the apparent 
radius of  the diamide induced hole is increased by a 
factor of about 1.2 (from 0.55 to 0.65), when the leak 
permeability is increased about 2.5-fold by 25 mM 
hexanol. This increase in radius cannot account for the 
increase of permeability (see Discussion). 

A stimulation by hexanol is also observed in cells 
made leaky by periodate, t-butylhydroperoxide or 
iodoacetate/vanadate/ferricyanide (Table IV). From 
the data it becomes evident, that about the same 
effectivity of hexanol is observed for various modifying 
treatments, essentially independent of  the magnitude 
of the induced leak permeability. This finding is also in 
line with the observation (data not shown) that increas- 
ing leakiness induced by a modifier does not alter the 
relative enhancement of this leak permeability by hex- 
anol. As an exception, periodate treatment renders the 
ceils more sensitive to hexanol than all the other modi- 
fications. 

k (rain-l) A k (rain.l) I~ 

001 \ ~ \ .  i 00t " ' ' "  
°\×\, \ 

; .\X 000 ' °',o 0.001 ~, 

3S 30 2S 20 15 10 S ooc 10 S 0*c 
, . - .  , , i .~i~ 3'~ ~s 3's 3s 3.g t/T103tK:q 

Fig. 7, Panel A: Arrhenius plots for eryththol fluxes in native cells in 
the absence (open symbbls) and presence (dosed symbols) of  hex- 
anoh e, 20 raM; • ?.5 raM. From the slopes, activation energies 
between 96 (control) and 112 kJ/mol (hexanol) can be obtained. 
Panel B: Arrhenlus plots for erythrltol fluxes: o. in native cells in the 
presence of hexanol 25 mM; III, in diamlde-pretreated cells and e, in 
diamide-pretreated cells exposed to hexannl 25 mM, Data for a 
representative experiment oat of  a series of three with coinciding 

results. 



TABLE IV 
Stimulation, by hexanol (25 raM). of leakiness induced by oxidatice 
chemical membrane modification 
Modification as described in the Methods. k, leak flux or rate of lysis 
(0°C). IVF, iodoacetate/vanadate/ferri~anide (see Methods). 

Leak k(xl02) k(+Hex) 
defined (rain- i) k ( -  Hex) 
by 

Periodate 5 raM, 60 min keqtthritol 1.68 4.8 
Periodate 5 raM, 40 min k i:~sis 1.39 4.6 
t-Butylhydroperoxide, 40 min kl~is 3.63 2.2 
IVF, 60 rain klysis 3.77 2.8 
Photooxidized, 50 rain ket~thritol 1.90 1.9 
Diamide 5 raM, 90 rain kcwthrito I 2.16 2.5 
Diamide 5 raM, 90 rain kl~,~is 3.73 2,4 

Besides hexanol, other alcohols (e.g. butanol) also 
enhance leakiness at concentrations at which they have 
no detectable effects in unmodified cells at 0 °C (data 
not shown). Moreover, preliminary results indicate that 
detergents and local anesthetics have similar stimulat- 
ing effects. 

The concept of an effect of hexanol on the pre-exist- 
ing aqueous leaks is also supported by our finding 
(Table V) that phloretin exerts its inhibitory action to 
the same extent in the presence of hexanol as in its 
absence. The effect may even be more pronounced, if 
anything. In contrast, hexanol stimulation of the native 
membrane permeability, i.e., its effect on fluidity or 
polarity, is not counteracted by phloretin (Deuticke, B., 
unpublished results). 

Lack o f  stimulating effects o f  alcohols on leak permeabil- 
ity induced by electroporation 

As shown above, phloretin inhibits leak fluxes in- 
duced by oxidative modification as well as by electro- 
poration. Surprisingly, this parallelism does not hold 
for stimulation by alcohols. The rate of leak flux k of 
erythritol (0 ° C) induced by a field pulse of 5 kV cm- t 
( r  = 40 /xs) was even slightly inhibited by alkanols. 

TABLE V 
Extent of inhibition, by pMoretin, of the leak fluxes induced by oxida. 
tire membrane modification or by combination of oxidatit'e modifica- 
tion and addition of hexanol 
Flux rates (k) of erythritol at 0*C. For details of oxidative treatments 
see Methods. 

Oxidant Phloretin k ( .I- Phlor) 
(/~M) k ( -Ph lo r )  

no hexanol 
hexanol 25mM 

Diamide 5 nIM, 90min, 37°C 200 0.50 0.14 
Periodate 5mM. 6Omin, 0°C 12.5 0.45 0.33 
t-Butylhydroperoxide 2.5mM 250 0.54 0.34 
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k( + alkanol)/k(-:>Ikanol) was 0.90 4-0.28 (n = 8) for 
25 mM hexanol and 0.81 4- 0.25 (n = 6) for 200 mM 
butanol. 

Discussion 

Inhibition by phloretin 
Phloretin (3-(4'-hydroxyphenyl)-2,4,6-trihydro~pro- 

piophenone) has a long history as potent inhibitor of 
protein-mediated, facilitated and active, transport pro- 
cesses in the erythrocyte membrane. Transports af- 
fected comprise nonelectrolytes (monosaccharides, 
glycerol, urea and other amides) organic ions (amino 
acids, monocarboxylates, choline) as well as inorganic 
anions and cations (for references see 25, 29, 34, and 
35). Phloretin may thus be regarded as a rather unspe- 
cific inhibitor in spite of its high effectivity. 

Kinetic details, as far as they are known, seem to 
vary among the different transport processes. Inhibitor 
constants (gi ,  150 values) for most transport inhibitions 
fall into a range of concentrations ( < 2-3/~M) coincid- 
ing with the dissociation constant (K d ffi 1.5/~M [19]) 
for high affinity binding of phloretin to about 2,5" 106 
sites per cell on erythrocyte membrane proteins. In 
addition, about 5.5-107 low-affinity binding sites (K d 
--- 50 tzM) for phloretin have been demonstrated in the 
erythrocyte membrane [19]. Since this type of sites is 
also present in extracted membrane lipids and in artifi- 
cial vesicular [36] and planar [23,37] lipid membranes 
(K d = 8 #M), its location in the lipid bilayer domain is 
generally taken for granted. At the saturating level of 
5.5.107 phloretin molecules per cell the molar ratio 
lipid/phloretin is about 4:1. 

The major known consequence of phloretin binding 
to lipid bilayers, besides a moderate increase of mem- 
brane 'fluidity' indicated by slight increases of nonelec- 
trolyte permeability [38,39], consists in a lowering of 
the endogenous dipole potential (membrane interior 
positive) at each membrane interface [22,23]. The 
molecular origin of these potentials has not been fi- 
nally clarified [41]. They may be as large as 300-400 
mV in artifical membranes, but are probably smaller in 
the erythrocyte membrane [22,24,40]. Due to their sign, 
these potentials increase the energy barrier of the 
membrane interior for cations, while lowering that for 
anions [41]. The concept of a diminution of these 
dipole potentials by phloretin and related compounds 
with high dipole moments [22] is based on the finding 
[22,23] that the permeability to cationic species (hydro- 
phobic cations, inorganic cat ion/ionophore .com- 
plexes) is increased by such compounds, while that for 
comparable anionic species is lowered, 

The results reported in this work establish a new 
facet of phloretin's diverse effects on membranes. Al- 
though fairly high concentrations of the agent are 
required to inhibit leak fluxes, the effect can be re- 
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garded as specific inasmuch as it is not shared by 
numerous other membrane active agents (Table 11). 
Since many of these other agents act like phloretin in 
expanding the erythrocyte membrane and decreasing 
the cell's osmotic fragility [26], the inhibition of leak 
permeability is unlikely to result from a mere insertion 
into the membrane of drug molecules. 

In view of the lack of effect of compounds like 
furosemide, dipyridamole and DIDS it is also not very 
likely that a modified transport protein, e.g band 3, 
acts as a leak. Moreover, since Zn 2+ ions do not inhibit 
the leak fluxes induced by these covalent membrane 
modifications, our leaks are probably different from 
leaks induced by toxins, low doses of complement and 
certain detergents, reported by Bashford et al. [27] to 
be sensitive to inhibition by Zn 2+. This view is also 
supported to some extent by the observation (Deuticke, 
B., unpublished results) that membrane leakiness in- 
duced by high concentrations of the polyene antibiotic 
amphotericin B is not inhibited by phloretin. 

The high concentrations of phloretin required for 
inhibition of leak fluxes suggest a mechanism of action 
involving the membrane lipid domain. The concentra- 
tion /5o required for 50% inhibition (250/zM in most 
cases) is even higher than the K o for phloretin binding 
to the erythrocytc membrane lipid domain [19]. It can 
be estimated that the I~ 0 corresponds to a molar ratio 
of about 1 phloretin per 5 lipid molecules. Assuming 
equidistribution of phloretin between both sides of the 
bilayer, this corresponds to a surface concentration of 
1 phloretin per 4 nm 2 in each layer. The reason for the 
much lower/so values for the inhibition of the leaki- 
ness induced by periodate is not clear and subject of 
work in progress. 

Besides phloretin, a number of related compounds 
also inhibit the leak fluxes, though mostly at much 
higher concentrations. This difference is probably due 
to their lower partition coefficients. Since most of 
these compounds have a high dipole moment like 
phloretin [22], a causal involvement of this feature in 
the inhibitory effect of phloretin has to he considered. 
The lack of effect of 4-nitrobenzoate and 2-nitrophenol, 
as opposed to 4-nitrophenol, is also in line with such a 
hypothesis. The lack of effect of salicylamide, which 
has been shown to affect dipole potentials in artifical 
bilayers [42] may only be due to a quantitative problem, 
since this compound is much less effective as a modi- 
fier of dipole potentials than phloretin [42]. On the 
other hand, the pronounced inhibitory effect of phe- 
nolphthalein is not readily reconcilable with an involve- 
ment of the dipole potential. While direct data for the 
dipole moment of this molecule are not available, it 
could be shown (Deuficke, B., unpublished results) 
that it lacks the stimulating effect on the permeability 
of hydrophobic cations, which would be expected for a 
compound lowering the membrane dipole potential. 

The decrease of dipole potential going along with 
the inhibition of leak flux by 250/zM phloretin would 
be about 65-75 mV. This can be predicted, on the 
basis of theoretical considerations [33,43] from the 
extent of stimulation (13-20-fold) of the flux of methyi- 
triphenylphosphonium, a hydrophobic cation, across 
the erythrocyte membrane in the presence of 250 ~M 
phloretin (Deuticke, B., unpublished results). 

An interesting conclusion can be drawn from our 
finding of a lack of effect of phloretin on the enhance- 
ment of lipid transbilayer reorientation in chemically 
modified leaky cells (Fig. 5). We have previously pro- 
posed that the leaks, which can be envisaged as dy- 
namic structures alternating between open and closed 
states, might also serve as flip sites [20], This unifying 
hypothesis is hard to maintain in view of the insensitiv- 
ity of the enhanced flip rates to phloretin, unless one 
assumes that the inhibitor affects solute transport 
across the open pore by a simple steric blockage. We 
tend to prefer the concept that flip enhancement and 
leakiness do not involve the same 'sites'. Material to be 
published elsewhere also supports the view that the 
altered state of the membrane allowing for flip en- 
hancement in chemically modified cells may precede 
the formation of the dynamic aqueous leaks, and that 
phloretin affects the transition between these two 
states. This interpretation is also in line with the find- 
ing (Fig. 4) that a 50% inhibition of leak flux by 
phloretin only goes along with a decrease of the appar- 
ent radius of the holes by 13%. Such a decrease by 
itself could only induce a 25% inhibition of the leak 
flux. A 50% inhibition would require a lowering of the 
apparent radius to 0.38 nm. This decrease should shift 
the protection curve in Fig. 4 to much lower radii of 
protective nonelectrolytes. 

Stimulation by alcohols 
The stimulating effect of alcohols on the fluxes 

through the aqueous leaks in oxidatively modified cells 
shall first be considered under the aspect of the re- 
quired membrane levels of the alcohols. Such levels 
can be obtained using the fairly well established parti- 
tion coefficients (Pro) compiled in Refo 26. Assuming 
membrane lipid concentrations of 450 mmol phospho- 
lipid and 350 mmol cholesterol/kg membrane [44] one 
obtains a molar ratio hexanol/total lipid of 1:6 to 
1:2.5, required for stimulating leak permeability 2-4- 
fold. 

Marked changes of the membrane lipid composition 
are thus involved in the stimulation. These changes are 
equivalent to those required for maximal protection of 
the cells against osmotic lysis due to 'membrane expan- 
sion' [26], or for increasing the 'fluidity' of microsomal 
membranes about 1.5-2-fold [30]. Moreover, insertion 
of alcohols at these concentrations has been claimed to 
increase the 'polarity' of the bilayer core [32,33]. 



In principle, an enlargement of the apparent pore 
radii or an ihcrease of pore numbers (or frequency of 
opening) might be responsible for the effects of the 
alcohols. In order to distinguish between the two 
mechanisms, one can estimate the increase in radius 
that would account for the 2.5-fold increase of leak 
permeability produced by 25 mM hexanol (Fig. 4). 
Assuming an apparent radius of the original oxidatively 
induced 'hole' of 0.55 nm (Fig. 4) one would have to 
postulate an increase to 0.85 rim. Such an increase 
would, however, have to go along with an increase in 
the limiting size of test solutes passing through the 
leaks to values exceeding the radius of D1 (0.75 nm). 
Since this was not observed (Fig.4) it seems more likely 
that, besides a minor increase of the apparent pore 
size, the 'opening frequencies' or 'open times' of the 
pores are increased by the alcohols as a consequence 
of altered physical properties of the lipid domain. 
Changes in polarity, but also of the motional or order 
parameters of the membrane lipids might equally well 
be involved in this effect. 

A feature that does not fit into this concept is the 
surprising observation that leaks produced by electro- 
poration are not enhanced by hexanol (see above). 
From this difference in sensitivity of chemically and 
electrically induced defects one must either conclude 
that the above explanation for the effect of alcohols is 
wrong (if a common structure of the two types of 
defects is taken for granted) or that the two types of 
defects in fact differ in important structural properties. 

Regardless of this ambiguity and in conclusion, the 
new results presented here support the dynamic nature 
of the membrane leaks induced by oxidative membrane 
modification and open the possibility to modulate these 
dynamics. Moreover, they support the involvement of 
membrane lipids in leak formation and suggest a chain 
of events leading to leak formation, in which the en- 
hancement of transbilayer mobility of amphiphiles pre- 
cedes the formation of aqueous defects. Phloretin and 
related compounds constitute a new class of agents 
capable of suppressing leaks caused by various types of 
membrane injury. It will be interesting to test the 
beneficial effect of this aglycon of a plant glycoside 
(phlorizin) in other membrane systems. 
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Note added in proof: (Received 6 June 1991) 

Bechinger and Seelig ((1991) Biochemistry 30, 3923- 
3928) have very recently published data indicating that 
phloretin at the membrane concentrations to be ex- 
pected in our study (up to 20 reel%) not only alters the 
orientation of the headgroup of choline phospholipids 
in liposome membranes but also replaces water in the 
headgroup region, thereby interfering with the struc- 
tural organization of this domain. The hydrocarbons 
were found to be, at best, slightly disordered by the 
agent. It is tempting to speculate that the headgroup 
perturbation affects the dynamic fluctuations of the 
phospholipid configuration proposed to produce the 
membrane leaks and is thus responsible for the inhibi- 
tion demonstrated in our study. 
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