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The membrane p m ~  ~ cho~slerol aut~oxydation ~ o d ~  %ketochol~mk ~ydmxycholesterol ,  
7 ~ - h y d m x y c h ~ e ~  and 2 ~ h y d m x y c h ~ m l  were exam~e~ M o n ~  sm~es show th~ these 
o x ~ r o l s  ~ e  ~rpend~ularly o d e m a ~ d  ~ ~ e  i ~ e ~ h ~ e .  O~y 7~-hydmxycholesterol and 7a-hy~oxy- 
c h ~ m l  are ~ted at ~w surface ~ m ~  In mixed mon~aye~ ~ t h  ~oleoyiphosphatidyicholine, 
7 -k~ho le s~ro l ,  7 ~ - h y d m x y c h ~ r o i  and 7 a ~ y d m x y ~ o l e ~  ~ o w  a covdeming etf~ct in this ~de~  
~ o u g h  to a ~sser extent th~ ~ o b e y e d  for ch~es~r~.  In Hpo~m~ the~ oxys~r~s also reduce 
~ucose permeabili~ and ~ the same o~er as thor conden~ng ~fecL On ~ e  other hand 2~hydmxy- 
c h o ~ e m l  shows no ~ n d e m ~ g  ~ ~ m o n o m ~ e c ~  ~ y ~ s  w h e ~  ~ u c o ~  perm~bili~ in lipo~mes 
~ enormously ~ s ~ .  The permeabili~ ~ c ~ e  ~ a l r ~  maxim~ ~ Z5 m~% 2 5 - h y ~ o x y ~ r o l .  
D f f ~ i ~  ~ a n ~ n g  calorimetry e x ~ H m e ~ s  ~ v e ~  that ~ f o ~  o x y s ~ r ~ s  te~ed reduce ~ e  h e ~  content 
~ the gel ~ I~uid<ffstal l ine p h ~ e  ~an~f io~  h ~ ~oncluded ~ % k e ~ ~ k  7 f l - h y ~ o x ~ h o l ~ t e r ~  
and 7 a ~ y d ~ x y c h ~ r o l  h a ~  a cho~sleroi like ~ c t ,  ~though less eff i~ent  ~ n  cho~sterol, w h e ~  
2~hyd~xych~es te ro l  sho~ng  no conden~ng effect acts as a spacer m~ec~e .  P a c i n g  d ~ e c ~  in the 
h y ~ o p h o ~ c  c ~ e  ~ the bilayer due ~ ~ e  p ~ n ~  ~ the C-25 h y ~ o x ~  ~ o u p  are bd~ved  to cause the 
~ r m ~ b i l i f f  ~ c ~ a ~ .  The ~ a n ~  ~ radiolabelled ~ x y ~ r o l s  f ~ m  ~ e  m o n ~  ~ ~ p o p ~ t e i ~  ~ 
~ s ~  in the subphase was s ~ e d .  The ~ a n ~ e r  rate increases ~ the foliow~g o ~ e r  % k e t o c h ~ r o l ,  
7 f l - h y ~ o x y c h o i ~ r o l ,  7 a ~ y d ~ x y ~ r o l ,  25-hyd~xychoi~ter~ .  The d i f feren~ ~ ~ate be tw~n  %keto- 
c h ~ e ~ e r ~  and 2 ~ h y ~ o x y c h ~ r ~  ~ 2 ~ f ~  A ~gher  rate ~ ~ a n ~  is o b e y e d  ~ the ~ e n c e  of 
~gh  den~ff  ~poprote i~  and small u ~ l a m d l ~  ~ s ~ .  A ~ a n ~  ~ ~ r  choles~rol is hardly m e ~ u ~ e  
under these c o n d ~ o ~ .  The ~ a ~ f e r  measured ~ cons~tent ~ t h  ~ e  inv~veme~  ~ a w a ~ s ~ u b ~  
intermediate. 

~ f i ~  

The presence of oxysterols in blood and tissues 
has been reported in sever~ ~udies [1-4]. The 

* To whom reprint reque~s should be sent. 
Abb~afions: DOPC, & ~ p h ~ p ~ t i d ~ o l i ~ ;  DPPC, 
d;p~mi~ph~phatidyl~oli~; [A, ph~phatidic ~cid; FE, 
p h ~ p ~ t i d ~ e ~ a m i ~ ;  PC, ph~phafid~ch~e; SUV, 
sm~l um~mdlar v~id~; LUV, ~ e  un i l am ~  ~ d ~ .  

mNor  auto-oxidation products of choles~rol are 
7-ketochole~erol, 7fl-hydroxycholesterol, 7a-hy- 
droxycholesterol and 25-hydroxycholesterol [5,6]. 
Other oxysterol~ such as 26-hydroxycholesterol 
and lanosten-3fl-ol-32-al, are formed by enzymat~ 
reactions in Ntu [1,7,2. Auto-oxidation of choles- 
terol occurs rapidly when the sterol is exposed to 
Nr, heat and radiation or a combination of these 
factors [6] and is of spedN ~gnificance in the 
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production and storage of c h ~ r ~  c o n t ~ n g  
foodstuffs l~e powd~ed mi~ or eggs [4]. 

The p h y ~ o ~ c ~  consequence of oxys~r~s is 
of impor~nce ~nce it is known that they decrease 
c h ~ r ~  synthe~s ~ mamm~ian cells by in- 
hibiting 3-hydrox~3-meth~umr~ coenzym~A 
reductase (HMG-CoA redu~as@ [8-1~. They Mso 
inhib~ c h ~ r ~  e~erificafion [11]. The g~a~r  
the di~ance between the 3fl-hydrox~ group of the 
oxys~r~ and the second oxygen function, the 
g r e ~  lhe ~hibitory effect [9] on c h ~ t e r ~  
synthe~s. 

Oxys~ro~ have Mso been shown to have pro- 
found effects on call morph~ogy and membran~ 
a~oda~d  functions. Hsu et M. [12] reported 
echinoc~e Wan~ormation of red blood cells by 
incorporation of c e ~ n  oxys~r~s ~to the mem- 
brane. The echinocyte formation was expl~ned by 
an expan~on of the outer leaflet of the bflayer of 
the ~d  blood call membran~ by ~e  presumed 
b~ky o x y s ~ r ~  At high concenWation~ 25-h~ 
droxych~es~r~ is c y t o ~ c  towards aortic 
smooth musc~ cells [13] and Salmond~ 
tiphimarium [1~. The c y ~ t o ~ d ~  of o x y g e n s  is 
reduced by ad~fion of ~poprot~ns [15], sugges~ 
~g ~ n ~ n g  of cxys~r~s to lipoproteins. 

In this pape~ we report on the membrane 
properties of % k ~ o c h ~ r ~ ,  7fl-hydroxychole~ 
ter~, 7a-hydroxycholesterol and 25-hydroxycho- 
~s~r~,  and compare thdr prop~ti~ to the parent 
compoun& c h ~ r ~ .  ~nce it is wall known that 
c h ~ r ~  can reduce the heat content of the 
DPPC pha~ Wan~tion [16], it was of ~ ~ 
de~rmine wh~her oxys~r~s can interact with 
DPPC and ~duce a so called liquefying ef~ct or 
ratheL function as a spacer at the interface. In 
ad&t~m the ~ f f a d M  orientation of ~e  four 
oxys~r~s was d~ermined ~om force-area curves 
at lhe ~ r / w a ~ r  in~fface. M~ed mon~ayers of 
oxys~r~s and DOPC w~e u~d ~ ~ N i s h  thdr 
posfible ~ r a c t i o n  with phospholi~ds. 

It is an ~ n t i ~  prope~y of c h ~ r ~  to 
contribute to the barrier properti~ of phospholi- 
~ds. For c h ~ r ~  it has been shown that it 
reduces ~e  permeability of ~omembran~ and PC 
veeries for small n o n d e c ~  and induc~ a so 
called ~ r m e & ~ e  gd s ~  [1~. To compare the 
effect of oxysterols with ch~es~r~ in this respecL 
the eg~PC vefide permeabili~ for ~uco~ was 
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de~rmined in the presence of increasing con- 
centrations of o x y s ~ r ~  

To understand the effect of oxysterols on the 
HMG-CoA redu~ase by posfib~ binding to LDL, 
thdr binding to lipoproteins was ~udied. F~r this 
purpos~ ~adioactivdy hbded oxys~rols were used 
and thor redistribution b~ween monolayer and 
fipoproteins or verities in the subphase was mea- 
sured. 

M ~ d M s  ~ d  M ~  

O x y s ~ b  and phospholipids 
5-C~ olesten-3fl,7a-diol (7a-hydroxychol~ro~ 

5~hol~ten-3fl ,7~-~ (7~-hydroxych~terol) and 
5 ~ h ~ n - 3 ~ 2 5 - d i ~  ~5-hydroxycholesterol) 
w~e pu~ha~d ~om S ~ r ~ d s  Inc. ( W i l ~  NH, 
U.S.A.). 5 - C h ~ 3 ~ - o l - ~ o n e  ( % k e ~ c h ~ -  
rol) was obt~ned ~om Sigma Chem. Co. (St. 
Lou~, MO, U.S.A.~ 25-Hydrox~262%3H~h~ - 
ter~ and [ 4 - 1 4 C ] c h ~ r o l  were pu~ha~d from 
New En~and Nu~ear (Boron, MA, U.S.A.). 7a- 
H~ d r o x ~ a c ] c h ~ t ~ ,  7fl-hydroxy[~ 14 C]ch~ 
~ s ~ r ~  and ~ k ~ 1 4 C ] c h ~ r o l  w~e p~- 
pared according to a mo&fied procedu~ of Smi~ 
et ~. [6]. Liposom~ of DOPC and 10 mol% 
[4-~4C]ch~ter~ w~e p~pa~d in 10 mM Tfi~ 
HC1 (pH 7.~, 0.9% NaCl 1 mM CuSO 4, total fipid 
concentration was 1 or 2 mM. The sam~e was 
incubated at 65°C in a ~ e ~  50 ml, co~c~ 
flask. A ~  48 h ~cubafion ~e  solution was &- 
luted with a large excess of ~han~  and taken to 
dryness under reduced pressure. The fi~ds were 
& ~ v e d  ~ chloroform/me~an~ (1:3, v / ~  and 
appfied to a TLC p~te (Mack, ~hca 60); refer- 
ence oxys~r~s and c h ~ r ~  were spot~d ~ the 
outer ~nes of ~e  ~ate. A~er run~ng tw~e in 
~h~ac~a~/benzene  (3:2, v / ~  [6] in order to 
increase the separation, the reference compounds 
o~y, were ~sualized with 0.01% rhodamine pho~ 
pha~. The R v v~ues w~e for cho~s~r~ 0.61; 
7 ~ e ~ c h ~ r ~  0.45; 7fl-hydroxycholester~ 0.34; 
and 7 a - h y d r o x y c h ~ r o l  0.26. 15 to 20% of the 
[ ~ a 4 C ] c h ~ t ~  was converted of w~ch 50% 
was 7 - k e t ~ 4 C ~ h o ~ e r o L  35% was 7fl- 
h y d r o x ~ 4 C ] c h ~ t ~ ,  and 15% was 7a-h~ 
d r o x ~ 4 C ] c h o ~ .  T¢o tittle 25-hydroxych~ 
lesterol co~d be formed by ~is procedure to be 
recovered [5]. The purity of the labded o x y g e n s  
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was estabfished after ~olafion bring more than 
98%. DOPC, DPPC and egg-PC were prepared 
according to the establ~hed procedures [20]. AH 
lipids used gave a f in#e  spot on HPTLC plates. 

Differential scanning ~ a ~ m ~  
Measuremen~ w e ~  perf¢rmed on a Per~n-  

Elmer D S C ~ B  apparMus with a heating rate of 5 
K . m i n  -1 and a cooling rate of 10 K . m i n  -~. 
Only heating scans were used for cMc~afiom 
DPPC (5 ~M), to which increafing amounts of 
oxysterMs ~ e ~  added, was suspended ~ 40 ~1 
Tri~acetate (40 mM, pH 7 .~  conta i~ng 100 mM 
NaC1. 15 ~1 of the suspension were transferred to 
the sampM pan. The amount of phosphofipid in 
the sample pan was determined as phosphorus 
[21]. 

Determinaaon of force-area curves 
Force-area measurements were performed at 

the a i r /wa te r  interface in a teflon ~ough (32.3 × 
17.2 cm) in a thermostat~ box at 22°C . .The  
~ough was fi~ed with 10 mM Tris-HC1 (pH 7.4), 
0.9% NaC1. Water was distilled trice. The surface 
pressure was determined with a recording Beck- 
man LM 500 electrobalance equipped w~h a 
platinum plate 1.96 cm wide. The compres~on 
rate was 0.258 nm~-mol  -a .rain -1. 50 nmol of 
lipid dissolved in chloroform were carefully re- 
leased onto the a i r /wa te r  interface from an Agla 
micrometer syringe. For all films, the surface pres- 
sure was plotted again~ the mean area per mole- 
cule, that is, the total area divided by the total 
number of oxysterols a n d / o r  phosphofipid mole- 
cules. For a quantitative evaluation of the con- 
den~ng effect of oxysterols the variation of the 
mean molecular area of a given constant surface 
pressure was plotted as a function of the mole 
fraction oxysterol to DOPC. 

G~c~e p~mea~#~ 
The rdease of # u c o ~  from eg~PC f i p o ~ m ~  

conta i~ng 4 m~% p h o ~ h a t i ~ c  add  ~nd up ~ 50 
m~% o x ~ r o l ,  M~r  1 h at 41°C, was m e ~ u ~ d  
as described b e ~ r e  [22]. 

Oxys~r~ transfer from monolayers 
M o n ~ a y ~  experiments were carried out at 

37°C in a 20 ml ~f lon ~ough ~ .9  × 5.4 × 0.5 cm) 

in a thermostat~Mly controlled b o x  The subphase 
contained 20 ml of a standard buffeL 10 mM 
Tris-HC1 (pH 7.4), 0.9% NaC1. Surface ~C-radio-  
activity was monitored with a gas flow detector 
(Nuclear Chicago Modal 8731); the gas was 
helium/1.3% butane. Surface pressure was de- 
tected as described above. Monolayers were 
formed of 95% DOPC and 5% oxys~rol  and spread 
from a ch lo ro fo rm/m~hano l  (1 : 1, v /v )  solution. 
A~er  surface radioa~ivity and pressure had stabi- 
hzed, ~pid verities (1 #mol) or hpoprotons  (25 ~g 
protein) were added to the subphase through a 
hole of 0.5 cm 2 at an extended corner of the 
trough. The subphase was sti~ed with a magnetic 
bar  [23]. For 25-hydrox~26,27-3H]cholesterol 
transfer ~ o m  the monolayer was measured by 
taking 1 ml samples ~ o m  the subphase at various 
time in~rvMs and radioactivity was determined by 
sdntilMtion counting. 

Preparation of lipid vesicles and lipopmteins 
L ~ g e  u~Mm~la r  verities of DOPC conta in~g 

2% DOPA were prepared according to the meffiod 
of Szoka et M. [23]. SmM1 u ~ h m e l l ~  vesicl~ of 
the same compofifion were made by s o , c a t i o n  of 
a 1 mM h # d  suspenfion ~ 10 mM Tris-HC1 (pH 
7.~, 0.9% NaC1 as described p ~ o u ~ y  [24]. 

Very Mw denM~ fipoprot~ns (VLDL), low 
denM~ lipoproteins (LDL) and ~ g h  denM~ l~o-  
pro tons  (HDL) were ~ m e d  from ~ a s m a  of nor- 
mM ~sfing s u ~ e c ~  by ~ a c e n t r i ~ g a t i o n  be- 
tween d < 1.006 (VLDLL d = 1.020-1.060 (LDL), 
d = 1~60-1.170 (HDL2L and d = 1.15-1.25 
(HDL3),  as described in Ref. 25. 

R e s ~  

The ~ f f a d M  orientation and the occupied 
m ~ e c ~ a r  area of the ~ f f ~ e n t  oxys~ro~ are de- 
termined from the pressure-area curves at the a i r /  
water interface (Fig. 1). Compared to the parent 
compoun& c h ~ r ~ ,  the presence of a keto 
m ~ y  ~ the 7 position, as ~ % k e t o ¢ h ~ t e r ~ ,  
leads to a smM1 increase ~ the m ~ e c ~ a r  area at 
~ w  surface pressures (Fi~ 1, curve A). The 
min im~ sur~ce area cf  38.6 ~ 2 / m ~ e c ~ e  is ~ery 
dcse  ~ that of c h ~ r ~ .  

A ~ m a r k a ~ e  d i f ~ n c e  is noted for the 7a- 
and 7 f l - h y d r o x y c h ~ r ~  ~om~s .  Due lo the 
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d r o x y c h N ~ r N  ( ~  at 22°C 

presence of the hydrox~ group at the B rin~ at 
the 7 posifiom the m~ecular  area is increased at 
low surface pressure~ For 7fl-hydroxycholesterol 
the m~ecular  area ~ 53 ~ / m ~ e c ~ e  at 5 m N .  
m -~ and decrea~s gradually to 38 ~ 2 / m ~ e c d e  at 
30 m N - m  -~ (Fig. 1, curve B). For 7a-hydroxy- 
chN es~ r ~  the m ~ e c d a r  area is 57 ~ / m N e c d e  
at 5 mN.  m-1 and there ~ a very s~ep ~cline ~ 
surface pressure ~om 5 to 18 nM.  m - L  A ~an~- 
tion to a condensed state starts at 18 raN.  m -~ 
and is c o m p l i e d  at 24 raN.  m -  ~ (Fi~ 1, curve C). 
The mNecda r  area at surface pressure higher than 
24 m N .  m-~ is comparab~ to that of 7fl-hydroxy- 
c h ~ r o L  7 - K ~ o c h ~ e s ~ r ~ ,  7 a - h y d r o x y c h o ~  
te r~  and 7 f l - h y d r o x y c h ~ r o l ,  show a high in- 
~ f f a d ~  stabi~ty up to surface pressures of more 
than 30 m N - m  -~. 25-HydroxychNes~r~,  ha~ng 
a hydrox~ group at the 3 position and an ad- 
• t ion~ hydrox~ group at the ~de c h ~  does not 
show an increased m~ecular  area. In contrasL the 
molecdar  area ~ even ~ss than that of 7-ketocho- 
~ e r ~  (Fig. 1, Curve D). The Umifing area of 
25-hydroxych~es~r~  is 36.5 ~ 2 / m ~ e c ~ e ,  in~-  
caring a perpendic~ar  orientation at the interface. 
The orientation ~ c o n ~ e n t  with a ~wer  collapse 
pressure of 18 raN.  m -] .  

The interaction of oxys~r~s  with phospholi- 
pids was next examined in mixed monom~ecular  
films of DOPC at three different DOPC-oxys~r~  
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ratios. The variation of the mean molecular area 
was plowed as a function of the mole fraction 
oxys~rol at surface pressures of 10 to 30 m N .  
m-~. In mixed m o n ~ a y e ~  of DOPC and 7-keto- 
choles~rol, a reduction in mean molecular area 
was observed at all mole ~actions of oxys~rol, at 
both 10 and 30 mN • m-~. At 50 mol% 7-ketocho- 
~ e r N ,  the reduction in mean molecular area is 
8.5 ~2, at 30 mN-  m-1 (Fig. 2A). Also, for 7a-hy- 
droxych~es~rol  and 7fl-hydroxycholesterol an in- 
teraction with DOPC can be measured. HoweveL 
the reduction in mean mo~cular area is ~ss than 
that found for the 7-keto derivative. This con- 
den~ng effect is 7 and 6 ~ for 7fl-hydroxycholes- 
~rol  and 7a-hydroxycholes~rol, respecfivd~ at 
30 m N - m - ~  (Figs. 2B, 2C). The ~an~tion found 
for pure 7a-hydroxycholesterol (Fig. 1, curve C) is 
not seen in mixtures with DOPC ha~ng 25 or 50 
mol% 7a-hydroxycholesterol. At a concentration 
of 75 mol% 7a-hydroxycholes~rol a smooth tran- 
~tion is observed b~ween 14 and 22.6 mN• m-~. 
Mixed films of 25-hydroxycholesterol and DOPC 
show no measurable de~ation from ide~ be- 
haoour  (Fi~ 2D). At a mol ~action of 0.25 25-hy- 
droxych~es~rol ,  the collapse pressure of the 
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~& 2. Variation of He mean m~ecular area of ster~ and 
p h o s p h d ~  m d ~ d e s  as a function of the compofition ~ r  
~ x e d  mon~ayers of DOPC ~ d  7 ~ ~ r ~  ~ ) ;  ~ h ~  
droxych~es~rd (~ ;  ~ y ~ o x ~ h ~ e s ~ r ~  ~ ) ;  25-hydroxy- 
ch~es~r~ (D) at sur~ce pre~ures of 30 mN-m -1 ~ )  and 10 
mN.m -1 (O) and 22°C. 
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~g,  3. Effect of oxysterol ~ c o ~ o r ~ n  ~ eg~phosphafi- 
d ~ o l i n e  fiposom~ on ~ e  rdafive amoum of ~ucose re- 
~ased after 1 h at 41°C. ~posomes are p ~ p ~ e d  from egg- 
phosphafidylchofine and 4 m~% &~eo~phosph~i&c add 
~ t h  va~ing amounts ~ ~olesterol (~); %kemch~e~er~ (©); 
7fl-hydroxycholester~ (~); 7 a - h y d r o x y c h ~ r ~  ~ ) ;  2 5 ~  
droxych~es~r~ (~). 

mixed film is idenfic~ to that of DOPC. At mol 
fractions of 0.50 and 0.75 25-hydroxycholesterol, 
the collapse pressure is 29.4 and 26.3 m N - m  -1, 
respecfivdy 

The effect of oxysmro~ on the permeability 
properties of membranes was tested by measuring 
~ucose rdease from egg-PC fiposomes after 1 h at 
41°C. It is well estabfished that the condenfing 
effect of cholesterol is reflected in a reduced mem- 
brane permeability as illus~ated in Fig. 3. The 
incorporation of 7-ketocholesmrol, 7fl-hydroxycho- 
~ e r o l  or 7a-hydroxycholes~rol into egg-PC fipo- 
somes, reduces the ~ucose permeability, in that 
order. These oxysterols are, howeve~ far less eL 
fective than choles~rol Rsd~ 

At a concen~ation of 50 mol%, 7-ketocholes~- 
rol, 7fl-hydroxycholesmrol and 7a-hydroxycholes- 
terol show a reduction of 68, 41 and 25 percent, 
respectivd~ rdafive to that obt~ned in the pres- 
ence of choles~rol (Fig. 3). 25-Hydroxycholeste- 
rol, howeve~ brings about a sharp permeability 
increase at very low concentrations already: con- 
centrations between 2.5 and 5 mol% ~ve a rdease 
of 60 to 65 percent of the ~apped ~ucose (Fig. 3) 
and is approximately the amount of glucose en- 
trapped in the outer she~ of multilamellar verities. 
This m a ~ m ~  rdease is found b~ween 2.5 and 30 
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Fig. & Effect of oxys~rols on the g~ -~ hquid-cry~fine phase 
~anfifion of dip~mitoylphosphatidylcholine. Absossa indi- 
cates mol%: 7-k~ocholes~rol ((3); 7~-hydroxycholesterol (~); 
7a-hydroxycholes~rol (~); 25-hydroxycholes~rol (~). 

mol% 25-hydroxycholesterol. At higher concentra- 
tions the effect is somewhat reduced. 

It is well known that cholesterol decreases the 
heat absorbed at the crystalline - ,  fiquid- 
crystalline phase tranfition [16]. At concentrations 
greater than 33 mol% cholesterol, no apparent 
phase ~an f t i o n  is found. As is shown in Fig. 4, all 
four oxysterol~ namdy  7-ketocholesterol, 7a-hy- 
droxycholesterol, 25-hydroxychole~erol and 7fl- 
hydroxycholesterol have a fignificant effect on the 
heat content of the phase tran~fion of DPPC, in 
that orde~ At 30 mol% 7-ketocholesterol, the re- 
duction in heat content of DPPC is 79%. For 
7fl-hydroxycholesterol this reduction is 59% show- 
ing that aH these oxysterols are less effective than 
the parent compound cholesterol. 

The pretranfifion of DPPC was eliminated in 
the presence of 7.5 mol% 7~-hydroxycholesterol, 
7fl-hydroxycholesterol and 7-ketocholesterol.  
However, the pretran~tion was still present with 
7.5 mol% 25-hydroxycholesterol but no longer de- 
tectable at 15 mol%. 7a-Hydroxycholesterol and 
7-ketocholesterol give rise to symmetric tranfition 
peaks at all molar concentrations For 7fl-hydroxy- 
cholesterol a shoulder in the Uanfition peak is 
apparent on the lower side of the heating curve at 
concentrations higher than 15 mol%. A ~gnificant 
asymme~y for 25-hydroxycholesterol at the high 
temperature fide of the heating curve starts at 22 
mol% and increases at higher concentrations. 25- 
Hydroxycholesterol did not affect the b~ayer-~ 
hexagonal H n phase ~anfition of didaidoyl PE. 



To measure a possib~ redi~fibufion of 
oxy~erols between membranes, and binding to 
the serum fipoprot~ns, radiolabded oxy~erols 
were incorporated in phospholipid monolayers and 
their rate of rdease from the interface was de- 
termined. The decrease in interfadal oxys~rol 
concen~afion was followed both by measuring the 
reduction in surface radioactivity and by the in- 
crease in radioactivity in the subphas~ The latter 
method to determine very low rates of o x ~ 4 C ]  
sterol rdease and of 25-hydrox~3H~holesterol. 
Incorporation of 5 mol% cho~sterol or oxys~rol 
(420 pmol) in a DOPC monolayer at a pressure of 
22 mN.  m 1, gave very stable monolayers which 
show no measurable rdease of these ~erols ~om 
the in~fface, even a~er 2 h. 

In a 5 mol% cholesterol monolayer there is a 
hardly-measurab~ decrease in surface radioactiv- 
ity even in the presence of a large excess of 
phosphatidylcholine veeries or lipoprotdns in 
subphase (Table I); higher concenUafions of cho- 
~ e r o l  in the monolayer or lower surface pres- 
sures did not give higher u a n g e r  rates. 

In the presence of HDL 3, 7-ketocholesterol is 
transferred from the monolayer at a rate of 83 
p m o l / h  (Tab~ I). 7fl-Hydrcxycholesterol and 7a- 
hydroxycholesterol are ~ansferred at ra~s ap- 
proximatdy 3-times higher. For 25-hydroxycholes- 
terol, the rate of 1.68 n m o l / h  is 20-times higher 
than that for 7-ketocholesterol. This means that 
the h/2 is reached within 7 min. (Fig. 5). The 
~ansfer of all four oxysterols to H D L : ,  LDL or 
VLDL is approximatdy h~f  the ra~  measured in 
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Fig 5. Transfer cf ~belled cholesterol and cxy~er~s ~om a 
monom~ecular hyer to HDL 3. The monolayer con~ed of 
dioleoylphosphafid~choline cont~ning 5 mol% (oxy~holes~- 
rol (420 pmol) at an inifi~ pressure of 22 nM.m -~. (A) 
choles~rol; (B) 7-k~ocholes~r~; (C) 7fl-hydroxycholesterol; 
(D) 7a-hydroxycholes~r~; (E) 25-hydroxycholester~. At the 
indicated time HDL 3 (25 ~g proton) was injec~d into the 
subphas~ 

the presence of HDL 3 (Table I). The rate at w~ch  
cho~s~r~ ,  7 - k ~ o c h o ~ ,  7fl-hydroxycholeste- 
r~,  7 a - h y d r o x y c h ~ r o l  and 2 5 - h y d r o x y c h ~ -  
ter~ are rdeased from the in~rphase in the pres- 
ence of HDL 3 are compared ~ Fig. 5. The ad- 
dition of fipid-~ee apofipoprot~n A-I or E had no 
ef~ct  on the rdease of oxys~r~s  from the inter- 
face. The iate of ~ans~r  of o x y s t ~ s  to phos- 
pholipid veeries is ~ven in Tab~ I. Small un- 
i l amd~r  v e ~ d ~  of egg-PC-2% PA are as ~ c t i v e  
as HDL3, except for 7f l -hydroxych~terol ,  w~ch  
was about h~ f  that for HDL 3 (Ta~e I). To de- 
termine if the curv~ure and m ~ e c d a r  p a c i n g  of 
the ~ceptor  particle is rate determi~n~ large 

TABLE I 

EFFECT OF ~POPROT~NS AND PHOSPHO~HD VESICLES ON THE INI~AL RATE OF (OXY)CHOLESTEROL 
TRANSFER FROM MONOMOLECULAR LAYERS 

The m o n ~  ~nfisted ~ d ~ p h ~ d ~  ~ m ~  5 m~% ~ ~e ~ & ~ d  ~ ~20 pm~) at an i~fiM p ~ u ~  ~ 
~ mN-m -1. ~ ~  ~5 ~g W ~  ~ ~ p h ~ d ~ 2 %  d ~ p h o ~ f i ~ c  acid (1 ~mol) ~m~ u ~ a m ~  
~fid~ (SU~ ~ lar~ u ~ a m ~  ~fid~ (LU~ w~e i~e~ed ~ ~e ~bph~e ~ ~&c~ed. rod, n~ d~taM~ 

Sterol ~fiN ~ e  ~ ~ x ~ M ~ M  ~e~e ~mM/~ 

HDL 3 HDL 2 LDL VLDL SUV LUV 

C h M ~ I  2 
% K ~ o c h ~ r d  84 
7fl-Hydrox~hol~ter~ ~0 
7 a - H ~ x ~ t e  r~ ~4 
25-Hydmx~hd~r~ 1680 

n.d. n.d. n.d. 3 n.d. 
36 44 40 72 40 

100 52 88 112 43 
132 104 152 324 120 
600 648 912 1632 - 
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unilamellar veficles were tested. The rate induced 
by LUV ~ much lower than by SUV (Table D. 

D ~ c u ~ n  

The m~or  products of ~ r  oxidation of choles- 
mrol are 7-k~ocholes~rol, 7a-hydroxycholesterol, 
7fl-hydroxycholesterol and 25-hydroxycholes~rol. 
The monolayer experimen~ described in this paper 
shcw t~at 7-ketecholes~rol, 7a-hydroxycholeste- 
rol ~nd 7fl-hydroxycholes~rol ha~e a high interfa- 
dM ~ability. The molecular area of 7-ketocholes- 
mrol is, compared to choles~rol sfighfly increased 
at low-surface pressures but at higher pressures 
the two ~erols are idenfic~. A more polar hy- 
drox~ group at the 7 pofition will cause a tilt and 
increases the molecular area at low~urface pres- 
sures. 7fl-Hydroxycholesterol having ~n equatori~ 
hydroxyl group is gradu~ly forced into a per- 
pendicular orientation at higher surface pressures. 
The a ~  orientation of the 7a-hydroxyl group 
leads to a sVonger interaction with the aqueous 
phase and the t ied  orientation is m~n t~ned  to 
pressures of 18 m N - m  -~ where a sudden Vanfi- 
tion to a perpendicular orientation occurs. 25-Hy- 
droxycho~sterol with a hydroxyl group at both 
ends of the molecul< namdy at pofition 3 and 25, 
has a perpendicular orientation, and is not folded 
as has previously been suggested [9,18]. Only with 
22R-hydroxycholesmrol it has been shown that 
the mo~cu~ is orienmd initially paralld to the 
interface [27]. The inmrfad~ stabifity of 25-hy- 
droxycholes~r~ is reduced as can be concluded 
from the lower collapse pressure. 

Mixed monomolecular layers of oxys~rols and 
DOPC show that 7-k~ocholesterol, 7fl-hydroxy- 
choles~rol and 7a-hydroxycholes~rol interact 
with the phospholipid in that order and induce a 
condenfing effe~. Howeve~ the effect is less than 
that for mixtures of DOPC and cholesterol [28]. 
25-Hydroxycholesterol on the other hand shows 
no interaction with DOPC. The effect of 7-keto- 
cholesterol,  7fl-hydroxycholesterol  and 7a- 
hydroxycholesmrol on the ~ucose permeability are 
in accordance with the condenfing effects mea- 
sured in mixed monomolecular layers. That is, the 
sterols reduce the permeabifity in that orde~ Mbeit 
to a lower extent than cholesterol. The large in- 
crease in permeabifity of glucose at low 25-hy- 

droxycholes~rol concen~ations is in agreement 
with that found for Ca 2+ [29]. As a result of the 
perpendicular orientation of 25-hydroxycholest~ 
rol, the hydroxyl group at C25 is present in the 
hydrophobic core of the brayer. We suggest that 
the perpendicular shutteling of 25-hydroxycholes- 
terol between the inner and ou~r  mono~yer  of 
the membran~ causes a loc~ disordering of the 
membrane hpids ~ading to the observed high 
permeability. 

At concen~afions higher than 25 mol% 25 hy- 
droxycholes~rol, permeability is reduced [29] and 
is probably due to aggregation of the oxys~rol. 
We pre~ou~y reported that some other oxidation 
products of choles~rol auto-oxidation [1~ namdy:  
4-choles~n-3-one and 3,5-choles~d~n-7-one ~so 
increase the glucose permeabifity [3~. Although to 
a lesser extent than 25-hydroxycholesmrol. We 
reason that these keto~erols which are less polar 
than cholesterol and occupy a higher mo~cular 
area, will be ~ss ~rongly bound to the inmrface 
and thus cause a loc~ disordering of the mem- 
brane fipids Lading to increased permeabifity. 

The oxygenated ~erols 7-ketocholes~rol, 7a- 
hydroxycholesterol, 7fl-hydroxycholesterol and 
25-hydroxycholes~rol have a marked effect on the 
g~ ~ fiquid-cryst~hne phase ~an~tion which is 
in agreement with the recent resul~ of Egli et ~. 
[17]. Similarly we find that 7 to 10 mol% 25-hy- 
droxycholes~rol, the enth~phy of the phase 
~an~tion is reduced comparable to the other 
oxysterol~ On the other hand the pre~an~fion of 
the fipid is still preserved. Only at higher con- 
cen~ations of 25-hydroxycholes~rol the pre~an~- 
tion is eliminated. Laser Raman studies [18] 
showed that at 20 mol% 25-hydroxycholes~rol the 
m ~ n  ~an~tion of DPPC is considerably reduced 
and broadened. Our resuhs show that at 30 mol% 
25-hydroxycholesterol the enthalphy of the DPPC 
phase tran~tion is reduced ~milar to 7~-hydroxy- 
choles~rol. However, the effect of 25-hydr~xycho- 
~ e r o l  is different from 7-k~ocholesterol, 7a-hy- 
droxycholes~rol and 7~-hydroxycholesterol since 
it shows no conden~ng effecL contrary to the 
other oxy~erols. Although there is a reduction of 
the enth~py of the gd  ~ fiquid-crystalline phase 
~an~t io~  it cannot ~mply be conOuded that the 
beha~our  of the oxy~erol is comparable to cho- 
~sterol. 25-Hydroxycholesterol does not act as a 



~quefyer in~odudng an inmrmediate gd ~ate [1~ 
but rather as a 'spacer [31], thus separating the 
phospho~pids without inleracfing with the pho~ 
pholipids. A fimilar beha¼our in this respect was 
noted for cholesteryl acetate and choles~royl 
methoxy methyl ether [3~. A perpendicular orien- 
tation of 25-hydroxycholesterol ~ in agreement 
with the observation of Gallay and De KruOff [34] 
that ~erols with a molecular area higher than 
cholesterol affect the bilayer-~hexagon~ HI~ 

phase ~anfition of did~doylphosphatid~ethan- 
olamine, 25-hydroxycholesterol does not affect this 
~anfitiom 

S~eu~ et al. [33] showed that even the more 
polar oxysterols could not be removed from the 
red blood cells despite repeamd washing of the 
cells in buffer. Expef imen~ with mixed 
monomolecular layers cont~ning 5 mol% radio- 
labd~d choles~rol or oxy~erol show that there g 
no measurable decrease of the surface radioactiv- 
ity even after 5 h. Samp~s from the subphase 
confirm this showing an infignificant number of 
coun~ to be presenL The addition of HDL 3 (FiD 
5) or small unilamdlar verities (SUV) to the sub- 
phase brings about a rdease of cholesterol from 
the inmfface, ~bd t  at very low rate. 2-3 pmoles/h 
correspond to 0.5 to 0.7% of the amount present 
in the monolayer (Tab~ ~. Much higher rates of 
~an~er were found for the oxy~erol& sped~ly in 
the presence of ~poproteins. A 2-3-times higher 
transfer rate was found for HDL 3 than for HDL 2, 
LDL or VLDL. 25-Hydroxycholesterol showed an 
ex~emdy high rate of redi~fibufion in the pres- 
ence of HDL 3 and may have physiological conse- 
quences. It is posfible that in fitu a~er e~erifica- 
tion by ~Othin cholesterol ac~ transferase that 
the oxys~rol ester is transferred to LDL. In this 
regard oxydized cholesteryl esters have been dem- 
on~ra~d in plasma [3]. The axi~ hydroxyl group 
at C-7a produces a sterol which ~ more mem- 
brane disturbing and, therefore, redi~fibutes fa~ 
ter than the one having an equatofi~ hydroxyl 
group at C-7fl. (Compare Fig~ 1, 2 and Tab~ I3 
The order of the transfer rates of oxys~rols ~ 
fimilar to the order of thor interaction with 
DOPC. That ~, the moM cholesterol fike oxysterol, 
7-ketocholesterol, shows the lowest ffansfer rat~ 

The particle fiz~ and consequently, the molecu- 
lar packing of lhe acceptor partid~ la~gdy in- 
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fluence the transfer rate. Very fimilar rates were 
obt~ned in the presence of HDL 3 and SUV of 
DOPC-2% PA whereas LUV gave 2-3-times lower 
rates and were comparab~ to that obt~ned with 
the other fipoprot~n ~actions. In the veficle-ves- 
ide exchange sys~m it has been shown [35] that 
the ra~ of choles~rol exchange ~ ~mo~ inversdy 
proportion~ to the radius of the vefid~ For 40 
nm radius verities a ta/~ of 10.2 h was found. 
Although ~ ~ not posfible lo compare directly 
those data with the monolayer sy~em an ex- 
~emdy low ra~ of choles~rol desorption can be 
expec~d. The difference b~ween choles~rol and 
25-hydroxycho~erol  measured in this study ~ 
about 800-f~d (Table ~. This ~ in f~r agreement 
with the difference predicted by McLean and 
Philips [36] based on the ~ansfer by a water~olu- 
b~ in~rmediat~ The infignificant rate of choles- 
terol ~anspo~ in absence of protdn can hardly 
have a p h y ~ o ~ c ~  beafin~ The non-spedfic hpid 
~ans~rproton (n~PL-TP) can mediate the ~an~ 
fer of different phospholipids and ~so of choles~- 
rol [26]. In our sys~m ns-PL-TP increases the rate 
cf choles~rol ~ans~r ~om mon~ayer to SUV lo 
70 p m o l / E  The ~ansfer rate of 7 -k~ocho~ero l  
and 7a-hydroxycholesterol increased in the pres- 
ence of n~PL-TP and SUV 10- and 3-f~& respec- 
tivdy (Demd, R.A., to be pubfished). 
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