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Abstract Previous studies from this laboratory have demon- 
strated that exposure of tissue culture cells to cyclodextrins 
results in rapid cholesterol depletion. In the present study, we 
have developed experimental systems for using solutions of 
cyclodextrins, either 2-hydroxypropyl P-cyclodextrin or meth- 
ylated P-cyclodextrin, complexed with varying amounts of free 
cholesterol to manipulate cell cholesterol content. Choles- 
terol delivered via the cyclodextrin has been found to be meta- 
bolically active, as measured by the acyl-coenzyme A: choles- 
terol acyltransferase (ACL4T)-mediated esterification of 
['Hlcholesterol in Fu5AH rat hepatoma cells and Chinese 
hamster ovary cells. The methylated P-cyclodextrin was found 
to be a more efficient donor in all cell types studied, with an 
average cholesterol uptake of at least 100 pg cholesterol/mg 
protein within 6 h.W By modifying the cyclodextrin: choles- 
terol molar ratio, it is possible to manipulate the cellular cho- 
lesterol content of cells, producing conditions ranging from 
net cholesterol enrichment to depletion. The use of cyclodex- 
trins provides a convenient, precise and reproducible method 
for modulating the cholesterol content of tissue culture 
cells.-Christian, A. E., M. P. Haynes, M. C. Phillips, and 
G. H. Rothblat Use of cyclodextrins for manipulating cellular 
cholesterol content. J. Lipid Re.,. 1997. 38: 2264-22'72. 
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P-Cyclodextrins (P-CD) are cyclic oligosaccharides 
consisting of 7-P (1-4)-glucopyranose units. The exter- 
nal faces of the cyclodextrin molecule are hydrophilic, 
whereas the internal cavity is lined with C(3)H and 
C (5) H hydrogens and ether-like oxygens that provide 
an hydrophobic environment. This internal cavity has 
the ability to encapsulate normally hydrophobic, thus 
insoluble, compounds and allow them to become solu- 
ble in aqueous solutions (1, 2) .  Cyclodextrins (CD) 
have been used extensively as drug delivery vehicles (1, 
3) and chemically modified P-CDS, such as 2-hydroxy- 
propyl P-cyclodextrins (20HpPCD) and methylated P- 
cyclodextrins (MPCD) , have been made that can affect 
characteristics such as solubility, complex formation, 
and toxicity (4-6). In vitro, P-CDs have a high affinity 
for sterols as compared to other lipids (6,7), which may 

make these compounds quite effective in modifying 
cholesterol metabolism in vivo (6, 8). 

Recently, a series of studies have demonstrated that 
cyclodextrins are very efficient in stimulating the re- 
moval of cholesterol from a variety of cells in culture 
(9-1 1). The exposure of cells to high concentrations of 
P-CDS, especially modified 0-CDs (10-100 mM) results 
in rates of cell cholesterol efflux far in excess of those 
achieved with physiological cholesterol acceptors such 
as HDL. This rapid efflux has been used to demonstrate 
the presence of different kinetic pools of cholesterol 
within cells. At lower concentrations (e1  mM), P-cycle 
dextrins have been shown to function as cholesterol 
shuttles that can catalyze the exchange of cholesterol 
between cells and serum lipoproteins (12).  In addition, 
cyclodextrins have been used recently to monitor move- 
ment of cholesterol from monolayers (13) and the in- 
tracellular movement of cholesterol in tissue culture 
cells (14). 

The mechanism that allows cyclodextrins to remove 
cholesterol from cell membranes so efficiently is related 
to their ability to reduce the activation energy for cho- 
lesterol efflux from the approximately 20 kcal/mol re- 
quired for movement of cell cholesterol to phospho- 
lipid acceptors to a value of 7-9 kcal/mol (10). This 
difference has been attributed to the need for choles- 
terol molecules in the plasma membrane to desorb 
completely into the aqueous phase before being ab- 
sorbed by HDL particles or phospholipid liposomes, 
whereas the membrane cholesterol molecules can in- 
corporate directly into the hydrophobic cavity of the 

Abbreviations: ACAT, acyl-coenzyme A: cholesterol acyltransferase; 
P-CD, beta-cyclodextrin; BSA, bovine serum albumin; CHO, Chinese 
hamster ovary cells; dHpO, deionized water; DMEM, Dulbecco's mini- 
mum essential medium; EMEM, Eagle's minimum essential medium; 
FBS, fetal bovine serum; GLC, gas-liquid chromatography; HDL, 
high density lipoprotein; POHpPCD, 2-hydroxypropyl P-cyclodextrin; 
MPCD, methylated P-cyclodextrin; MPM, mouse peritoneal macro- 
phages; PBS, phosphate-buffered saline. 
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cyclodextrin molecule without the necessity of traveling 
through any intermediate aqueous phase (10, 15). It is 
this ability to directly transfer cholesterol between cell 
membranes and cyclodextrins that enables them to be 
efficient donors as well as acceptors of cholesterol. Sev- 
eral researchers have used cyclodextrins complexed 
with cholesterol and other sterols as a method to enrich 
cellular cholesterol content (16-21). However, the 
methodology for using cyclodextrin :cholesterol com- 
plexes as cholesterol delivery vehicles in cell culture 
systems has not been investigated in detail, and no 
standardized procedures have been suggested. As cyclo- 
dextrins have the potential for being valuable tools for 
experimentally manipulating cell sterol content or com- 
position, we initiated the present study to establish well- 
controlled conditions for preparing cyclodextrin : cho- 
lesterol complexes and modifylng cell cholesterol con- 
tent. In addition, we have performed experiments to 
demonstrate that cholesterol delivered to cells by cyclo- 
dextrins becomes metabolically available in several cell 
types, as demonstrated by the esterification of the cho- 
lesterol by acyl-coenzyme A: cholesterol acyltransferase 
(ACAT) . 

MATERIALS AND METHODS 

Materials 
2OHpPCD was obtained from Cyclodextrin Technol- 

ogies Development, Inc. (CTD) (Gainesville, FL) or as 
a generous gift from Cerestar USA, Inc. (Hammond, 
IN). MPCD was also kindly provided by Cerestar USA, 
Inc. [1,2-3H]cholesterol (51 Ci/mmol in EtOH) was 
purchased from DuPont NEN (Boston, MA) and 
[ '4C]20HpPCD (6.95 mCi/g in dH20)  was a generous 
gift from CTD. Eagles minimal essential medium 
(EMEM), Dulbecco's minimal essential medium 
(DMEM) and Hams F12 media were obtained from 
BIO-Whittaker. Calf serum, heat-inactivated fetal bo- 
vine serum (FBS), gentamicin, and cholesterol were 
purchased from Sigma (St. Louis, MO). Pfizer ACAT 
inhibitor, CP-113,818 was a gift from Pfizer Pharmaceu- 
ticals (Groton, CT) . 

Preparation of cyclodextrin : cholesterol complexes 
The following procedure was used to prepare 10 mL 

of a 2.5 mM MPCD :cholesterol solution with a CD: cho- 
lesterol molar ratio of 1O:l (sp act = 12.5 pCi/mg 
[3H]cholesterol). The protocol may be adapted for a 
wide concentration range of MPCD or 20HpPCD or 
molar ratio of cyclodextrin :cholesterol (Table 1). A vol- 
ume of 16 pL of cholesterol from a stock solution at 50 
mg/mL, in ch1oroform:methanol 1: 1 (v:v), was added 

to a glass tube. The appropriate amount of radiolabeled 
cholesterol was then added to produce the desired spe- 
cific activity. The solvent was evaporated under a gentle 
stream of nitrogen. A mass of 33.45 mg of MPCD (aver- 
age mol wt 1338, lot no. E 8039, Cerestar USA, Inc.), 
which had been dissolved in 10 mL of aqueous solution, 
was then added. The tube was vortexed to bring the 
dried cholesterol off the wall of the tube and then soni- 
cated in bath sonicator for 1-3 min. This 100% satu- 
rated cyclodextrin : cholesterol solution was incubated 
in a rotating water bath at 37°C overnight. Immediately 
before using the solution, it was filtered through a 0.45 
pm syringe filter (Millipore, Bedford, MA) to remove 
excess cholesterol crystals. There was no loss of either 
20HpPCD or MPCD upon filtration as determined by 
the recovery of ['4C]20HPpCD or by a colorimetric 
charring assay for the MPCD. The cyclodextrin : choles- 
terol solutions used in the cell experiments were pre- 
pared by the direct addition of cholesterol to the cyclo- 
dextrin in the appropriate molar ratio as described 
above. 

Determination of cyclodextrin : cholesterol molar 
ratios 

A 100 mM solution of 20HpPCD was saturated with 
cholesterol labeled with [3H]cholesterol (sp act = 2.8 
X 108-1.3 X 1O'O cpm/mmol) by incubating crystalline 
cholesterol with the cyclodextrin in a glass tube, as de- 
scribed above, followed by filtration to remove the ex- 
cess cholesterol. This procedure yielded a cyclodextrin : 
cholesterol molar ratio of approximately 20: 1. The 100 
mM stock solution, maintained at room temperature, 
was then serially diluted by the addition of deionized 
H 2 0 .  Aliquots of the individual dilutions were filtered 
to remove precipitated cholesterol and taken for liquid 
scintillation counting in a Beckman LS1801 liquid scin- 
tillation counter (Irvine, CA). The concentration of the 
cholesterol in the filtrate was quantitated based on the 
specific activity of the original cholesterol added to 
the 100 mM stock solution. 

In contrast to the response observed with 20HpPCD 
in which dilution of a cyclodextrin complex saturated 
with cholesterol resulted in the release of excess choles- 
terol from the complex, the dilution of a solution of 
MPCD saturated with cholesterol and labeled with 
[3H]chole~ter~1 (sp act = 8.9 X 107-8.9 X 10' cpm/ 
mmol) appeared to enhance the capacity of the MPCD 
to complex cholesterol. Thus, to determine the satura- 
tion limits of various concentrations of MPCD, individ- 
ual solutions at the indicated concentrations of MPCD 
were incubated with excess cholesterol labeled with 
[SH]cholesterol (sp act = 8.9 X 107-8.9 X 10' cpm/ 
mmol) for 24 h, followed by the removal of unsolubi- 
lized cholesterol by filtration, as described above. It is 
important to note that variation between lot numbers of 
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cyclodextrins was seen when determining cyclodextrin: 
cholesterol molar ratios. However, the difference in 
these molar ratios did not affect the loading capabilities 
of the cyclodextrin :cholesterol complexes. 

Preparation Of 9'c10dextrin:cho1estero1 complexes at 
varying molar ratios 

method of Lowry et al. (27). The quantitation of the 
incorporation of total [3H]cholesterol mass from the cy- 
clodextrin : cholesterol complexes was calculated based 
on the specific activity of the cholesterol at the time the 
cyclodextrin : cholesterol complexes were added to the 
cells. These values were compared to the actual mass 
of cell cholesterol as determined by GLC analysis. The 

For the purpose of these experiments, a cyclodextrin 
solution was considered to be 100% saturated when it 
solubilized the maximum amount of cholesterol, as de- 
scribed above. Preparations of cyclodextrins containing 
lower levels of cholesterol were used in a number of 
experiments. The concentration of cholesterol in these 
preparations was designated in terms of the saturation 
ratio of the complex. Thus, a '50% saturated' solution 
contained one-half of the amount of cholesterol 
needed to achieve saturation. Actual cyclodextrin : cho- 
lesterol molar ratios are shown in the tables and figures. 

Cell culture 
Media were buffered with sodium bicarbonate and 

cells were cultured in a humidified incubator at 37°C 
with 5% COz. All media were supplemented with 50 pg 
of gentamicin/mL. Fu5AH rat hepatoma cells were cul- 
tured in EMEM supplemented with 5% calf serum. Chi- 
nese hamster ovary (CHO) cells were cultured in Hams 
F12 media supplemented with 7.5% FBS. Elicited 
mouse peritoneal macrophages and GM3648A normal 
human skin fibroblasts were cultured in EMEM with 
10% FBS. 

Modification of cellular cholesterol using 
cyclodextrin : cholesterol complexes 

Cells were plated in 36-mm wells 2-4 days prior to 
the experiments (2.2 X lo6 cells per well). When the 
cell monolayers were approximately 90% confluent, the 
monolayers were washed 3X with prewarmed EMEM 
(37°C) after which the cyclodextrin :cholesterol solu- 
tion was added (1 mL/well). The composition of the 
incubation media (cyclodextrin type, molar ratio, and 
cholesterol concentration) is indicated in the tables and 
figures. At the end of the incubation period, the me- 
dium was removed and the cell monolayer was washed 
3X with cold PBS (4°C). Lipid was extracted from 
washed cell monolayer using isopropanol as previously 
described (22), and the amount of [ 3H] cholesterol in- 
corporated into cells was determined by liquid scintilla- 
tion counting. The distribution of the labeled choles- 
terol between free and esterified cholesterol was 
determined after thin-layer chromatography (23). To- 
tal and free cholesterol mass analysis was done by gas- 
liquid chromatography (GLC) as previously described 
(24, 25). Cell protein was determined on the lipid-ex- 
tracted monolayer using a modification (26) of the 

distribution of cholesterol between cellular pools of 
free and esterified cholesterol was established on both 
the basis of direct mass measurements (GLC) and the 
distribution of radiolabeled cholesterol obtained 
through thin-layer chromatography. 

Colorimetric charring assay for the quantitation of 
MPCD 

Quantitation of MPCD in solution was determined by 
a colorimetric assay. A 10 mM solution of MPCD was 
prepared in deionized H20.  A serial dilution was per- 
formed as previously described. A 1 mL aliquot of each 
sample was filtered through a washed 0.45-pm syringe 
filter. One-half milliliter H2S04 (100%) was added to 
each sample and then heated at 100°C for 1 h. The ab- 
sorbance at 320 nm of the resulting product, which was 
linearly correlated to MPCD concentration, was deter- 
mined in a Beckman DU-40 spectrophotometer. 

RESULTS 

Characteristics of cyclodextrin :cholesterol complexes 
The solubilization of cholesterol with varying concen- 

trations of 2OHpPCD and MPCD is shown in Fig. 1. The 
cyclodextrin : cholesterol solutions were prepared in de- 
ionized HzO as described in Materials and Methods. 
Upon dilution from 100 mM to 10 mM, the ['Hlcho- 
lesterol precipitated out of the [ I4C] 2OHpPCD : 
[ 7H]cholesterol solution which caused an increase in 
the 2OHpPCD : cholesterol molar ratio from about 20 : 
1 to 70:l (Fig. 1A). In contrast, serial dilution of the 
MPCD: [3H]cholesterol solution from 10 mM to 2.5 mM 
did not affect the MPCD : [ 3H]cholesterol molar ratio. 
However, an increase in the molar ratio was observed 
when the concentration of the MPCD was below 2.5 mM. 
The reason for the differences in the complexation be- 
havior of the two cyclodextrins are currently under in- 
vestigation. 

In the course of these studies we investigated the sta- 
bilities of the cyclodextrin :cholesterol complexes upon 
storage. [ I4C] 2OHpPCD : ['HI cholesterol and MPCD : 
[ 3H] cholesterol solutions were prepared as described 
in Materials and Methods. The recovery of both the 
cyclodextrin and cholesterol was monitored over a 6- 
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Fig. 1. Determination of cyc1odextrin:cholesterol molar ratios. [3H]cholesterol was complexed with either 2OHpPCD (100 mM) or MPCD 
(10 mM) in deionized H 2 0  as described in Materials and Methods. The solution was then serially diluted, incubated at 25°C for 24 h, and 
then filtered with a 0.45-pm filter. Molar ratios were calculated as described in Materials and Methods. Values are means ? SD (n = 3). Error 
bars are within the markers if not apparent. 

day period when the complex was stored in both plastic 
and glass containers at room temperature. There was 
100% recovery of [ ''C]20HpPCD throughout the 6-day 
incubation in both the glass and plastic test tubes. How- 
ever, there was a significant and continued loss of 
[3H]cholesterol, resulting in a 50% decrease in solubi- 
lized cholesterol after 6 days of storage in plastic con- 
tainers. No loss of cholesterol was observed in solutions 
maintained in glass containers. We obtained the same 
results with MPCD : [ 3H] cholesterol preparations. 

Effect of cyclodextrin: cholesterol complexes on cell 
cholesterol content 

Table 1 demonstrates the ability of various concentra- 
tions of 2OHpPCD and MPCD with different CD:cho- 
lesterol molar ratios to enrich Fu5AH rat hepatoma 
cells with cholesterol. As can be seen, each of the CD: 
cholesterol solutions studied was able to effectively in- 
crease the cholesterol content of Fu5AH rat hepatoma 
cells after 6 h at 37"C, as compared to the control cells. 
Although the concentrations of 2OHpPCD and MPCD 
in the preparations differed, the concentrations of cho- 
lesterol complexed with the cyclodextrins were similar. 

In order to examine the differences in loading capa- 
bilities between modified P-cyclodextrins, 20HpPCD : 
cholesterol complexes (25 mM, 40 : 1 ) and MPCD : cho- 
lesterol complexes (5 mM, 8:l) were incubated with 
Fu5AH and CHO cells (Fig. 2). Over the 7-h incuba- 
tion, there was a difference in the loading capabilities 
between the modified P-cyclodextrins. Although the 
20HpPCD : cholesterol complexes increased cell cho- 
lesterol content, the MPCD : cholesterol complex deliv- 
ered a greater amount of cholesterol in both cell types. 
In Fu5AH and CHO cells exposed to MPCD :cholesterol 
complexes, a 2.5- to 2.75-fold enrichment of choles- 

terol, respectively, was seen. We observed no significant 
cell toxicity as measured by the release of cellular ade- 
nine (9) after an 8-h incubation as compared to control 
cells when Fu5AH rat hepatoma cells were enriched 
with cholesterol using the methods described in this 
study (% adenine release, control = 11.0 2 1.0, treated 
= 12.7 2 0.6, ns). 

Figure 3 demonstrates that cyclodextrin-delivered 
cholesterol becomes metabolically available to the cells, 
as measured by the esterification of labeled cholesterol 
by ACAT. As can be seen in Fig. 3, both Fu5AH and 
CHO cells become enriched with labeled cholesterol 
over time. The free cholesterol pool remains constant 
as excess cholesterol is stored as esterified cholesterol. 
No esterification is seen in either cell type when the 
cells are incubated with cyclodextrin : cholesterol com- 
plexes and Pfizer ACAT inhibitor, CP-113,818 concom- 
itantly (data not shown), indicating that cyclodextrin- 
delivered cholesterol is esterified by ACAT. 

In parallel experiments we determined what propor- 
tion of the cyclodextrin, if any, remained associated 
with the cell after washing. Fu5AH and CHO cells were 
incubated with [ "Cl 2OHpPCD: [ 9H] cholesterol com- 
plexes (25 mM, 40: 1) (sp act = 5.8 X 10' cpm/pg and 
1.4 X lo4 cpm/pg, respectively). After washing the 
monolayer 3X with PBS, we established that 0.4% 2 
0.06 of the ['4C]20HpPCD was associated with the 
Fu5AH cells and 0.2% 2 0.04 with CHO cells. There- 
fore, about 5% of the labeled cholesterol delivered to 
the cell monolayer during an 8-h incubation may still 
be associated with the cyclodextrin. 

Figure 4 illustrates that variations in the level of cho- 
lesterol in either of the CD:cholesterol solutions, as de- 
scribed in Materials and Methods, led to modification 
of the cell cholesterol content, with values ranging from 
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TABLE 1. Ability of 2OHpPCD:cholesterol complexes and MPCD:cholesterol complexes to enrich Fu5AH 
rat hepatoma cells with cholesterol 

Medium (:ellular 

W Cholesterol 
Esterified" 

Cholesterol Cholesterol ["HI (:holesterol 
(:D CD: Cholesterol Conrentration Mass Incorporation 

mM mol: mol P d m l  pg cholrsterol/mg cell potpin 

Control 29.3 t 1.4 
2OHpPCD 

10 70:l 55 60.2 t 3.6 38.2 t 2.9 28 t 1.0 
25 40:l 242 61.4 -+ 2.6 48.1 2 3.0 35 t 1.5 

1.5 20:1 29 51.4 t 0.1 33.1 t 7.2 35 t 1.2 
2.5 10: 1 97 79.4 t 8.5 52.6 t 2.7 41 t 0.1 
5.0 8:1 242 79.6 t 8.4 80.0 2 6.9 43 -+ 2.4 

MPCD 

Fu5AH rat hepatoma cells were incubated with either 20HpPCD :cholesterol solution of MPCD :choles- 
terol solution at the indicated concentrations and CD : cholesterol molar ratios. The complexes were prepared 
in EMEM (pH 7.2) and incubated on a monolayer of Fu5AH hepatoma cells as described in Materials and 
Methods for 6 h at 37OC. Total cholesterol mass was determined by gas-liquid chromatography. [SH]cholesterol 
incorporation was determined from the cellular extracts and converted to mass based on the specific activity 
of the CD: [SH]cholesterol solutions at the time the complexes were added to the cells. The percent ofincorpo- 
rated ['H]cholesterol esterified was determined through thin-layer chromatography. Control indicates the cho- 
lesterol content of cells that were incubated for 6 h in EMEM alone. Data are mean t SD of triplicate wells. 

* %  ['Hlesterified cholesterol/ ['Hltotal cholesterol. 

FuBAH Rat Heuatoma Cells Fu5AH Rat Hepetoma CeHs 

0 1 2 3 4 5 6 7  

Time (hours) 

Chinese Hamster Ovary Cells 
2OHpSCD 

1 . m . m . u . 1 - u . m ' u ~  
0 1 2 3 4 5 6 7  

0 1 2 3 4 5 6 7  

Time (hours) 

Chinese Hamster Ovary Cells 
MBCD 

Time (hours) Time (hours) 

Fig. 2. Cholesterol enrichment with 2OHpPCD:cholesterol complexes (25 mM, 40: 1) or MPCD:cholesterol complexes (5  mM, 8: 1) in Fu5AH 
and CHO cells. Fu5AH rat hepatoma cells (panels A, B) and CHO cells (panels C, D) were incubated with either 25 mM 20HpBCD: ['Hlcholes- 
terol (40: 1 mo1:mol) or 5 mM MPCD:cholesterol (8: 1 mol:mol) in EMEM (pH 7.2) for a total of 7 h at 37°C. At each timepoint, the cellular 
monolayer was extracted with isopropanol as described in Materials and Methods. Total cholesterol mass was determined by gas-liquid chroma- 
tography and expressed as pg cholesterol/mg cell protein. Values are means 2 SD (n = 3). Error bars are within the markers if not apparent. 
Note the difference in the y-axis for cells treated with MPCD and cells treated with 2OHpPCD. 
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CHO cells FU5M rat hepatoma cells 
= 80- A 

a n 

80- B - - e - 
2 .  

0 2 4 6 8 0 2 4 6 8 
Time (hours) Time (hours) 

Fig. 3. [SH]cholesterol incorporation and esterification in Fu5AH and CHO cells exposed to MPCD: [SH]cholesterol complexes (5 mM, 8: 
1 ) .  Fu5AH rat hepatoma cells (panel A) and CHO cells (panel B) were incubated with MPCD: [JH]cholesterol complexes (5 mM, 8:  1 mol: 
mol) in EMEM (pH 7.2) for a total of 8 h or 9 h, respectively, at 37°C. At each timepoint, the cellular monolayer was extracted with isopropanol as 
described in Materials and Methods. The quantitation of the incorporation of total (m) [SH]cholesterol mass from the cyc1odextrin:cholesterol 
complexes was calculated based on the specific activity of the cholesterol in the complex. The distribution of [SH]cholesterol between pools 
of free (0) and esterified (0) cholesterol was determined by the recovery of radiolabeled cholesterol obtained through thin-layer chromatogra- 
phy. The data are expressed as kg [SH]cholesterol/mg cell protein. Values are means 2 SD (n = 3). Error bars are within the markers if not 
apparent. 

net cholesterol enrichment to net depletion. For the 
purpose of this experiment, 2.5 mM MPCD :cholesterol 
1 O : l  (mo1:mol) was used because its cholesterol con- 
centration was more similar to the 25 mM 20HpPCD: 
cholesterol (40 : 1 mol : mol) than the 5 mM MPCD : cho- 
lesterol (8: 1 mol: mol) solution. As can be seen, both 
CD :cholesterol preparations exhibited cell cholesterol 
loading when the CD: cholesterol solutions were satu- 
rated with cholesterol. As the CD: cholesterol ratio in- 
creased, net efflux of cholesterol occurred, with the 
greatest amount of efflux occurring with cyclodextrins 
that contained no cholesterol (0% saturation). Choles- 
terol exchange (no net change in cellular cholesterol 
content) occurred at 50-65% saturation with the 
2OHpPCD :cholesterol solutions, whereas cholesterol 
exchange was achieved at 75% saturation with the 2.5 
mM MPCD: cholesterol solution. 

DISCUSSION 

Our studies indicate that, although both cyclodex- 
trins were effective, MPCD is preferable for cellular cho- 
lesterol studies because: I) it is less susceptible to cho- 
lesterol precipitation upon dilution, 2) it appears to be 
more effective in loading cholesterol into cells over a 
short period of time (8-24 h) and stimulating esterifi- 
cation, and 3) it is effective for enriching and depleting 
cells with cholesterol (10) at much lower concentra- 
tions than 2OHpPCD. It should be noted that, although 

MPCD :cholesterol complexes have been shown to ef- 
fectively and rapidly enrich cells with cholesterol, pro- 
longed exposure of the cells to these complexes may 
lead to cell toxicity. The rapid accumulation of large 
amounts of free cholesterol over prolonged periods of 
time (>24 h) or when ACAT is blocked may circumvent 
the protective effect of ACAT and cause free choles- 
terol-associated cell toxicity (23). Table 2 summarizes 
the cholesterol enrichment and esterification potential 
of MPCD:cholesterol complexes in a variety of cell 
types. 

A number of procedures for introducing radiola- 
beled cholesterol into cells and/or enriching the cells 
with cholesterol mass have been described in the litera- 
ture. Perhaps the most physiological approach is to sup- 
plement the medium with LDL or modified forms of 
LDL. If radiolabeling of the cells is desired, isotopic 
amounts of labeled cholesterol can be introduced into 
the lipoprotein. The cholesterol enrichment is most ef- 
fective in macrophages and other cells expressing scav- 
enger receptors, as the down-regulation of LDL recep- 
tors limits the extent of cholesterol enrichment 
otherwise. This labeling/enrichment technique usually 
requires many hours to days, and the exogenous choles- 
terol is introduced into the cells by both exchange (28, 
29) and internalization (30) mechanisms, resulting in 
the distribution of the cholesterol among all intracellu- 
lar pools. A second technique that has been used intro- 
duces cholesterol into extracellular medium containing 
either serum or albumin, using a solvent injection tech- 
nique. However, there is evidence that, even with rela- 
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%cholesterolsaturation 100 90 75 65 50 35 25 10 0 
molar ratio(xCD1 chol.) 40 44 53 62 80 114 160 400 

c 75 .- 
Q, 

P 
H 

CI) 
3. 

0 
% cholesterol saturation 

8 . 1 . 8 ' 8 . 1 . 1 ~ 1 ' 1 ~ 8 - 1 - @  

100 90 75 65 50 35 25 10 0 

I 

molar ratio (sal chol.) 6 7 8 9 12 17 24 60 

Fig. 4. Manipulation of cholesterol content using P-cyclodextrins with varying molar ratios. Fu5AH rat hepd- 
toma cells were incubated with either 25 m M  20HpPCD:cholesterol solution (panel A) or 2.5 mM MPCD: 
cholesterol solution (panel B) in EMEM (pH 7.2) with varying amountS of cholesterol for 6 h at 37°C. Total 
(B) cholesterol mass was determined by gas-liquid chromatography. MEM represents the total cholesterol 
mass (pg/mg protein) in Fu5AH hepatoma cells when incubated with EMEM for 6 h at 37°C. Data are mean 
t SD of triplicate wells. Error bars are within the markers if not apparent. 

tively low amounts of cholesterol, some of the added 
cholesterol is present in the form of microcrystals (31- 
33). Thus, the enrichment and/or radiolabeling that is 
achieved with this approach may sometimes produce an 
artifact with microcrystalline cholesterol attached to the 
cell surface. 

The cyclodextrin : cholesterol system is able to deliver 
molecular cholesterol much more rapidly and, presum- 
ably, to a single intracellular location (the plasma mem- 
brane). Preliminary experiments using small-angle X- 
ray diffraction have indicated that cells incubated with 
cyclodextrin :cholesterol complexes do not exhibit mi- 
crocrystalline cholesterol associated with the plasma 
membrane after washing of the monolayer. In addition, 
the X-ray diffraction pattern of these enriched cells 
demonstrates changes in membrane structure consis- 
tent with delivery of cholesterol directly to the plasma 

membrane (R.P. Mason and M.P. Haynes, unpublished 
observation). A third approach for both labeling and 
enriching cells in culture with cholesterol is through 
the use of cholesterol-enriched cholesterol/phospho- 
lipid dispersions (34). These dispersions have a 
cholesterol/phospholipid molar ratio greater than 1, 
and when incubated with cells together with serum or 
lipoproteins result in a considerable enrichment in cell 
cholesterol mass (35). The primary mechanism by 
which the cholesterol-rich dispersions load cells differs, 
depending on cell type. It involves both the exchange 
of molecular cholesterol from the cholesterol/ phos- 
pholipid complex (36) and the internalization of cho- 
lesterol-enriched lipoproteins by receptor-mediated 
mechanisms (22). This cholesterol loading technique 
requires long incubation times (hours to days), and can- 
not be used to label/enrich a specific subcellular com- 
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TABLE 2. Ability of MPCD: cholesterol complexes to enrich cells 
with cholesterol 

Cholesterol % Cholesterol 
Cell Type Mass" Esterifiedb 

CHO K1 
t o  
7 h  

Fu5AH 
t o  
7 h  

MPM 
t o  
8 h  

t o  
8 h  

GM3468A 

40.67 2 4.15 
110.34 5 2.62 

19.04 5 2.42 
70.28 2 3.97 

31.54 5 6.92 
61.71 2 4.54 

39.77 ? 5.45 
124.04 ? 24.78 

18 
41 

18 
52 

3 
38 

0 
16 

Cells were incubated with MPCD:cholesterol complexes (5 mM, 
8: 1) prepared in EMEM (pH 7.2) for 7 h or 8 h at 37°C. Total choles 
terol mass was determined by gas-liquid chromatography. Esterified 
cholesterol mass was determined as the difference between total and 
free cholesterol mass. Data are mean 2SD of triplicate wells. 

#pg cholesterol/mg protein. 
b %  pg esterified cholesterol/pg total cholesterol. 

partment. The availability of cyclodextrins now provides 
an additional approach fo r  cell cholesterol labeling and 
modification of cell cholesterol content that has a num- 
ber of  advantages over the procedures discussed above. 
The preparation of the cyclodextrin :cholesterol com- 
plexes is easy and fast, and the method can also be used 
for  the introduction of sterols other than cholesterol 
into the cells. Loading is extremely rapid, occurring in  
minutes to hours, and the extent of cholesterol enrich- 
ment is equal to, or greater than, that achieved with 
other techniques. In addition, although not specifically 
demonstrated in our present studies, the cyclodextrins 
probably deliver the cholesterol directly into the plasma 
membrane (10). Whether the cholesterol is introduced 
selectively into specific plasma membrane  lipid do- 
mains (10, 37, 38) remains to be established. However, 
the newly incorporated sterol is effectively metabolized 
as illustrated by its rapid esterification by ACAT. Finally, 
as illustrated in the present study (Fig. 4), cyclodextrins 
provide a tool for  precisely modifying cell cholesterol 
levels t o  achieve either depletion or enrichment relacve 
to the levels occurring in cells incubated in E M E M . I  

This work was funded by Program Project Grant HL22633 and 
Training Grant HL07443 (to A.C. and M.P.H.) from the Na- 
tional Institutes of Health. We thank Genevieve Stoudt and 
Faye Baldwin for their excellent technical assistance. We also 
wish to thank Dr. Len Kritharides for many helpful discus- 
sions. Furthermore, we would like to acknowledge Cerestar, 
Inc. (Hammond, IN) for providing most of the modified p- 
cyclodextrins used in this study as well as Cyclodextrin Tech- 
nologies Development, LTD (Gainsville, FL) for providing 
[ ''C]20HppCD. 
Manusmp received 10 March 1997 and in revised fm 10 July 1997. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

Christian et al. 

REFERENCES 

Pitha, J., T. Irie, P. B. Sklar, and J. S. Nye. 1988. Drug 
solubilizers to aid pharmacologists: amorphous cyclodex- 
trin derivatives. Lqe Sci. 4 3  493-502. 
Duchene, D. 1990. Minutes of the 5th International Sym- 
posium on Cyclodextrins, Paris, France: Editions de 
Sante. 
Stem, W. C. 1989. Cyclodextrin-based drug delivery. Drug 
News and Perspectives. 2: 410. 
DeCaprio, J., J. Yun, and N. B. Javitt. 1992. Bile acid and 
sterol solubilization in 2-hydroxypropyl-cyclodextrin. J.  
Lipid Res. 33: 441-443. 
Frijlink, H. W., A. C. Eissens, N. R. Hefting, K. Poelstra, 
C. F. Lerk, and K. F. Meijer. 1991. The effect of parenter- 
ally administered cyclodextrins on cholesterol levels in 
the rat. Phurm. Res. 8 9-16. 
Irie, T., K Fukunaga, and J. Pitha. 1992. Hydroxypropyl- 
cyclodextrins in parenteral use. I: Lipid dissolution and 
effects on lipid transfers in vitro. J. Phann. Sci. 81: 521- 
523. 
Ohtani, Y., T. Irie, K. Uekama, K. Fukunaga, and J. Pitha. 
1989. Differential effects of alpha, beta and gamma-cyclo- 
dextrins on human erythrocytes. Eur. J. Biochem . 186: 17- 
22. 
Riottot, M., P. Olivier, A. Huet, J. J. Caboche, M. Parquet, 
J. Khallou, and C. Lutton. 1993. Hypolipemic effects of 
beta-cyclodextrin in the hamster and in the genetically 
hypercholesterolemic Rico rat. Lipids. 2 8  181-188. 
Kilsdonk, E. P. C., P. Yancey, G. Stoudt, F. W. Bangerter, 
W. J. Johnson, M. C. Phillips, and G. H. Rothblat. 1995. 
Cellular cholesterol efflux mediated by cyclodextrins. J.  
Biol. C h m .  270: 17250-17256. 
Yancey, P. G., W. V. Rodrigueza, E. P. C. Kilsdonk, G. W. 
Stoudt, W. J. Johnson, M. C. Phillips, and G. H. Rothblat. 
1996. Cellular cholesterol efflux mediated by cyclodex- 
trins: demonstration of kinetic pools and mechanism of 
efflux. J. Biol. Chem. 271: 16026-16034. 
Kritharides, L., M. Kus, A. J. Brown, W. Jessup, and R. T. 
Dean. 1996. Hydroxypropyl-p-cyclodextrin-mediated ef- 
flux of 7-ketocholesterol from macrophage foam cells. J. 
Biol. Chem. 271: 27450-27455. 
Atger, V. M., M. de la Llera Moya, G. W. Stoudt, W. V. 
Rodrigueza, M. C. Phillips, and G. H. Rothblat. 1997. 
Cyclodextrins as catalysts for the removal of cholesterol 
from macrophage foam cells. J.  Clin. Invest. 99: 773-780. 
Ohvo, H., and J. P. Slotte. 1996. Cyclodextrin-mediated 
removal of sterols from monolayers: effects of sterol struc- 
ture and phospholipids on desorption rate. Biochemistry. 

Neufield, E., A. Cooney, J. Pitha, E. A. Dawidowicz, N. K. 
Dwyer, P. G. Pentchev, and E. J. Blanchette-Mackie. 1996. 
Intracellular trafficking of cholesterol monitored with a 
cyclodextrin. J. Biol. Chem. 271: 21604-21613. 
Phillips, M. C., W. J. Johnson, and G. H. Rothblat. 1987. 
Mechanisms and consequences of cellular cholesterol ex- 
change and transfer. Biochim. Siophys. Acta. 906 223-276. 
Klein, U., G. Gimpl, and F. Fahrenholz. 1995. Alteration 
of the myometrial plasma membrane cholesterol content 
with p-cyclodextrin modulates the binding affinity of the 
oxytocin receptor. Biochemistly . 34 13784-13793. 
Gimpl, G., U. Klein, H. Reilander and F. Fahrenholz. 
1995. Expression of the human oxytocin receptor in bac- 
ulovirus-infected insect cells: high-affinity binding is in- 
duced by a cholesterol cyclodextrin complex. Biochemistry. 

35: 8018-8024. 

34 13794-13801. 

Cyclodextrins and cellular cholesterol content 2271 

 by guest, on June 17, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


18. Bodovitz, S., and W. L. Klein. 1996. Cholesterol modu- 
lates a-secretase cleavage of amyloid precursor protein. 
J. Biol. Chem. 271: 4436-4440. 

19. Doerner, K. C., E. C. Gurley, Z. R. Vlahcevic, and P. B. 
Hylemon. 1995. Regulation of cholesterol a-hydroxylase 
expression by sterols in primary rat hepatocyte cultures. 
J.  Lipid Res. 36: 1168-1177. 

20. Winegar, D. A., J. A. Salisbury, S. S. Sundseth, and R. L. 
Hawke. 1996. Effects of cyclosporin on cholesterol 27-hy- 
droxylation and LDL receptor activity in HepG2 cells. J. 
Lipid Res. 37: 179-191. 

21. Awad, A. B., Y. C. Chen, C. S. Fink, and T. Hennessey. 
1996. P-sitosterol inhibits HT-29 human colon cancer cell 
growth and alters membrane lipids. Anticancm Res. 16: 

22. McCloskey, H. M., G. H. Rothblat, andJ. M. Glick. 1987. 
Incubation of acetylated low-density lipoprotein with cho- 
lesterol-rich dispersions enhances cholesterol uptake by 
macrophages. Biochim. Biophys. Acta. 921: 320-332. 

23. Warner, G. J., G. Stoudt, M. Bamberger, W. J. Johnson, 
and G. H. Rothblat. 1995. Cell toxicity induced by inhibi- 
tion of acyl-coenzyme A: cholesterol acyltransferase and 
accumulation of unesterified cholesterol. ,J Biol. Chem. 

24. Ishikawa, T. T., J. MacGee, J. A. Morrison, and C. J. 
Glueck. 1974. Quantitative analysis of cholesterol in 5 to 
20 ml of plasma. J. Lipid Res. 15: 286-291. 

25. Klansek, J., P. Yancey, R. W. St. Clair, R. T. Fischer, W. J. 
Johnson, and J. M. Glick. 1995. Cholesterol quantitation 
by GLC: artifactual formation of short-chain steryl esters. 
J.  Lipid Res. 36: 2261-2266. 

26. Markwell, M. A. IC, S. M. Haas, L. L. Bieber, and N. E. 
Tolbert. 1978. A modification of the Lowry procedure to 
simplify protein determination in membrane and lipo- 
protein samples. Anal. Biochem. 87: 206-210. 

27. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J. Ran- 
dall. 1951. Protein measurement with the Folin phenol 
reagent. J. Biol. Chem. 193: 265-275. 

28. Fielding, C. J., and P. E. Fielding. 1995. Role of N-ethyl- 
maleimide-sensitive factor in the selective cellular uptake 

2797-2804. 

270: 5772-5778. 

of low-density lipoprotein free cholesterol. BiochemislT. 

29. Huang, Y., A. von Eckardstein, and G. Assmann. 1993. 
Cell-derived unesterified cholesterol cycles between dif- 
ferent HDLs and LDL for its effective esterification in 
plasma. Artm'oscler. 7'hromD. 13: 445-458. 

30. Brown, M. S., and J. L. Goldstein. 1986. A receptor-medi- 
ated pathway for cholesterol homeostasis. S c i m c u .  232: 
34-47. 

31. Rose, H. 1968. Studies on the equilibration of radioisoto- 
pic cholesterol with human serum lipoprotein cholesterol 
in vitro. Biochim. BiSphys. Acta. 152: 728-741. 

32. Rose, H. 1967. In vitro precipitation of particulate radio- 
isotopic cholesterol from human serum. Biochim. Biojbhys. 

33. Tabas, I., S. Marathe, G. A. Keesler, N. Beatini, and Y. Shi- 
ratori. 1996. Evidence that the initial up-regulation of 
phosphatidylcholine biosynthesis in free cholesterol- 
loaded macrophages is an adaptive response that prevents 
cholesterol-induced cellular necrosis-proposed role of 
an eventual failure of this response in foam cell necrosis 
in advanced atherosclerosis. ,J. Biol. Chem. 271: 22773- 
22781. 

34. Collins, J. J., and M. C. Phillips. 1982. The stability and 
structure of cholesterol-rich codispersions of cholesterol 
and phosphatidylcholine. J.  Lipid Res. 23: 291-298. 

35. Arbogast, L. Y., G. H. Rothblat, M. H. Leslie, and R. A. 
Cooper. 1976. Cellular cholesterol ester accumulation in- 
duced by free cholesterol-rich lipid dispersions. h o c .  
Nutl. Acad. Sci. USA. 73: 3680-3684. 

36. Rothblat, G. H., L. Y. Arbogast, and E. K. Ray. 1978. Stimu- 
lation of esterified cholesterol accumulation in tissue cul- 
ture cells exposed to high density lipoproteins enriched 
in free cholesterol. J.  Lipid Res. 19: 350-358. 

37. Schroeder, J., K. Woodford, J. Kavecansky, W. G. Wood, 
and C. Joiner. 1995. Cholesterol domains in biological 
membranes. Mol. Mcmbr. Bid .  12: 113-119. 

38. Rothblat, G. H., and M. C. Phillips. 1982. Mechanism of 
cholesterol efflux from cells. Effects of acceptor structure 
and concentration. J.  Biol. Chem. 257: 4775-4782. 

34: 14237-14244. 

Acta. 144: 686-689. 

2272 Journal of Lipid Research Volume 38, 1997 

 by guest, on June 17, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

