
This article is available online at http://www.jlr.org Journal of Lipid Research Volume 56, 2015 1543

Copyright © 2015 by the American Society for Biochemistry and Molecular Biology, Inc.

 The plasma membrane of mammalian cells has diverse 
functions, many of which are impaired by oxidative dam-
age to its constituent lipids and proteins. The effects of 
such damage are seen in conditions ranging from natural 
ageing to type II diabetes, as well as specifi c diseases of the 
nervous and cardiovascular systems ( 1–4 ). It is not surpris-
ing, therefore, that antioxidants such as vitamin E have 
attracted considerable attention as potential protective or 
palliative agents. In vitro, vitamin E has been widely dem-
onstrated as having a free radical-scavenging antioxidant 
action ( 5 ). However, its mechanism of action in vivo re-
mains controversial ( 6, 7 ), as treatment with vitamin E has 
yielded negligible benefi t against oxidative stress and in 
some instances has resulted in cytotoxic effects ( 8–11 ). In 
the present report, we demonstrate that vitamin E has 
the capability to modify the membrane dipole potential 
(MDP). We also show evidence that tocopherol-dependent 
changes of the MDP can lead to changes of the ligand 
binding capability of the multi-drug effl ux pump, P-glyco-
protein (P-gp). Such observations suggest, therefore, that 
it is worth considering that some of the reported effects 
of tocopherols may arise through such mechanisms [as 
outlined in ( 12 )] rather than resulting solely from antioxi-
dant properties. 

  � -Tocopherol is the form of vitamin E most preferen-
tially absorbed by the human body ( 13 ), despite the  � ,  � , 
and  �  isoforms and the tocotrienol counterparts, also exhibit-
ing free radical-scavenging action in vitro ( 14 ). This observa-
tion, along with other evidence, supports the argument 
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show that in intact cells both  � -tocopherol succinate and 
oxidized cholesterol, 7-ketocholesterol, decrease the dipole 
potential and infl uence the interaction of the saquinavir 
with P-gp. 

 MATERIALS AND METHODS 

 Reagents 
 D- � -tocopherol, D- � -tocopherol succinate, cholesterol, 7-keto-

cholesterol, and methyl- � -cyclodextrin were supplied by Sigma-
Aldrich (UK). Egg phosphatidylcholine (PC) was supplied by Lipid 
Products (UK). Saquinavir was supplied by Roche (UK). Di-8-AN-
EPPS and FPE were obtained from Invitrogen (UK). Cell culture 
reagents, including RPMI 1640, Dulbecco’s PBS (DPBS), FBS, peni-
cillin-streptomycin mixture, L-glutamine, and Trypan blue (0.4% 
solution) were obtained from Sigma-Aldrich. All other reagents 
were also supplied by Sigma-Aldrich at the highest purity available. 

 Model membrane vesicle preparation and labeling with 
Di-8-ANEPPS 

 Large unilamellar PC vesicles were prepared and labeled with 
Di-8-ANEPPS as described in ( 29 ). Briefl y, egg PC, D- � -tocopherol, 
D- � -tocopherol succinate, cholesterol, and 7-ketocholesterol dis-
solved in 5:1 chloroform:methanol were combined at the desired 
proportions and the solvent evaporated by gentle rotation under 
a stream of oxygen-free nitrogen gas. The resulting lipid fi lm was 
rehydrated with 280 mM sucrose and 10 mM Tris (pH 7.4), and 
this multilamellar solution was then subjected to fi ve freeze-thaw 
cycles in liquid nitrogen to promote the formation of unilamel-
lar vesicles. Finally, the vesicles were extruded 10 times through 
polycarbonate fi lters with 100 nm pores (Nucleopore Corp., Pleas-
anton, CA) at 45°C using an extruder (Lipex Biomembranes Inc., 
Vancouver, Canada) according to the extrusion procedure ( 31 ). 
This produced a monodisperse suspension of unilamellar vesi-
cles. Vesicle compositions formed included: PC 100% , PC 95% X 5% , 
PC 90% X 10% , PC 85% X 15% , PC 80% X 20% , PC 75% X 25% , and PC 70% X 30%  
(molar ratios; X: D- � -tocopherol, D- � -tocopherol succinate, cho-
lesterol, or 7-ketocholesterol). Vesicles were labeled by incubation 
with 30  � M Di-8-ANEPPS dissolved in ethanol at 37°C, protected 
from light, for 2 h. 

that  � -tocopherol must have signifi cant nonantioxidant 
roles not shared by other antioxidants ( 6 ), prompting in-
vestigations to identify the nonantioxidant physiological 
effects of  � -tocopherol.  � -Tocopherol succinate has re-
ceived attention as an analog of  � -tocopherol that demon-
strates no in vitro free radical-scavenging action ( 15 ), but 
is reported to possess clinically relevant effects, such as 
improving the effi cacy of chemotherapy when adminis-
tered as a cotherapeutic agent ( 16, 17 ). This effect is likely 
to involve the multi-drug effl ux pump, P-gp, but the un-
derlying mechanism responsible is not well-understood. 

 Both  � -tocopherol and its succinate ester analog, the 
structures of which are shown in   Fig. 1  ,  are reported to 
have a number of effects on model biological membranes. 
These include: imparting a negative curvature stress ( 18 ) 
and modifying the phase behavior of lipids; decreasing the 
enthalpy of the gel to liquid crystalline transition by infl u-
encing lipid organization ( 19, 20 ); and inducing phase 
separation as a result of preferential association with spe-
cifi c lipids ( 21, 22 ). The present study investigates the ef-
fect of  � -tocopherol and  � -tocopherol succinate on the 
MDP, which is both a sensitive indicator of changes in 
lipid organization and that of surrounding water mole-
cules ( 12, 23–28 ), and directly infl uences the behavior of 
membrane proteins ( 25, 29, 30 ). 

 We utilize fl uorescent probes developed in our labora-
tories as sensitive indicators of molecular interactions with 
membranes ( 30 ). The fi rst,  N -(fl uorescein-5-thiocarbamoyl)-
1,2-dihexadecanoyl- sn -glycerol-3-phosphoethanolamine 
(FPE), is an indicator of the electrostatic surface potential, 
and so reports the addition or loss of electrical charge to the 
membrane surface. The second membrane-localized fl uo-
rescent probe, 1-(3-sulfonatopropyl)-4-[ � [2-(di-n-octylamino)-
6-naphthyl]vinyl] pyridinium betaine (Di-8-ANEPPS), reports 
the level of the MDP and its use as an indicator of molecu-
lar interactions is described in ( 12, 25, 29, 30 ). The virtue 
of both these indicators is that they can be used in exactly 
the same fashion in model membrane systems as in living 
cell membranes [e.g., ( 29 )]. We use these techniques to 

  Fig. 1.  Planar schematic and space-fi lling model 
views of  � -tocopherol (A) and  � -tocopherol succinate 
(B). Images were prepared using ACD/ChemSketch 
(freeware), version C10E41 (2015) and ACD/3D 
Viewer (Freeware), version D10E41 (2014), Advanced 
Chemistry Development, Inc., Toronto, ON, Canada  .   
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of varying composition was achieved by exciting the vesicle 
suspension at 460 and 520 nm and taking the ratio of the emis-
sion intensities recorded at 580 nm. The relative difference in 
the dipole potential of vesicles resulting from increasing pro-
portions of non-egg PC components was found by subtracting 
the ratio of the reference (pure egg PC vesicles) giving a 
change in the ratio. 

 Relative changes in the MDP on serial addition of  � -
tocopherol succinate, 7-ketocholesterol, or saquinavir to vesi-
cle or cell suspensions (400  � M lipid or 40,000 cells ml  � 1 ) 
were observed in real time, using the above ratiometric tech-
nique. The time course of the ratio of Di-8-ANEPPS emission 
intensities on rapid alternate excitation of the sample at 460 
and 520 nm was recorded using a Fluoromax4 spectrofl uo-
rometer (Horiba Jobin Yvon, Middlesex, UK) and the relative 
change in the dipole potential was found by calculating the 
change in the ratio above the baseline ratio recorded at the 
onset of the experiment. The effect of any photobleaching, of 
dilution, and of the solvent on the fl uorescence signal was cor-
rected by adding equivalent volumes of ethanol or dimethyl 
sulfoxide solvents (fi nal concentration not exceeding 1% v/v) 
to equivalent vesicle or cell suspensions, over a comparable 
timeframe, and subtracting any resulting fl uorescence ratio 
changes from those obtained on the addition of  � -tocopherol 
succinate, 7-ketocholesterol, or saquinavir. These data were 
fi tted to both equations 1 and 2, and the model best describ-
ing the data was determined using an extra sum-of-squares 
F-test. 
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 Where  y  is the calculated change in the ratio;  x  is the cumulative 
concentration of  � -tocopherol succinate, 7-ketocholesterol, or 
saquinavir added;  K d   is the dissociation constant (concentration 
units) refl ecting the affi nity of the binding molecule for the 
membrane or receptor;  B max   is the 100% binding capacity of the 
membrane or receptor for the molecule (fl uorescence units); 
and  h  represents the Hill coeffi cient, i.e., as an index of 
cooperativity  . 

 The dissociation constants for the interaction of  � -tocopherol 
succinate with Jurkat T-lymphocytes, with or without prior cho-
lesterol treatment, were determined in a similar fashion by 
fi tting equations 1 and 2 to the recorded change in FPE fl uores-
cence ( y ) with increasing concentration of  � -tocopherol succi-
nate ( x ). The time course of the fl uorescence of FPE at 520 nm 
with 488 nm excitation during serial addition of  � -tocopherol 
succinate to a suspension of 40,000 cells ml  � 1  was recorded. The 
baseline fl uorescence determined at the onset of the experi-
ment was subtracted giving a cumulative change in fl uorescence 
intensity per stepwise increase in  � -tocopherol succinate con-
centration, representing the change in the surface potential. 
This data was likewise corrected for the effects of photobleach-
ing, of dilution, and of the solvent by subtracting the change in 
fl uorescence obtained on the addition of equivalent volumes 
of solvent over a comparable time frame. Dissociation con-
stants ( K d  ) and cooperativity (Hill) coeffi cients were compared 
using unpaired two-tailed  t -tests. Curve fi tting and statistical 
analy sis was performed using GraphPad Prism v5.04 (GraphPad 
Software). 

 Labeling of Jurkat T-lymphocytes with 
Di-8-ANEPPS or FPE 

 Jurkat T-lymphocytes (E6-1 clone, ECACC) were cultured in 
RPMI 1640 supplemented with 10% v/v heat-inactivated FBS, 
2 mM L-glutamine, 100 U ml  � 1  penicillin, and 100 U ml  � 1  strep-
tomycin and maintained at 37°C with 5% CO 2   . The viable cell 
population was counted using a Trypan blue exclusion assay 
prior to harvesting by centrifugation (300  g , 5 min). Cells were 
labeled with Di-8-ANEPPS by incubating a suspension of 1 × 10 6  
cells ml  � 1  with 0.5  � M Di-8-ANEPPS for 1.5 h at 37°C, as outlined 
by ( 29 ). Alternatively, cells were labeled with FPE according to 
the method of ( 32 ). Briefl y, the solvent was evaporated from a 
volume of FPE (2 mM in 5:1 chloroform:methanol) by gentle rota-
tion under a stream of oxygen-free nitrogen gas. The resulting 
FPE fi lm was resolvated in a small volume of ethanol (not exceed-
ing 0.5% of the total volume of labeling solution) and diluted in 
280 mM sucrose and 10 mM Tris (pH 7.4) to give a 10  � M FPE 
labeling solution. Cells were resuspended in this labeling solu-
tion at 0.5 × 10 6  cells ml  � 1  and incubated at 37°C for 1 h, pro-
tected from light. After this time, cells were washed twice in DPBS 
by centrifugation (300  g , 5 min) to remove unbound FPE and 
resuspended at 0.5 × 10 6  cells ml  � 1  in 280 mM sucrose and 10 mM 
Tris (pH 7.4). 

 Depletion of cell membrane cholesterol 
 Methyl- � -cyclodextrin was used to remove cholesterol from 

the plasma membrane of cells using a method adapted from ( 33 ) 
reported to result in the removal of most of the cholesterol from 
membrane microdomains (rafts) with negligible effects on cell 
viability. Following labeling with Di-8-ANEPPS or FPE, cells were 
washed twice in DPBS by centrifugation (300  g , 5 min) before 
exposure to 10 mM methyl- � -cyclodextrin in 280 mM sucrose 
and 10 mM Tris (pH 7.4) for 1 min. Cells were then immediately 
centrifuged (500  g , 2 min) and resuspended in fresh 280 mM 
sucrose and 10 mM Tris (pH 7.4). 

 Cell viability 
 An alamarBlue resazurin reduction assay (Invitrogen, Carls-

bad, CA) was used to assess cell viability and was performed ac-
cording to the manufacturer’s instructions. After incubating cells 
with  � -tocopherol succinate, cholesterol, or 7-ketocholesterol at 
the maximum concentration and for the maximum exposure 
time relevant to this study, 10% v/v alamarBlue was added to the 
cells in a 96-well plate. After a 4 h incubation at 37°C with 5% 
CO 2 , fl uorescent measurements were made at 590 nm with 550 nm 
excitation using a LS-55 plate reader (Perkin Elmer). Baseline 
readings were taken from culture medium and alamarBlue re-
agent without cells. 

 Fluorescence spectroscopy measurements 
 The spectral sensitivity of membrane bound Di-8-ANEPPS 

to the dipole potential was used to determine relative dif-
ferences in the dipole potential of phospholipid vesicles of 
varying composition and the relative changes in the dipole 
potential on the interaction of exogenously introduced  � -
tocopherol succinate and 7-ketocholesterol with vesicles 
and cell membranes. Di-8-ANEPPS excitation spectra of sus-
pensions of vesicles (400  � M lipid) were taken between 400 
and 550 nm and recorded at an emission wavelength of 590 
nm using a Fluoromax4 spectrofl uorometer (Horiba Jobin 
Yvon, Middlesex, UK). To visualize the extent of spectral shift, 
each excitation spectrum was normalized with respect to its 
integral prior to subtracting the normalized spectrum of 
the reference (pure egg PC vesicles) resulting in a difference 
spectrum. A measure of the relative dipole potential of vesicles 
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7-ketocholesterol inducing the greater effect, as was seen 
in PC vesicles. 

 The effect of  � -tocopherol succinate on the interaction 
of saquinavir with the multi-drug effl ux pump, P-gp 

 Saquinavir, an anti-retroviral agent used in HIV therapy, 
is known to act as a ligand of the multi-drug effl ux pump, 
P-gp ( 34 ). These interactions can be observed in cell mem-
branes, as they lead to small changes of the dipole potential 
( 29 ). The binding of saquinavir to Jurkat T-lymphocytes 
shown in   Fig. 3   follows a sigmoidal profi le, indicating its in-
teraction with a membrane-localized receptor in a manner 
very similar to that found in our earlier studies with Caco-2 
cells ( 29 ).  Pretreatment of T-lymphocytes with  � -tocopherol 
succinate signifi cantly reduced the affi nity of saquinavir 
for P-gp, demonstrated by an increase in the dissociation 
constant ( K d  , see   Table 1  ) for the interaction (unpaired 
two-tailed  t -test;  P  = 0.0012,  R  2  = 0.945).  Similarly, 7-ketocho-
lesterol, which likewise decreases the dipole potential, also 
decreased the affi nity of saquinavir for P-gp (unpaired two-
tailed  t -test;  P  = 0.004,  R  2  = 0.90), consistent with reports on 
the infl uence of a change in the dipole potential on P-gp 
function ( 29 ). Interestingly,  � -tocopherol succinate, which 
decreases the MDP to a lesser extent than 7-ketocholesterol, 
demonstrated the larger effect on the affi nity of saquinavir 
for P-gp. The infl uence of 7-ketocholesterol or  � -tocopherol 
succinate treatment on the shape of the binding profi les of 
saquinavir may provide an explanation for the apparent dis-
crepancy between the magnitude of their infl uence on the 
dipole potential and P-gp activity. Following 7-ketocholes-
terol treatment, the Hill coeffi cient (see  Table 1 ) of the sig-
moidal binding profi le, refl ecting the extent of cooperativity 
in the interaction, is not signifi cantly altered (unpaired two-
tailed  t -test;  P  = 0.42). Following treatment with  � -tocopherol 
succinate, however, the Hill coeffi cient is signifi cantly 
reduced (unpaired two tailed  t -test;  P  = 0.02,  R  2  = 0.75). 
This observation suggests that  � -tocopherol succinate is 

 RESULTS 

 Modulation of the MDP by  � -tocopherol and 
 � -tocopherol succinate 

 The infl uence of  � -tocopherol and  � -tocopherol suc-
cinate on the MDP was fi rst explored in a lipid vesicle 
membrane system. Egg PC vesicles containing  � -tocopherol 
or its analog  � -tocopherol succinate were prepared using 
lipid fi lm hydration followed by extrusion ( 31 ). The 
change in the MDP due to the incorporation of these 
forms of vitamin E was observed by the potential-dependant 
shift in the excitation spectrum of the electrochromic 
fl uorescent probe, Di-8-ANEPPS ( 12 ).   Figure 2A   (inset) il-
lustrates difference spectra for tocopherol-containing ves-
icles, obtained by subtracting the baseline excitation 
spectrum of Di-8-ANEPPS in PC vesicles from that in the 
 � -tocopherol-containing vesicles.   � -Tocopherol induced a 
spectral red-shift, indicative of a decrease in MDP. Also 
shown are the difference spectra for vesicles containing 
cholesterol and its oxidized derivative, 7-ketocholesterol, 
which have previously been demonstrated to increase and 
decrease the dipole potential, respectively ( 28, 29 ). The 
concentration dependence of the change in dipole poten-
tial induced by the sterols,  � -tocopherol, and  � -tocopherol 
succinate in PC vesicles is shown in  Fig. 2A .  � -Tocopherol 
produced a change in the dipole potential of PC vesi-
cles similar in magnitude to that induced by cholesterol, 
but in the opposite direction, consistent with reports on 
mixed lipid membranes ( 22 ).  � -Tocopherol succinate, 
the non-free radical-scavenging analog of  � -tocopherol, 
was found to have a similar effect ( P  = 0.09, two-tailed 
 t -test on slopes). The influence of 7-ketocholesterol 
and  � -tocopherol succinate, the more soluble of the 
 � -tocopherols, on the dipole potential of Jurkat T-lympho-
cyte cell membranes was then explored by exposing the 
intact cells to increasing concentrations of either sub-
stance ( Fig. 2B ). Both decreased the dipole potential with 

  Fig. 2.  The relative dipole potential modulation of cell and vesicle membranes by  � -tocopherols and ste-
rols. A (inset): Difference spectra demonstrating the blue or red shift of the excitation spectrum of Di-
8-ANEPPS in pure egg PC 100 nm vesicles in response to a relative increase or decrease of the dipole 
potential, respectively. Inclusion of 10 mol% cholesterol (blue line) in PC vesicles increased the dipole po-
tential, whereas 10 mol%  � -tocopherol (black line) or 7-ketocholesterol (red line) decreased the dipole 
potential. A: The change in ratio of Di-8-ANEPPS fl uorescence intensity at 460 and 520 nm excitation ( R  = 
I 460 /I 520 ) with increasing concentration of  � -tocopherol (diamonds),  � -tocopherol succinate (triangles), 
cholesterol (circles), or 7-ketocholesterol (squares). An increasing ratio refl ects a blue-shifting of the excita-
tion spectrum indicating an increasing dipole potential and vice versa. B: The decrease in MDP of T-lymphocyte 
cells on exposure to increasing concentrations of  � -tocopherol succinate (solid line) or 7-ketocholesterol 
(dashed line). Values represented are mean ± SE for three replicate experiments.   
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cooperativity of the saquinavir-P-gp interaction is similar 
(unpaired two tailed  t -test on Hill coeffi cients;  P  = 0.09). 
We suggest that  � -tocopherol succinate infl uences P-gp by 
decreasing the dipole potential of P-gp that is associated 
with membrane microdomains. 

 We frame this hypothesis as follows:  � -Tocopherol succi-
nate localizes in cholesterol-rich membrane microdomains 
where it acts to decrease the dipole potential. To explore 
this hypothesis, the interaction of  � -tocopherol succinate 
with cells enriched with, or depleted of, cholesterol-rich mi-
crodomains was investigated. T-lymphocytes were treated 
with cholesterol to increase the extent of cholesterol-rich 
microdomains in the plasma membrane or with methyl- � -
cyclodextrin to induce microdomain disruption. The disso-
ciation constant for  � -tocopherol succinate binding to these 
treated cells, determined from binding curves formed from 
measurements of the change in surface or dipole potential 
induced by the binding interaction ( 30 ), was compared 
with that for  � -tocopherol succinate binding to untreated 
cells (  Fig. 4  ).  Cholesterol treatment signifi cantly increased 
the affi nity of  � -tocopherol succinate for the membrane 
(unpaired two-tailed  t -test on  K d   values;  P  = 0.0058), whereas 
methyl- � -cyclodextrin treatment had the opposite effect 
(unpaired two-tailed  t -test on  K d   values;  P  < 0.0001). The 
increased affi nity of  � -tocopherol succinate for membranes 
rich in microdomains suggests it has a preference toward 
these structures and is likely to decrease the dipole poten-
tial with lateral heterogeneity across the membrane. 

exerting a signifi cant effect on the nature of the saqui-
navir-P-gp binding mechanism that is not induced by 
7-ketocholesterol. 

 The mechanism underlying the cooperative nature of 
the saquinavir-P-gp interaction is unknown, however, the 
activity of P-gp is thought to be membrane microdo-
main-associated ( 35, 36 ). The receptor is thought to show 
a preference for the elevated dipole potential associated 
with cholesterol-rich microdomains ( 29, 30 ) due to their 
higher lipid packing density and decreased hydration ( 28, 
37 ). The treatment of T-lymphocytes with methyl- � -
cyclodextrin to disrupt these microdomains via cholesterol 
depletion ( 33 ) signifi cantly decreased the affi nity of saqui-
navir for P-gp (unpaired two-tailed  t -test;  P  = 0.0002,  R  2  = 
0.98) ( Fig. 3 ,  Table 1 ), suggesting the activity of P-gp is 
membrane microdomain-dependant. The Hill coeffi cient 
for the interaction (see  Table 1 ) was also much reduced 
suggesting that cholesterol-rich microdomains may have 
an important role in the underlying mechanism of the 
saquinavir-P-gp interaction. Interestingly, the effect of 
methyl- � -cyclodextrin and  � -tocopherol succinate on the 

  Fig. 3.  The interaction of saquinavir with T-lymphocytes fol-
lowing  � -tocopherol succinate, 7-ketocholesterol, or methyl- � -
cyclodextrin treatment. The binding of saquinavir to T-lymphocytes 
is observed through the change in ratio of Di-8-ANEPPS fl uores-
cence intensity at 460 and 520 nm excitation ( R  = I 460 /I 520 ) refl ect-
ing the change in the cell MDP induced by the interaction. The 
binding curves for saquinavir to untreated cells (black, solid line) 
and cells treated with methyl- � -cyclodextrin (black, dashed line) to 
disrupt cholesterol-rich membrane microdomains are shown in ad-
dition to the binding curves to cells pretreated with  � -tocopherol 
succinate (blue) or 7-ketocholesterol (red). Values represented are 
mean ± SE for three replicate experiments.   

 TABLE 1. The dissociation constants and Hill coeffi cients for the 
interaction of saquinavir with pretreated T-lymphocytes    

Treatment  K d   ( � M) Hill Coeffi cient

Untreated 36 ± 1 7 ± 1
7-KC 47 ± 1 9 ± 2
 � -TS 52 ± 2 3.4 ± 0.2
M � CD 68 ± 2 4.4 ± 0.4

The dissociation constants ( K d  ) and Hill coeffi cients (±SEM) 
obtained from best fi ts of a sigmoidal binding model to the data 
presented in  Fig. 3  for the interaction of saquinavir with T-lymphocytes, 
either untreated or pretreated with 7-ketocholesterol (7-KC),  � -
tocopherol succinate ( � -TS), or methyl- � -cyclodextrin (M � CD).

  Fig. 4.  The infl uence of cholesterol-rich cell membrane micro-
domains on the binding affi nity of  � -tocopherol succinate. The dis-
sociation constants for the interaction of  � -tocopherol succinate 
with T-lymphocytes pretreated with cholesterol (increasing the ex-
tent of membrane microdomains) or methyl- � -cyclodextrin (re-
ducing the extent of membrane microdomains) are compared 
with those for untreated cells. Treatment with cholesterol (Chol) 
signifi cantly increased the affi nity of  � -tocopherol succinate for the 
membrane, whereas treatment with methyl- � -cyclodextrin (M � CD) 
had the opposite effect. The binding interaction was observed 
through the modulation of the membrane surface potential de-
tected using the fl uorescent probe, FPE, for the cholesterol treat-
ment experiment and through the modulation of the MDP for the 
methyl- � -cyclodextrin treatment experiment. Values represented 
are mean ± SE for three replicate experiments.   
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succinate were also shown to infl uence the nature of the 
saquinavir-P-gp interaction with similar effect to microdo-
main disruption via membrane cholesterol depletion. We 
hypothesize that the mechanism by which  � -tocopherol 
succinate infl uences P-gp is via its effect to decrease the di-
pole potential of membrane microdomains with which this 
receptor associates. In support of this notion, 7-ketocho-
lesterol, an oxidized form of cholesterol known to localize 
in cholesterol-rich microdomains ( 42, 43 ) and demon-
strated to decrease the dipole potential of the plasma 
membrane, was also shown to infl uence the interaction of 
saquinavir with P-gp. The apparent differences in the extent 
to which  � -tocopherol succinate and 7-ketocholesterol in-
fl uence both the dipole potential and P-gp are suggested 
to be due to differences in their heterogeneous lateral dis-
tribution within membranes and, in particular, their ex-
tent of colocalization with P-gp in microdomains. The 
specifi c infl uence of molecules on the microdomain pro-
fi le of membranes and the resulting lateral heterogeneity 
in dipole potential modulation across the membrane are 
likely to be factors which correlate more directly with mi-
crodomain-associated receptor activity. 

 The implications of  � -tocopherol succinate modulation 
of P-gp activity are signifi cant. The cytotoxicity of many 
native and xenobiotic compounds could be increased due 
to the reduced ability of P-gp to remove them from the 
cell. In addition to the potential negative side effects this 
may cause,  � -tocopherol succinate treatment may increase 

 DISCUSSION 

 The present study demonstrates that the interaction of 
 � -tocopherol and its water soluble derivative,  � -tocopherol 
succinate, with biological membranes leads to changes of 
the MDP. A schematic representation of these interactions 
and their effects in relation to those of cholesterol is shown 
in   Fig. 5  .  As  � -tocopherol succinate is a non-free radical-
scavenging analog of  � -tocopherol, this effect is indepen-
dent of, and may be additional to, any free radical-scavenging 
activity for  � -tocopherol. 

 Supplementing membranes with  � -tocopherol succinate 
appears to infl uence the interaction of the anti-retroviral 
agent, saquinavir, most likely through effects on the multi-
drug effl ux pump, P-gp. This membrane receptor is re-
ported to be sensitive to change in the dipole potential 
( 29 ) and its activity is linked here and elsewhere ( 29, 38, 
39 ) with cholesterol-rich membrane microdomains.  � -
Tocopherol succinate is shown to have a preferential affi n-
ity for membranes rich in these microdomains, suggesting 
its possible localization within these structures. While di-
rect evidence for the association of tocopherol succinate 
with cholesterol-enriched membrane microdomains re-
mains elusive, this hypothesis is supported by previous 
observations that the membrane localization of tocoph-
erol succinate infl uences the activity of microdomain-
associated kinases, including protein kinase C ( 40, 41 ). In 
the present study, the membrane interactions of tocopherol 

  Fig. 5.  Schematic comparison of the interaction of cholesterol and  � -tocopherol with biological membranes. A: Cholesterol is well-
documented to form microdomains of increased packing density and elevated dipole potential in phospholipid membranes. B: In this 
study, we report that addition of  � -tocopherol to egg PC membranes causes a reduction in the dipole potential. A possible explanation for 
this phenomenon is that  � -tocopherol sits higher in the membrane, closer to the aqueous interface than cholesterol, thereby increasing 
phospholipid lipid headgroup spacing. C: In this model the insertion of  � -tocopherol into cholesterol-rich microdomains reduces the lipid 
packing density and MDP. D: The observation that  � -tocopherol succinate modulates the dipole potential to a similar extent as  � -tocopherol 
suggests that both forms interact similarly with membranes and supports the hypothesis that they sit high in the membrane, such that the 
addition of the succinate group does not additionally perturb the dipole potential.   
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P-gp by  � -tocopherol derivatives, highlighting the poten-
tial for the application of these compounds in countering 
multi-drug resistance and in facilitating drug delivery 
across biological barriers.  

 The authors are grateful to the anonymous referees, as some 
revisions to the manuscript following their comments have 
helped to clarify the message of the paper. 
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