
E L S E V I E R  International Journal of Pharmaceutics 125 (1995) 1-5 

intemational 
journal of 
pharmaceutics 

R e s e a r c h  P a p e r s  

Modulation of membrane cholesterol content in cultured 
LLC-PK1 cells 

D a v i d  B .  L e b o ,  P a r d e e p  K .  G u p t a  * 

Department of Pharmaceutics, Philadelphia College of Pharmacy and Science, 600 South Forty-third Street, Philadelphia, PA 
19104-4495, USA 

Received 21 December 1994; revised 16 March 1995; accepted 20 March 1995 

Abstract 

This study was designed to develop a cell culture model to evaluate the effect of cell membrane fluidity on the 
function of drug carrier proteins. Fluidity of the cell membrane has been linked to its cholesterol content. LLC-PK 1 
cells were grown as a monolayer and were treated with a BSA-PVP-cholesterol complex in time-dependent studies. 
The total cholesterol content of the cells was increased 4-fold (from 52 to 200 fmol/mg protein) as a result of this 
treatment. The cholesterol increase appears to level off at 2 h of treatment. Most of the incorporated cholesterol 
(77%) was determined to be free cholesterol, the rest being esterified. Membrane fractions of the treated cells were 
isolated and were determined to carry 88% of the cholesterol content. The studies indicate that it is feasible to 
deliver cholesterol to cultured epithelial cells and that LLC-PK 1 cell monolayers can be used as a model for such 
studies. 
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1. Introduct ion 

Membrane  fluidity has been  implicated as one 
of  the impor tant  factors in membrane  transloca- 
tion of  both  passive diffusion and active t ransport  
of  drugs and model  compounds .  The  fluidity is 
considered to be a major  function regulator  of  
cellular activities (Cooper  et al., 1978; Yuli et al., 
1981). It has been  shown that  carr ier-mediated 
t ranspor t  of  glucose in human  erythrocytes and 
mouse  fibroblasts was markedly different when 
the rigidity of  the membranes  of  these cells was 
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changed (Yuli et al., 1981). The  Vma x of  glucose 
t ransport  in these studies increased with initial 
increase in the cholesterol  content  and decreased 
with fur ther  increase in cholesterol  content .  Other  
studies have shown that  changes  in membrane  
fluidity alter ion flux (Mahfouz  et al., 1989a,b), 
serotonin binding to brain membranes  (Heron  et 
al., 1980), and t ranspor t  of  p -aminoh ippura te  
across the brush-border  m e m b r a n e  vesicles f rom 
normal  and mutan t  rats (Bresler et al., 1989). All 
of  these studies were carried out in cell or vesicle 
suspensions. 

The methods  used to vary membrane  fluidity 
involve the use of  various agents that can be 
incorpora ted  into the membrane .  These  include 
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cholesterol and its esters (Yuli et al., 1981), sub- 
jecting the ceils to magnesium-deficient media 
(Mahfouz et al., 1989a,b), and using certain phos- 
pholipids in the cell or membrane suspensions 
(Heron et al., 1980). Deficiency in magnesium 
has been shown to change the biosynthetic path- 
ways of phospholipids, thereby modifying the lipid 
composition of the membrane (Mahfouz et al., 
1989a,b). The problem with these studies is that 
final lipid composition and changes that occur in 
the membrane are not well described. Modulat- 
ing the cholesterol content in the cell membranes 
appears to be a more consistent way of changing 
the membrane fluidity. 

Due to the limited solubility of cholesterol, it 
is not possible to incorporate enough cholesterol 
or its esters into the media for their transport to 
the membranes. Several approaches have been 
used in an effort to improve cholesterol uptake 
by membranes. These include delivering choles- 
terol as a complex with lecithin in PBS (Cooper 
et al., 1978), the use of cholesterol-phospholipid 
mixture (Cooper et al., 1978; Pal et al., 1981), 
employing cholesterol-PVP complex (Shinitzky et 
al., 1979), and the use of cholesterol succinate- 
PVP complex (Heron et al., 1980). Vesicles of a 
mixture of phospholipids without the cholesterol 
have also been used to extract cholesterol from 
cell membranes (Heron et al., 1980). The prob- 
lem with using lecithin to deliver or remove 
cholesterol is that lecithin itself becomes incorpo- 
rated into the membrane, thus altering the mem- 
brane permeability characteristics. It has also 
been shown to adversely affect cell viability (Yuli 
et al., 1981). The PVP complex appears to work 
well but so far has been examined only in cell or 
membrane suspensions. Although referred to as 
PVP-cholesterol complex, it does contain 1% BSA 
and 2.5% PVP added to the system (Shinitzky et 
al., 1979). In our preliminary studies on incorpo- 
rating cholesterol into cell monolayers, a system 
containing 3.5% PVP and 1% BSA did not de- 
liver significant amounts of cholesterol to the 
cells. 

In order to explore the role of membrane 
fluidity in drug transport, we needed a method 
which alters membrane fluidity in cell monolayer 
systems, but allows the monolayer to stay intact 

for use in membrane transport studies after the 
cholesterol treatment. The present method de- 
scribes the use of BSA-PVP-cholesterol complex 
to alter cholesterol content in LLC-PK 1 monolay- 
ers. The LLC-PKj cell line was used because, 
being a proximal kidney cell line, it contains 
transport proteins for various kinds of drugs, in- 
cluding anionic drugs (e.g., p-aminohippuric acid) 
and cationic drugs (e.g., tetraethylammonium). 
The biochemistry of this cell line is well charac- 
terized and appears to be conserved in cultured 
systems. The goal of this study was to develop a 
cell culture system which can allow the study of 
the effect of membrane fluidity on drug transport 
in cell monolayers. 

2. Materials and methods 

2.1. Cells and media 

LLC-PK 1 cells were obtained from the Ameri- 
can Type Culture Collection, Rockville, MD. 
Dulbecco's modified Eagle medium (DME) with 
Ham's F-12 nutrient mixture mixed 50:50 was 
supplied by Cellgro, Herndon, VA. Fetal bovine 
serum (FBS) was obtained from Sigma, St. Louis, 
MO. Cell culture plates were purchased from 
Corning. 

2.2. Chemicals 

Horseradish peroxidase type VI A, cholesterol 
esterase from porcine pancreas, cholesterol oxi- 
dase, sodium taurocholate, polyethylene glycol 
4000, bovine serum albumin (BSA) from fraction 
V, and polyvinylpyrrolidone (PVP) were obtained 
from Sigma, St. Louis, MO. All other chemicals 
were obtained from Fisher Scientific, Pittsburgh, 
PA. 

2.3. BSA-PVP-cholesterol complex formation 

Essentially fatty acid free bovine serum albu- 
min, polyvinylpyrrolidone (MW r 40 000), and a 50 
mM glucose solution were mixed with a 10 x 
stock solution of Dulbecco's phosphate-buffered 
saline (DPBS) to obtain an isotonic solution con- 
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taining 3% BSA and 2% PVP in the final solu- 
tion. A cholesterol stock solution of 250 mg in 10 
ml chloroform was added to the BSA-PVP solu- 
tion during sonication using a Branson sonifier 
(setting 8, 80% cycle, 30 s). The cholesterol was 
diluted a total of 500 to 1. The resulting disper- 
sion was evaluated visually for the presence of a 
Tyndall effect and then analyzed in a Coulter N4 
submicron particle size analyzer. A usable disper- 
sion had both a Tyndall effect and had two parti- 
cle sizes from the N4 of 450 and 1700 nm. This 
suspension was termed the BSA-PVP-cholesterol 
complex. 

2.4. Experimental protocol 

2. 4.1. Cholesterol uptake studies 
BSA-PVP-cholesterol complex was added to 

the apical side of the confluent cell layer from 
subcultures 205 to 220. The cells were then incu- 
bated at 37°C while being rotated at 60 rpm on 
an orbital stirrer. After incubation for 60, 120, 
and 180 rain, the cells were washed three times 
with DPBS at 4°C. Each plate was then scraped 
with a cell scraper and the cells were washed and 
centrifuged three times with DPBS using a sero- 
logical centrifuge. Each sample was then frozen 
and lyophilized to remove water. Isopropyl alco- 
hol of HPLC grade (0.4 ml in each sample) was 
then added and the samples were sonicated with 
a micro tip on the Branson Sonifier (setting 4, 
60% cycle). The dispersion was then centrifuged 
for 10 min in an Eppendorf  microcentrifuge. The 
supernatant fluid was assayed for free (unesteri- 
fled) and total cholesterol and the precipitate was 
dissolved in 1 N sodium hydroxide and assayed 
for protein using a BCA assay kit (Pierce). 

2.4.2. Cholesterol assay 
The method of Heider  and Boyett (1978) was 

used with some modifications. Briefly, 0.02 ml of 
cholesterol extract was added to 0.4 ml of assay 
solution (either free or total cholesterol assay 
solution as listed at the end of this section). The 
samples were then incubated for 60 min at 37°C 
while shaking at 120 rpm on a rotary shaker. The 
reaction was terminated by adding 0.8 ml of 1 N 
sodium hydroxide solution. The samples were al- 

lowed to cool for 30 min, and the fluorescence 
was measured using a Pertain Elmer Spectrofluo- 
rometer. The excitation vJavelength was 319 nm 
and the emission was 40:5 nm. Cholesterol stan- 
dards were made by placing cholesterol or choles- 
terol hemisuccinate in is opropyl alcohol. Choles- 
terol was used as the sta~adard for the free choles- 
terol assay and choles.terol hemisuccinate was 
used for the total che,lesterol assay. The assay 
provided linear s tandard  curves for the concen- 
tration range of 5 x 10-6-1 × 10 -4 M. (Free 
cholesterol assay solution: phosphate buffer pH 
7.0, 0.05 M; cholesterol  oxidase, 0.08 U /m l ;  
horseradish peroxidase,  30 U/ml ;  p-hydroxy- 
phenylacetic acid, 0.15 mg/ml .  Total cholesterol 
assay solution: the ;,ngredients of free cholesterol 
assay plus choles,terol ester hydroxylase, 0.8 
U / m l ;  sodium taurocholate ,  5 mmol; and 
polyethylene glycol 4000, 0.17 mmol.) 

2.4.3. Membrane isolation 

The method of Schmidt-Ullrich et al. (1976) 
was used to isol:ate the plasma membrane vesicles 
from the cell s,uspension. Briefly, confluent veil 
layers from su~bcultures 205 to 220 were ;,ncu- 
bated for 8 Iri in DME media with 5 la.Ci of 
[3H]cholesterol  added.  BSA-PVP-chol, esterol 
complex with 10 izCi of [3H]cholesterol w'as added 
after 6 h of incubation for treated cells. After a 
total of 8 h o f  incubation, all cells wer'e harvested 
by washing three times with DPBS at 4°C. The 
cells were then  incubated for 30 rnin at 37°C in 
trypsin and E D T A  solution. The ceils were then 
washed three times at 4°C in lysing buffer con- 
taining 0.065 M sodium chloride, 0.01 M Hepes, 
pH 7.4, 0.002 M MgCI2, and 0.075 M KCI. Sam- 
ples were then sonicated for 30 s at setting 4, 
80% power cycle with a microtip on a Branson 
sonifier. The  cells were centrifuged at 4°C for 10 
min in an Eppendorf  microcentrifuge in lysing 
buffer with dextran added to make the density 
1.05 g / c m  3. Radioactivity in the supernatant fluid 
was counted as the membrane fraction and the 
precipitate was counted for nonspecific binding 
using a scintillation counter  (Wallac model  1410). 
The particle size of the suspended membrane 
vesicles/fragments,  as determined by the N4, was 
238 + 15 nm for control and 267 + 17 nm for the 
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treated cells (values are average from six studies 
with standard deviations). 

3. Results and discussion 

Since minor modifications were made in the 
procedure for assay for cholesterol, linearity of 
fluorescence with concentration was verified. 
Curves were also obtained for the various choles- 
terol esters and were found to be linear. The 
precision of the assay is excellent. Since all the 
determinations of cholesterol for the rest of the 
studies rely on this assay, it is important that the 
assay works well. 

Fig. 1 shows the curve for incorporation of 
total amount of cholesterol with time using the 
BSA-PVP-cholesterol complex. The values were 
normalized to total protein content in the cells• 
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Fig. 1. Change i n  the total cholesterol content of  LLC-PK~ 

cells after treatment with BSA-PVP-cholesterol complex. In- 
set: percent cholesterol content in membrane fraction of 

treated and untreated cells 2 h after the treatment. Each data 

point in both the plots is an average of  six determinations. 

Er ror  bars are the standard deviations. 
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Fig. 2. Change in the free cholesterol content of LLC-PK 1 
cells after treatment with BSA-PVP-cholesterol complex. Each 
data point is an average of six determinations. Error bars are 
the standard deviations. 

The total amount of cholesterol in cells increases 
from about 52 f m o l / m g  protein before t reatment  
to 218 f m o l / m g  protein after 2 h of treatment.  In 
cells that were treated with a suspension of 
cholesterol in the growth media or the buffer, 
there was no significant change in total choles- 
terol content of the cells. Since our goal is to 
deliver cholesterol primarily to the membrane,  it 
is important to determine the fraction of this 
amount that is actually in the plasma membrane  
fraction. The bar graph (inset in Fig. 1) shows the 
percent cholesterol in the membrane  fraction at 
the end of 2 h treatment.  In the treated cells, 
88% of the cholesterol was found to be bound to 
the membrane  vesicles that were isolated from 
the cells. This value for the untreated cells is 
77%. Since the total cholesterol content of the 
treated cells is roughly 4-times greater  than in the 
untreated cell, it appears  that the about 90% of 
the delivered cholesterol becomes incorporated 
into the cell membrane.  

Fig. 2 shows the changes in free cholesterol 
levels in the treated cells. The data at the zero 
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time point show the cholesterol content in un- 
treated cells. This value is approx. 11 fmol/mg of 
protein, and corresponds to 17% of the total 
cholesterol content of these cells. Following 
treatment with BSA-PVP-cholesterol complex, 
the free cholesterol concentration in the ceils 
increases to 146 fmol/mg protein. This value 
amounts to 77% of the total cholesterol in these 
cells. This indicates that the treated cells contain 
a much larger fraction of free cholesterol as com- 
pared with the untreated cells. Since the increase 
in total cholesterol in cells after 2 h treatment is 
about 166 fmol/mg protein, of which 153 
fmol/mg protein is free, the total esterified 
cholesterol amounts to 54 fmol/mg protein (13 
fmol/mg protein from delivered cholesterol and 
41 fmol/mg protein from natural cholesterol in 
untreated cells). When this value is compared 
with the esterified amount of cholesterol of un- 
treated ceils (41 fmol/mg protein esterified, 11 
fmol/mg protein free), it becomes clear that most 
of the cholesterol that is delivered to the cell 
membranes exists as free cholesterol. Our results 
are in agreement with the studies of Yuli et al. 
(1981) who studied the incorporation of choles- 
terol hemisuccinate as a cholesterol ester-PVP- 
lecithin complex. Their studies showed that the 
total cholesterol content in treated cells levels off 
at 120 min after incubation. Our studies demon- 
strate the same trend in time-dependent uptake 
studies. 

In summary, BSA-PVP-cholesterol complex 
appears to deliver cholesterol in significant 
amounts to cultured LLC-PK1 cells. Most of this 
cholesterol is in the free form and is associated 
with the plasma membrane fraction of the ceils. 
This system, therefore, can serve as a model for 
studying the effect of membrane fluidity on the 
function of membrane proteins in carrier-media- 
ted drug transport. 
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