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Abstract Preparative isotachophoresis (ITP) was used for the 
fractionation of fasting and postprandial high density lipoproteins 
(HDL) according to their net charge in the absence of molecular 
sieve effects. Three major HDL subpopulations with fast, inter- 
mediate, and slow mobility have been recognized. Particle size 
analysis by gradient gel electrophoresis has shown that in the fast- 
migrating subpopulation particles dominate with a size of HDLB, 
and HDbb. The subpopulation with intermediate mobility contains 
particles with a size between HDL2, and HDLsb, while in the slow 
migrating subpopulation particles dominate with a size of HDkb. 
HDL,,, and HDLB,. The fast-migrating subpopulation is rich in 
a p d - I  and phosphatidylcholine. The particles of this fraction 
bind at 4OC to HDL receptors on macrophages with high affini- 
ty (KD = 7.71 pg/ml; B,, = 245.6 ng). The subpopulation with 
intermediate mobility is rich in apoA-11, apoE, C apolipoproteins, 
cholesteryl esters, and sphingomyelin. Its affinity to HDL recep- 
tors ( K D  = 17.7 pg/ml; B,, = 198.4 ng) is lower than that of 
the HDL particles in the fast-migrating subfraction. The slow- 
migrating subpopulation consists of particles rich in apoA-IV and 
is associated with a high E A T  activity. This fraction expresses 
the highest nonspecific binding to mouse peritoneal macrophages 
compared to the other HDL fractions and contains only a small 
amount of particles that interact with HDL receptors by high af- 
finitybmding(KD = 7.3pg/ml; Bm = 95.9 ng). In 37% binding 
experiments the fast-migrating subfraction reveals the highest total 
cell-associated activity, 72% of which is trypsin-resistant. The other 
subfractions express a lower total cell-associated activity and 45% 
of the activity of the intermediate- and 43% of the activity of 
the slow-migrating fraction is trypsin-sensitive. When the HDL 
fractions are isolated from postprandial sera of the same donor, 
the fast-migrating particles bind at 4OC with a higher affinity 
( K D  = 4.6 pg/ml) while no significant changes are observed in 
the intermediate- and slow-migrating subpopulations. The slow- 
and the fast-migrating HDL subpopulations isolated from fast- 
ing serum have a high capacity to promote cholesterol removal 
from macrophages. We hypothesize that the HDL subpopu- 
lations rich in apoA-I promote cholesterol removal predominantly 
via the interaction with HDL receptors, while apoA-IV-rich HDL 
particles receive their driving force for cholesterol efflux from the 
concomitant action of U T  via a predominantly nonspecific in- 
teraction of the particles with the cell surface. The preparatively 
isolated HDL fractions correspond to six HDL peaks in analyti- 
cal capillary ITP obtained from whole serum and lymph. The 
technique may be a helpful tool for the analysis of HDL subfrac- 
tions but needs further confinnation by patient analysis-Nowicka, 
G., T. Briining, A. Biittcher, G. Kahl, and G. Schmitz. Macro- 

phage interaction of HDL subclasses separated by free flow isotacho- 
phoresis. J. Lipid Res. 1990. 31: 1947-1963. 

Supplementary Ley words analytical capillary isotachophomk pqara-  
tive isotachophomis plasma lipoproteins lymph lipoproteins HDL 
subfractions apoA-I apoA-I1 apoA-IV E A T  HDL binding 

cholesterol efflux 

High density lipoproteins (HDL) represent a series of dy- 
namically changing HDL populations differing in densi- 
ty, size, and composition; HDLe (d 1.063-1.125 g/ml) and 
HDLs (d 1.125-1.210 g/ml) are the major HDL subpopu- 
lations (1). In addition, several other HDL subspecies have 
been identified by gradient ultracentrifugation, gradient 
gel electrophoresis, isoelectric focusing, and chromatographic 
methods (2-9). HDL contain several apolipoproteins in- 
cluding apoA-I, A-11, A-IV, C-I, C-11, C-111, D, E, and other 
proteins such as cholesteryl ester transfer protein (CETP), 
serum amyloid A protein, and beta-1-glycoprotein (1, 8, 
10, 11). Two principal HDL particle groups have been iso- 
lated according to their content of apoA-I with and without 
apoA-I1 as the major apolipoproteins (7, 8, 10). They oc- 
cur within the HDLI and HDLs density classes and consist 
of particles that are heterogeneous with respect to their size 
and apolipoprotein content (7, 8, 11, 12). 

It has been proposed that HDL play an important role 
in the transport of cholesterol from peripheral cells to the 
liver for bile acid formation and excretion (1). Hepatic and 
extrahepatic cells such as fibroblasts, endothelial cells, smooth 

Abbreviations: VLDL, very low density lipoproteins; IDL, intennedi- 
ate density lipoproteins; LDL, low density lipoproteins; HDL, high den- 
sity lipopmteins; apo, apolipopmtein; TC, total cholesterol; TG, triglyceride; 
UC, free cholesterol; EC, esterified cholesterol; PC, phosphatidylcholine; 
SPM, sphingomyelin; HDL-C, HDL-cholesterol; CETP, cholesteryl ester 
transfer protein; EAT,  1ecithin:cholesteml acyltransferase; ACAT, acyl- 
CoA:cholesterol acyltransferase; ITP, isotachophoresis; ammediol, 
2-amino-2-methyl-1, 3-propanediol; HMPC, hydroxypropylmethylcellu- 

modified Eagle's medium: PBS, phosphate-buffered saline; FCS, fetal calf 
serum; BSA, bovine serum albumin. 

lose; HFITC, high performance thin-layer  tog^+^^; DMEM, Dulbeccd~ 
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muscle cells, adipocytes, and macrophages possess specif- 
ic high affinity receptors for HDL (13-20). HDL binding 
increases when cells are loaded with cholesterol or incubated 

MATERIALS AND METHODS 

Plasma and serum collection 
with ACAT inhibitors (21), suggesting that these receptors 
are regulated in response to changes in cellular cholester- 
ol metabolism. Apolipoprotein A-I-containing HDL par- 
ticles bind to high affinity receptor sites on cells and it has 
been suggested that they have a high capacity to promote 
cholesterol efflux (13-20). Synthetic apoA-IV-containing parti- 
cles have been found to be very effective in removing cel- 
lular cholesterol, while synthetic particles rich in apoA-I1 
and C apolipoproteins reveal a very low capacity or are even 
ineffective in this process (22). 

Changes in the HDL particle composition observed un- 
der postprandial conditions (23, 24) may have an effect 
on interactions between HDL and cells. Postprandial plasma 
was found to be more effective than fasting plasma in stimula- 
tion of net cholesterol transport from cells (25). 

As our laboratory reported before (26,27) plasma lipoproteins 
can be separated by isotachophoresis into a number of sub- 
populations according to the net charge of the particles 
in the absence of molecular sieve effects. Isotachophoretic 
separation of apoB-containing lipoproteins revealed four 
major groups that differed in their biological properties 
(27). Such charge-dependent separation of HDL particles 
may also more adequately reflect their biological activity 
than does classical separation according to density using 
ultracentrifugation. 

ITP is an electrophoretic technique by which ionic sample 
components are separated in a discontinuous electrolyte 
system based on differences in their net electric mobility 
(28, 29). The leading electrolyte must contain an ion spe- 
cies with a mobility higher than that of any one of the sample 
ions and the terminating electrolyte must contain an ion 
species with a mobility lower than that of any one of the 
sample ions of interest. The common counter ion must have 
a good buffering capacity in the pH range within which 
the separation takes place. When the system has reached 
equilibrium, all ions move with the same speed, individu- 
ally separated into a number of zones in immediate con- 
tact with each othm. Thedore, to achieve an optimal separation, 
intermediate-mobility compounds, so-called spacers, are 
added to the sample solution. The sample mobility is related 
to the defined spacer mixture and the sample peak pat- 
tern represents reproducible net mobilities. The optimal 
selection of spacer ions has to be determined experimen- 
tally. Under the conditions p m t e d  in this paper for lipoprotein 
separation, amino acids and dipeptides were used as spacers 
and they strictly defined the position of isolated subfrac- 
tions (ITP-peaks) in lipoprotein patterns. 

In the studies presented here, we used preparative and 
analytical isotachophoresis for the subfractionation of HDL 
and have characterized the chemical composition and bi- 
ological function of isolated subfractions. 

Blood was drawn from fasting healthy volunteers and 
patients at the University Hospital. Plasma and sera were 
separated by low speed centrifugation at 4OC. The sam- 
ples were either stored at 4OC and analyzed within 24 h 
or immediately frozen and thawed only once before use. 
To protect serum lipoproteins against lipid peroxidation 
during storage, Na,EDTA (pH 7.1) was added to the sera 
at a final concentration of 0.01% immediately after separation. 

Postprandial plasma was drawn 4 h after a 1600 kcal break- 
fast. Within 10 min each subject consumed a meal that 
consisted of bread with butter and cheese and 500 ml of 
milkshake containing orange juice, sunflower oil, low fat 
cream cheese, and milk powder. The total breakfast con- 
tained 57% fat, 20% protein, and 23% carbohydrate (by 
energy) (30). 

Lipoprotein preparation 

Lipoproteins were isolated from plasma by sequential 
ultracentrifugation (31) using a Beckman 50.3 Ti rotor at 
4OC and 48,000 rpm. HDL and HDL subfractions were 
separated according to densities as follows: HDL, d 1.063-1.21 
g/ml; HDL,, d 1.063-1.125 g/ml; HDL,, d 1.125-1.21 g/ml. 
The fractions were dialyzed against 0.9% NaCl-0.01% 
Na,EDTA (pH 7.4) at 4OC. 

Analytical isotachophoresis of lipoproteins 

Isotachophoretic patterns of lipoproteins were obtained 
from whole sera/plasma or isolated subfractions that had 
been preincubated for 30 min at 4OC with the nonpolar 
dye Sudan black B (1% solution in ethylene glycol) mixed 
with serum-plasma (3:1, v/v). Before analysis, prestained 
samples were mixed with spacers (2:1, v/v, final concen- 
tration of each spacer 0.2 mg/ml) to achieve a better separation 
of individual zones. The following compounds (reported 
according to their mobility) were used as spacers: glycyl- 
glycine, alanylglycine, dylglycine, glycylhistidine, histidylleucine, 
serine, glutamine, methionine, histidine, glycine, 
3 -methylhistidine, and pseudouridine (Serva, Heidelberg). 
For separation, 2 pl of the mixture was injected into the 
20-cm long capillary system between the leading and ter- 
minating electrolyte. As the leading electrolyte, 5 mM HaPo, 
was used. The electrolyte contained 0.25% HPMC to in- 
crease the viscosity and to suppress unwanted transverse 
electroendosmotic movement of the electrolyte to the capillary 
wall. Ammediol was added as a common counter ion to 
achieve pH 9.2.  The terminating electrolyte contained 100 
mM valine and was adjusted with ammediol to pH 9.4. The 
separation was started with a constant current of 150 PA. 
During the 10-min run the current was reduced to 100 PA 
(at 7 kV) and then to 50 pA (at 6 kV) before detection. 
The separated zones were monitored at 570 nm. Analyses 
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were performed either with an LKB 2127-Tachophor Sys- 
tem or by a fully automated free flow capillary electrophoresis 
instrument that has been recently developed in our laboratory. 
In both instruments the capillary was cooled with air or 
with a nonconductive oqpnic solvent and analyses were per- 
formed at a temperature from 4O to 10%. The ITP method 
for lipoprotein analysis p m t e d  here can be d i d y  adapted 
to the HPE-capillary electrophoresis system from Beckman 
(palo Alto, CA). The capillaries are available from Dr. Knaum, 
Saulentechnik, Berlin. 

Preparative isotachophomis of lipoproteins 

Preparative subfractionation of lipoproteins was carried 
out in an Elphor VAP 22 apparatus (Bender & Hobein, 
Munich) (32). The surface of the separation chamber was 
covered by thin Teflon membranes (DuPont) instead of silica 
laminates to reduce electroendosnosis and to prevent remixtm 
of separated zones by counter flow. For analysis, leading 
and terminating electrolytes of the same composition as 
for analytical ITP were used. The sample (50 mg of pro- 
tein) in 50 ml of terminating buffer containing spacers (final 
concentration of each 1 mg/ml) was separated at a vol- 
tage of 1000 V and a current of 60 mA at 10°C using a 
sample flow of 30 ml/h. Under these conditions the sepa- 
ration time of the sample volume present in the IO-cm broad 
chamber was 10 min. The collected fractions were passed 
through a Sephadex G-25, PD-10 column (Pharmacia), in 
order to modlfy the electrolyte with normal saline, and further 
analyzed. 

Analysis of the fractionated lipoproteins 

Total cholesterol, free cholesterol, triglycerides, phosphatidyl- 
choline, and sphingomyelin were determined by enzymat- 
ic methods (33, 34) using Boehringer Mannheim reagents 
and a Cobas-Bio centrifugal analyzer (Hoffmann-La Roche, 
Zurich). Esterified cholesterol was calculated as the difference 
between total and free cholesterol. 

ApoA-I and apoA-I1 were determined by a turbidimet- 
ric method using reagents (antiserum and calibration se- 
rum) from Behring, Marburg. Turbidity was measured at 
340 nm by an ELISA reader (Dynatech Laboratories, Inc., 
Alexandria, VA) after 90 min incubation of standards (calibra- 
tion serum) and samples diluted in 0.15 M NaCl with an- 
tiserum. ApoE, apoC-I1 and apoC-I11 were quantified by 
an enzyme-linked immunosorbent assay (ELISA) developed 
as a sandwich type assay. Individual wells of microtiter plates 
were coated with affinity-purified anti-apoE, -apoC-11, or 
-apoC-I11 antibodies by standard procedures. Coating was 
performed after 1:lOOO dilution in 0.1 M NaHCOs, pH 9.5. 
A reference standard (from Immuno AG, Vienna) was used 
for quantification of samples diluted in PBS containing 0.5% 
BSA, pH 7.7. The reaction of antibody-peroxidase conjugate, 
which was prepared according to the procedure described 
by Nakane and Kawai (35) using 0-phenylenediamine HPOI, 

was measured at 490 nm with an ELISA reader. ApoA-IV 
concentration and W activity were determined according 
to methods described before (36, 37). 

Gradient gel electrophoresis was performed according 
to the method described by Blanche et al. (5) using 4-30% 
gradient gels. Electrophoresis was carried out in 9 mM Tk, 
80 mM boric acid, 3 mM EDTA buffer, pH 8.35, at cons- 
tant voltage of 125V, at 10°C for 24 h. Gels were stained 
with Coomassie Blue G-250, destained in 7% acetic acid, 
and scanned by a laser densitometer (Pharmacia, LKB). 
The reference protein mixture (Calibration Kit, Pharma- 
cia LKB, containing thyroglobulin, apoferritin, catalase, 
lactate dehydrogenase, and BSA) was included in each gel 
run. The molecular diameter was calculated from a calibration 
curve and the relative distribution of particles among 

nm), HDLjb (8.2-7.8 nm), and HDLS, (7.8-7.2 nm) par- 
ticle sue intervals (38) were calculated by a computer-assisted 
procedure. 

Binding, uptake and degradation experiments 

Lipoprotein subfractions freshly isolated by preparative 
ITP were iodinated by the IODO-Bead method (39) as follows. 
Aliquots of these subfractions (1 mg/l ml) were mixed with 
0.5 mCi of Na"61 (DuPont de Nemours, Germany); five 
IODO-Beads (Pierce) were added and the mixture was in- 
cubated for 10 min at room temperature. Unbound iodine 
was removed by chromatography on a PD-IO column (Phar- 
macia) and the lipoprotein subfractions were dialyzed against 
PBS. The spe&c activities of the iodinated HDL subfractions 
ranged between 200 and 400 cpm/ng protein. No signifi- 
cant differences between labeled HDL subfractions in the 
percentage distribution of total radioactivity found in the 
apolipoprotein (95-98%) and lipid moiety (2-5%) were 
observed based on n=A precipitation and SDS-PAGE of 
labeled HDL subpopulations. 

The binding experiments were performed according to 
the method described by Goldstein and Brown (40) on mouse 
peritoneal macrophages. The cells were cultured in DMEM 
containing 10% FCS. Before the experiments the cells were 
preincubated for 18 h with acetyl-LDL (50 pg/ml medi- 
um). The cells were washed with DMEM, chilled on ice 
in a 4OC cold room for 30 min, and incubated with the 
indicated concentrations of '451-labeled lipoprotein subfractions 
for 1 h at 4OC in the presence or absence of a 20-fold ex- 
cess of nonlabeled subfractions. After incubation, the cells 
were rapidly and extensively washed with PBS containing 
2% BSA and PBS without BSA, transferred to glass tubes, 
centrifuged at 200 g for 10 min, and dissolved in 1 N NaOH. 
The aliquots were used for determination of cellular pro- 
tein content and cell-associated '451-radioactivity, which was 
measured in a Compugamma 1282 automatic counting system 
(LKB). Scatchard analysis of the binding data was performed 
using the Ligand PC computer program (41). 

HDL,, (12.9-9.7 m), HDL, (9.7-8.8 m), HDLj, (8.8-8.2 
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For uptake and degradation measurements m o w  peritoneal 
macrophages were incubated at 37OC with the indicated 
amounts of radiolabeled HDL subfractions for the indi- 
cated times (42). After incubation, the medium was re- 
moved and collected for determination of lipoprotein 
degradation (see below). The cells were washed and cell- 
associated activity was determined. To give an insight into 
the process of internalization of isolated HDL subpopula- 
tions by mouse peritoneal macrophages, the trypsin treat- 
ment assay was performed. To measure trypsin-sensitive (cell 
surface) and trypsin-resistant (internalized) pools of cell- 
associated ligand we followed the procedure described by 
Oram, Johnson, and Brown (42). The cells were divided 
into two groups. The first group of cells was incubated at 
4OC to perform the binding assay, washed, and 1 ml of trypsin 
buffer (PBS containing 1 mM EDTA, 4 mg/ml trypsin) was 
added. The second group of cells was incubated at 4OC 
to perform the binding assay, washed, incubated at 37OC, 
cooled, washed, and incubated with 1 ml of trypsin buffer. 
After 1 h incubation at 4 OC the medium was removed for 
activity measurement (trypsin-releasable activity) and the 
cells were washed with medium containing 2 mg/ml soy- 
bean trypin inhibitor and dissoived in 1N NaOH. The aliquots 
were used for counting (trypsin-resistant activity) and protein 
determination. 

Lipoprotein degradation was assayed by the amount of 
trichloroacetic acid-soluble 1251-labeled material in the culture 
medium (43). In all degradation experiments the rate of 
release of free iodine from '*51-labeled HDL in the absence 
of cells was measured. 

Cholesterol efflux from macrophages 

Mouse peritoneal macrophages were obtained from un- 
stimulated mice as described previously (30). Cells were in- 
cubated in DMEM containing 10% FCS, penicillin (100 U/ml), 
and streptomycin (100 pg/ml) in a humidified incubator 
(5% COO) at 37OC. On the second day each dish was ex- 
tensively washed with DMEM and the cells were preincubated 
for 18 h with DMEM containing 50 pg/ml of acetyl-LDL 
or [3H]cholesteryl oleate-labeled acetyl-LDL. The labeled 
lipoproteins were prepared according to Sparks et al. (44). 
The mixture of 200 pl of acetyl-LDL (4 mg protein/ml) 
and 50 pCi of the radiolabel was dried under nitrogen, then 
1 ml of acetyl-LDL was added, and the sample was stored 
for 6 h at room temperature. The lipoproteins were reiso- 
lated by filtration through a 0.22 pm pore-size filter. The 
loaded cells were washed and incubated for 1 h with cul- 
ture medium. After this hour of preincubation an aliquot 
of medium was taken to measure medium 3H activity (in 
an automatic beta counting system from LKB), which was 
in the range of blank samples. Then the cells were incubated 
with the HDL subfractions isolated by preparative ITP. At 
the end of the incubation period medium was removed and 
the cells were washed with DMEM and PBS. The cells were 
harvested with a rubber policeman in 500 pl of PBS, transferred 

to glass tubes and sonicated with a Branson sonifier three 
times for 20 sec in ice-water. One part of the homogenate 
was used for protein determination and the second part 
was delipidated by a modified Folch procedure (45). The 
organic solvents were evaporated and the samples were dissolved 
in 50 pl of chloroform. Aliquots of this extract were used 
to determine the total cell-associated activity. The lipids 
were chromatographically separated on HPTLC silica plates 
as previously described (45, 46). Spots were detected us- 
ing a manganese chloride-sulfuric acid reagent and quan- 
tification was performed by densitometry with a Camag 
TLC-scanner. The distribution of radioactivity between free 
and esterified cholesterol was also determined. The removal 
medium was centrifuged to pellet residual cells. Aliquots 
of the medium were taken to measure medium 3H radio- 
activity and for thin-layer chromatography to confirm that 
only free cholesterol appeared in the medium. 

Other methods 

Proteins were measured by the method of Lowry et al. 
(47). LDL were acetylated by repeated additions of acetic 
anhydride as described by Basu et al. (48) and dialyzed 
against PBS (pH 7.4) at 4OC. All acetyl-LDL preparations 
were examined for their increased electrophoretic mobili- 
ty in 1% agarose gels. 

Sodium dodecyl sulfate polyacrylamide gel electropho- 
resis was performed by the Laemmli method (49) using a 
14% gel. For SDS-PAGE analysis of cell-associated proteins, 
the washed cells were solubilized in SDS buffer containing 
p-mercaptoethanol and boiled for 3 min prior to electrophoresis. 
Protein bands were identified by staining ofgrls with Coomasie 
Blue. Radiolabeled protein bands were identified by au- 
toradiography and, in addition, gels were cut into 2-mm 
pieces and 1251 activity associated with each piece was m e d  
and related to the molecular weight standards. 

RESULTS 

Analytical capillary ITP of whole serum lipoproteins 

As reported from our laboratory (26), whole serum 
lipoproteins can be directly separated into distinct zones 
by analytical free flow capillary IT€? Three major lipoprotein 
fractions were recognized in whole serum, VLDL, LDL, 
and HDL, and they could be separated into additional sub- 
populations. Previously (26), we focused on the influence 
of pH changes of the leading and terminating buffer on 
lipoprotein separation, evaluated the specific detection of 
lipoproteins in native sera, and established the optimal staining 
time and stability of the lipoprotein-dye complexes. In the 
meantime, we have improved the separation conditions of 
the electrolyte system and additional spacer ions have been 
added to further subfractionate each of the earlier recog- 
nized lipoprotein fractions (27). 
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Lipoprotein analysis by analytical capillary ITP can now 
be performed from whole serum, plasma, or lymph. The 
ITP pattern of lipoproteins from normal serum/plasna consists 
of 14 subfractions (Fig. lA), which have been identified 
by the addition of ultracentrifugally isolated lipoprotein 
fractions (VLDL, d < 1.006 g/ml; IDL, d 1.006-1.019 g/ml; 
LDL, d 1.019-1.063 g/ml; HDLp, d 1.063-1.125 g/ml; HDLs, 
d 1.125-1.21 g/ml) to serum or plasma as previously shown 
(26). In the HDL range, which has the highest mobility, 
six subpopulations (peaks 1-6 in Fig. 1A) are detectable. 
An increase in individual peaks in the HDL mobility range 
was observed after addition of either isolated HDL, or HDL3. 
VLDL and IDL particles correspond to peaks 8-10 and LDL 
to the last four peaks, 11-14 (27).. 

In addition to capillary ITP of serum lipoproteins shown 
in Fig. lA, we analyzed the lymph lipoproteins (truncus 
coeliacus) from the same donor and the data are present- 
ed in Fig. 1B. The lymph lipoprotein pattern differs con- 
sidexably from that of serum lipopmteiwlb date the individual 
lipoprotein subpopulations separated from lymph to the 
corresponding serum lipoproteins, we compared the net 
mobilities of isolated subfractions. We also collected the 
separated subfractions on a cellulose membrane using a 
Tachophrac microfraction collector and determined the 
apolipoprotein distribution by two-dimensional immuno- 
electrophoresis (data not shown here). In lymph the major 
HDL fractions are related to peaks 1 + 2 and peaks 4 + 5, 
while peak 3 is absent and peak 6 is almost invisible. In 
the mobility range of apoB-containing lipoproteins, peaks 
9 and 10 are significantly enhanced compared to the se- 
rum profile. In the lymph, peak ll is a major constituent 

LDL peak in the serum lipoprotein pattern, appears in lymph 
only as a shoulder of peak 11. The other serum LDL frac- 
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tions related to peaks 13 and 14 are much reduced in lymph. 
The metabolic basis of the differences in the HDL sub- 
classes between serum and lymph will be elaborated later 
in this report, while the analysis of apoB-amtahhg lipop& 
is described in another manuscript (27). 

We compared the ITP patterns of serum and EUW-plasna 
lipoproteins from the same individual obtained from freshly 
prepared samples stored for 24 h at 4OC and in frozen- 
thawed samples and found a satisfactory reproducibility 
(c.v. < 5%) for individual peaks (Table 1). We also used 
heparin and citrate plasma (Fig. 2) to recognize changes 
in the pattern caused by degradation processes occurring 
upon sample preparation and during analysis. The results 
(Fig. 2) show that no significant changes can be observed 
in the ITP profiles between serum and plasma samples and 
between fresh, 4 OC-stored, and freshly frozen and once thawed 
samples. 

Analytical capillary ITP of HDL, and HDLs fractions 

Since differences in the metabolic behavior of HDLl and 
HDLS as the major HDL subclasses have been established 
(l), we determined the electrophoretic mobilities of these 
subfractions obtained from normal subjects by analytical 
capillary ITP. In Fig. 3 the representative ITP patterns 
of ultracentrifugally isolated HDL subfractions from nor- 
mal healthy volunteers are presented. In the ITP profile 
of both HDL2 (d 1.063-1.125 g/ml) and HDLs (d 1.125-1.21 
g/ml) six major groups of particles with comparable mo- 
bilities appear. This indicates that HDL subfractions charac- 
terized by differences in their hydrated density can have 
identical electrophoretic mobilities. However, significant 
differences in the relative distribution of detected fractions 
are observed. Peaks 1 and 2 and peaks 4 and 5, which are 
major fractions in lymph, are significantly higher in HDL3 

11 

1-12 

Fig. 1. Panel A. ITP pattern of normal whole serum 
lipoproteins. Serum was incubated with Sudan black B for 
30 min at 4% and mixed (2:l v/v) with the following spacers 

valylglycine, glycylhistidine, histidylleucine, serine, gluta- 
mine, methionine, hinidine, glycine, 3-methyl-histidine, and 
pseudouridine (final concentration of each 2 mg/ml). Two 
p1 of this mixture was used for the analysis. The leading 
electrolyte contained 5 mM H,PO,. 0.25% HPMC adjusted 
to pH 9.2 with ammediol. The  electrolytec contained 
100 m~ d i n e  adjusted to pH 9.4 wth ammediol. Monitoring 
was at 570 nm. Peaks 1-6 correspond to HDL, peak 7 to 
chylomicron-derived particles, peaks 8-10 to VLDL and 
IDL, and peaks 11-14 to LDL. Panel B. ITP pattern of lymph 
lipoproteins. Fasting lymph was collected from the trun- 
cus coeliacus upon abdominal su'gery from the same donor 
from which the serum ITP pattern has been analyzed in 
panel A. Sample preparation was identical as described 
in panel A and peak numbers correspond to numbers used 
in serum profile. 

~ ~ t o t h e i r m o b i l i t y : ~ ,  -, 

Detect ion t i m e  
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TABLE 1. Total peak area and its percentage distribution among individual peaks of serudplasma lipoprotein isotachophoresis pattern 

Total Area Peak Area as % of Total Area 
Sample in Integrated 

Scanner Units 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Freshly prepared 
Serum 3.26 x lo6 

f 0 . 1 4  

Plasma 3.26 
f 0 . 1 5  

Stored 24 h at 4OC 
Serum 3.25 

f 0 . 1 4  

Plasma 3.25 
i 0 . 1 5  

5.53 15.39 24.33 6.41 2.12 0.71 0.80 2.24 2.11 2.64 7.98 15.99 8.63 5.12 
f0 .25  f 0 . 6 9  i 1 . 0 9  k 0 . 2 9  fO.10 i 0 . 0 3  f 0 . 0 4  fO.10 i O . 1 0  i 0 . 1 2  f 0 . 3 5  f 0 . 7 2  1 0 . 3 9  k0 .23  

5.50 15.21 24.60 6.37 2.07 0.73 0.79 2.22 2.15 2.70 8.00 15.79 8.85 5.02 
f 0 . 2 5  f 0 . 7 0  i l . 1 3  k0.30 fO.10  i 0 . 0 3  k0 .04  kO.10 fO.10 f 0 . 1 2  f 0 . 3 7  k0 .73  f 0 . 4 1  i 0 . 2 3  

5.60 15.00 25.01 6.38 2.10 0.70 0.82 2.20 2.10 2.70 7.60 16.01 8.55 5.23 
f 0 . 2 4  f 0 . 6 5  i 1 . 0 8  i 0 . 2 7  kO.09 f 0 . 0 3  i 0 . 0 3  1 0 . 0 9  kO.09 f O . l l  f 0 . 3 3  i 0 . 6 9  k0.37 f 0 . 2 2  

5.55 15.40 24.40 6.50 2.20 0.70 0.80 2.30 2.10 2.62 7.85 16.00 8.28 5.30 
+0.25 f 0 . 7 0  k 1 . 1 0  k0 .29  iO.10  1 0 . 0 3  k0.04 fO.10 iO.09  f 0 . 1 2  k 0 . 3 5  f 0 . 7 2  f 0 . 3 8  f 0 . 2 4  

Frozen- thawed 
Serum 3.27 5.50 15.52 24.40 6.35 2.20 0.74 0.80 2.33 2.20 2.60 8.10 15.27 8.79 5.20 

i 0 . 1 5  f 0 . 2 5  f 0 . 7 2  f 1 . 1 2  i 0 . 3 0  fO.10 f 0 . 0 3  f 0 . 0 4  f O . l l  fO.10 f 0 . 1 2  f 0 . 3 8  f 0 . 7 0  i 0 . 4 0  i 0 . 2 4  

Plasma 3.27 5.44 15.30 25.00 6.49 2.05 0.71 0.77 2.21 2.10 2.70 7.95 15.53 8.60 5.15 
f 0 . 1 4  i 0 . 2 3  f 0 . 6 6  i 1 . 0 8  f 0 . 2 8  kO.09 f 0 . 0 3  i 0 . 0 3  fO.10 iO.09  i 0 . 1 2  f 0 . 3 4  f 0 . 6 7  f0 .37  f0 .22  

The total peak area is presented in integrated scanner units. Data were calculated for ITP patterns obtained under standard conditions as described 
in Methods using freshly prepared, stored (24 h at 4OC), and frozen-thawed (only one time before use) serum and plasma samples from the same donor. 

than in HDL2. Peak 3, which is absent in lymph, is found 
in both HDLj and HDL,. In addition, peak 6 is relatively 
higher in HDL, than in HDL3. In both HDL subfractions, 
very low and varying concentrations of particles comigrating 
with peak 7 are detectable in different individuals. 

Lipid and apolipoprotein composition of HDL 
subpopulations separated by preparative free flow ITP 

Preparative free flow ITP was used to characterize the 
HDL subfractions obtained in analytical capillary ITP. 

HDL (d 1.063-1.21 g/ml) were prepared from fasting and 
4-h postprandial sera of the same normolipidemic volun- 

Serum I EDTA-plasma 
I 

teers by ultracentrifugation and then subfractionated by 
preparative free flow ITP. Ten fractions containing HDL 
particles were collected from preparative free flow ITP and 
further analyzed. 

As presented in Fig. 4 (A-K) the separated fractions can 
be divided into three major groups according to their com- 
position: fast, intermediate, and slow migrating fractions. 
The fast-migrating HDL subfractions (I) contain particles 
rich in apoA-I, phosphatidylcholine, and triglycerides, and 
poor in cholesteryl esters, sphingomyelin, apoA-11, apoA- 
IV, apoE, and C apolipoproteins. The intermediate frac- 
tions (11), which dominate in the HDL pattern, are rich 

Heparin-plasma 

. 
Fig. 2. Comparison of ITP lipoprotein patterns obtained from serum and plasma samples. Analysis was made 
using serum, and EDTA; heparin- and citrate-plasma of the same donor. The samples were prepared as described 
in Fig. 1. Analysis conditions and peak numbers are mentioned in legend in Fig. 1. 
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Fig. 3. ITP patterns of HDLI and HDLs. The profiles are representa- 
tive for normal, healthy subjects. ITP of isolated fractions was performed 
under standard conditions as described in the legend to Fig. 1 and peak 
numbers correspond to numbers used in the whole serum lipoprotein profile. 

in cholesteryl esters, sphingomyelin, apoA-11, apoE, and 
relatively poor in apoA-I, apoA-IV, and phosphatidylcho- 
line. The C apolipoproteins are represented by apoC-I11 
and apoC-11, which are almost absent in the fast- and slow- 
migrating subfractim. The slow-migrating HDL subpopulation 
(111) consists of particles poor in cholesteryl esters, triglycerides, 
and sphingomyelin, but contains the bulk of HDL apoA- 
IV (68.8% of total HDL apoA-IV) and HDLassoCiated LCAT 
activity (75.4% of total HDL-associated U T  activity) (Fig. 
5). A@-I is lower in concentration than in the fast-migrating 
fraction. In addition, the slow-migrating HDL subpopu- 
lation (111) contains higher amounts of apoE than the fast- 
migrating HDL subfraction (I). 

Based on the determination of the total HDL protein 
concentration we have found a protein distribution of 
18 f 2.7% in the fast-migrating fraction (I), 75 f 3.2% 
in the intermediate fraction (11), and 7 f 2.1% in the slow- 
migrating fraction (111). We calculated the percentage com- 
position of isolated HDL subfractions and found that par- 
ticles in subfraction I contain 53% of protein, in I1 48%, 
and in I11 51%. The fast-migrating subfractions collected 
as group I from preparative ITP correspond to peaks 1 and 
2 in analytical ITP. Particles from group I1 migrate 
predominantly in peak 3 and particles collected as group 
111 migrate in analytical ITP in peaks 4, 5, and 6. 

In fast- and slow-migrating subpopulations separated from 
4 h-postprandial serum, the protein concentrations were 
5 f 1.9% higher than the corresponding HDL fractions 
separated from fasting samples. 

Under postprandial conditions, the fast-migrating HDL 
fractions (I) are richer in phosphatidylcholine and apoA-I 

as compared to fasting HDL. In the slow-migrating sub- 
populations (111) a higher content of phosphatidylcholine, 
apoA-IV, and apoE is mmgnud. The t r i g l e d e  concentration 
and E A T  activity is enhanced in all subfractions prepared 
from postprandial HDL. 

When separated subpopulations were submitted to 
isotachophoresis, the protein and lipid profiles were simi- 
lar to the original profiles. This indicates that stable par- 
ticle populations had been isolated. 

Gradient gel size analysis of HDL particles separated by 
preparative free flow ITP 

The size of the fast-, intermediate-, and slow-migrating 
HDL subpopulations separated by preparative ITP was cal- 
culated based on densitometric scans after gradient poly- 
acrylamide gel electrophoresis of individual subpopulations. 
As shown in Table 2 in the fast-migrating HDL subpopu- 
lation, particles with a size of HDL3, and HDLZb dominate. 
The subpopulation with intermediate mobility consists of 
particles with a size between HDL,, to HDLJb. In the slow 
migrating HDL subpopulation, particles prevail with a size 
of HDL,, and HDL3, and also higher amounts of HDLsC 
particles are observed as compared to the fast-migrating 
subpopulation. Gradient gel electrophoretic analysis of HDL 
subpopulations isolated under postprandial conditions showed 
that in the fast-migrating subpopulation higher amounts 
of large particles with the size of HDL,, and HDL2, oc- 
cur, while in the slow-migrating subpopulation slightly higher 
amount of particles appear with HDLJb and HDLSc sue as 
compared to the fasting state (data not shown). These particles 
may represent large triglyceride-rich HDL particles (see panel 
E in Fig. 4) and newly secreted, small apoA-IV-rich HDL 
particles, respectively. (1, 50) 

Interaction of HDL subpopulations SeParaQd by prepamtive 
free flow ITP with mouse peritoneal macrophages 

We studid the interaction of the HDL subfractions separated 
by preparative ITP with mouse peritoneal macrophages. 
HDL binding, uptake, degradation, and HDL-mediated 
cholesterol efflux were initially monitored for all subfrac- 
tions to elaborate optimal concentrations and time inter- 
vals. From these experiments it was evident that three major 
groups (I, 11, 111) could be formed and data for these sub- 
populations are summarized in Figs. 6-10. 

Analysis of HDL binding ut 4OC. The fast-migrating HDL 
subpopulation (I), as isolated from fasting HDL, revealed 
high affinity for the HDL binding sites (KD = 7.71 pg/ml, 
B,, = 245.6 ng) on mouse peritoneal macrophages (Fig. 
6). The affinity of this subfraction to HDL receptors in- 
creases under postprandial conditions ( K D  = 4.6 pg/ml, 
B,, = 212 ng). The subpopulations with intermediate mo- 
bility (11) interact with HDL binding sites with a lower af- 
finity (fasting K D  = 17.7 ,ug/ml, B,,, = 198.4 ng, 
postprandial KO = 15.9 pg/ml, B,, =195.6 ng) as com- 
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Fig. 4. Lipid and apolipoprotein composition of HDL subfractions separated by preparative ITP. HDL were isolated from fasting and 4-h postpran- 
dial plasma of normolipidemic volunteers (n = 5, TG = 91 f 22 mg/dl, TC = 187 i 18 mgidl; HDL-C = 51 f 5 mg/dl) by sequential ultracen- 
trifugation and fractionated by preparative ITP as described in Methods. Open symbols represent the data from fasting, closed symbols from postprandial 
HDL. The data represent the mean value from five experiments that differed less than 5%. They are presented as mg/mg HDL protein. HDL protein 
concentration was determined by the Lowry method. A. Distribution of esterified cholesterol (EC). EC concentration was calculated as the difference 
between total and free cholesterol determined by enzymatic methods. B. Distribution of free cholesterol (UC) determined by an enzymatic method. 
C. Distribution of phosphatidylcholine (PC); concentrations were determined by an enzymatic assay. D. Distribution of sphingomyelin (SPM); concen- 
trations were determined by an enzymatic method. E. TrigIFeride distribution; TG concentration was determined by an enzymatic method. E Apolipoprotein 
A-I and apolipoprotein A-I1 content. G. Apolipoprotein A-IV distribution. H. Apolipoprotein E content. K. Apolipoprotein C-I1 and apoC-I11 distri- 
bution. ApoA-I, A-11, A-IV, C-11, C-111, and E concentrations were measured by immunological methods as described in detail under Methods. 

pared to the fast-migrating HDL subpopulation (I). The 
slow-migrating HDL subfraction (111) expresses the highest 
nonspecific binding component compared to fractions I 
and 11, but also contains particles that interact with HDL 
binding sites with a high affinity (fasting KO = 7.3 pg/ml, 

postprandial KO = 7.0 pg/ml) but a very low B,,, (fast- 
ing B,,, = 95.9 ng, postprandial B,,, = 87.9 ng). 

A d p i  of HDL uptake and d e g "  in m e  peritoneal 
m m j h g a  at 37OC. Fig. 7 shows specific 37% cell-associated 
activity (0) and degradation (0) as related to either the 

1954 Journal of Lipid Research Volume 31, 1990 
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Fig. 5. U T  activity distribution in HDL subfractions separated by 
preparative ITP. HDL subfractionation and LCAT activity determina- 
tion were performed as described in Methods. The data represent the 
mean values from five experiments which differed less than 5 % .  Open 
symbols represent the data from fasting HDL, closed symbols from post- 
prandial HDL. 

concentration (panel A) or the incubation time (panel B) 
of the added HDL-subfraction. In these experiments the 
a@-I-rich fraction I revealed the highest total cell-associated 
activity as compared to the other subfractions which were 
about 43% (fraction 11) and 64% (fraction 111) lower. 

Degradation of HDL subfractions was very low in rela- 
tion to total d-associated activity and no significant differencg 
in the degradation rate w e x ~  observed between the subfractions 
that were examined. However, when the HDL subclasses 
were treated with neuraminidase, an enhanced uptake and 
degradation was observed only with the intermediate migrating 
a@-111-containing subfraction 11, while uptake and degra- 

dation of the fast- and slow-migrating subfractions did not 
change (data not shown). 

In Figs. 8 and 9 additional data on trypsin-resistant and 
trypsin-releasable cell-associated radioactivity are presented. 
The trypsin treatment assay gives insights into the inter- 
nalization process of HDL particles when trypsin-resistant 
activities after 4 OC binding and 4 OC binding plus 37 OC uptake 
are compared. The trypsin-resistant cell-associated activi- 
ty is assumed to represent internalized ligand, while the 
trypsin-sensitive cell-associated activity should represent cell 
surface-associated ligand. When the 4 OC binding assay on 
mouse peritoneal macrophages was followed by trypsin 
incubation, about 20% of cell-associated activity was trypsin- 
resistant and no differences were observed between ana- 
lyzed HDL subpopulations. This indicates that trypsin treatment 
does not fully release cell surface-associated ligands. However, 
when the cells were incubated for another 1 h at 37 OC af- 
ter the 4 OC binding assay and then treated with trypsin, 
the apoA-I-rich fraction (I) revealed the highest total cell- 
associated activity compared to the subfractions I1 and 111. 
Seventy-two % of the cell-associated fast-migrating frac- 
tion (I) was found to be trypsin-resistant, while 55% of the 
activity of the intermediate fraction (11) and 57% of the 
activity of the a@-IV-rich fraction (111) were trypsin-resistant 
(Fig. 8). The relative distribution of radioactivity in gels 
after SDS-PAGE of solubilized cells after 4% and 37 OC binding 
experiments shows (Fig. 9) that the highest cell-associated 
activity was found in apoA-I bands. When the 4OC bind- 
ing was followed by trypsin treatment assay, there was still 
some activity in bands corresponding to apolipoproteins. 
The comparison of relative distributions of radioactivity 
in gels after SDS-PAGE of cells incubated at 37 OC with SDS- 
PAGE of cells incubated at 37 OC and treated with trypsin 
(Fig. 9) indicates that trypsin-resistant activity associated 
with apoA-I band in experiments with fraction I was sig- 
nificantly higher as compared to experiments with other 
fractions (I1 and 111). This indicates that the apoA-I-rich 

TABLE 2. Size distribution of particles from fast-(I), intermediate-(111, and slow-(111) migrating HDL 

Particle Distribution Gradient Gel Electrophoresis 

HDL Particle I I1 111 
Subpopulation Diameter Fast HDL Intermediate HDL Slow HDL 

nm % 

H D L  12.9-9.7 30 * 7 21 * 9 32 f 8 
HDL, 9.7-8.8 10 i 4 29 f 8 9 f 3  
H D L  8.8-8.2 41 f 8 25 f 9 39 f 7 

HDL, 7.8-7.2 7 i 3  3 f 2  12 i 4 
HDLsh 8.2-7.8 12 f 3 22 i 9 8 f 2  

HDL subpopulations (1-111) isolated by preparative isotachophoresis were analyzed by polyacrylamide gradient 
gel electrophoresis as described in Methods. The relative distribution of particles with different size as defined by 
gradient gel electrophoresis was calculated based on the densitometric scans of gels using a computer-assisted proce- 
dure. For details, see Materials and Methods. 

Nowicka et al. Isotachophoresis of HDL 1955 

 by guest, on June 17, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


[postprandial 1 

oo- - 
80 

20 LO 60 80 

,e I . I 

- I z H 0 C 1 6 0 k -  80 

ii 20 LO 60 80 

W 

2 0  

160 

80 

r 
20 L'O 60 &I 

pg HDL protein / ml medium 

Fig. 6. Specific and nonspecific binding of HDL subfractions to cells from mouse peritoneal macrophages. Cells were preincubated with acetyl-LDL 
(5Opg/mi, 18 h), washed with DMEM, cooled, and incubated with indicated concentrations of "*I-labeled HDL subfractions for 1 h at 4OC in the 
presence or absence of 20-fold excess of nonlabeled subfractions. Assays were performed with fast-([), intermediate-(11), and slow-(111) migrating HDL 
subpopulations separated by preparative ITP from fasting (left panel) and postprandial (right panel) samples as described in Methods. Specific bind- 
ing was obtained by subtracting nonspecific binding from total binding. Nonspecific binding was also analyzed by linear regression analysis with 
the Ligand PC computer program. The KD and B,, values were calculated by Scatchard analysis using the same computer program. Three in- 
dividual experiments were performed and each point of analysis represents triplicate determinations. The results presented here represent mean values 
from three experiments which differed less than 8% for each individual value. Statistical comparisons of the KD and the B,, values of the specific 
binding curves and the slopes of nonspecific binding between all three HDL subclasses analyzed were highly significant (P < 0.001). 

subfraction (I) is taken up .by the cells at a higher rate than 
are the other subfractions. 

Analysis of HDL-mediated cholesterol efflwF from mouse 
peritoneal macrophages. HDL-mediated cholesterol efflux 
was measured by mass analysis of cholesterol and release 

of [3H]cholesterol from prelabeled cells. To measure the 
removal of cholesterol from cells, we performed long-time 
incubation arperimencS (Fig. 10). The fast-(I) and the slow-(III) 
migrating subpopulations were more effective in remov- 
ing cholesteryl esters and free cholesterol from preloaded 

1956 Journal of Lipid Research Volume 31, 1990 
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tained from fasting samples and reduced cellular cholesteryl 
ester content to 56% and 50%, and free cholesterol to 50% 
and 41%, respectively, when added at a concentration of 
40 pg HDL protein/ml medium. When added at a con- 
centration of 80 pg HDL protein/ml medium they caused 
a cholesteryl ester reduction to 47% and 36%, and a loss 
of free cholesterol to 42 % and 32 % , respectively. The in- 
crease in the ability to promote cholesterol efflux under 
postprandial conditions is higher for the slow-(111) than for 
the fast-(I) migrating HDL subpopulation, while the af- 
finity of the fast-migrating fraction to the HDL binding 
sites is significantly enhanced as compared to the fasting state. 

The appearance of cholesterol in the culture medium 
measured as [3H]cholestml occurring in the medium during 
a short time incubation with HDL subfractions is shown 
in Fig. ll. It is obvious that the fast-(I) and slow-(111) migrating 
HDL subfractions are more effective in the promotion of 
cholesterol efflux than the subfraction of intermediate mobility 
(11). After 1 and 2 h of HDL exposure to the cells, the slow- 
migrating fraction (111) was more effective in cholesterol 
efflux promotion than the fast-migrating HDL (I). However, 
after 4 h of incubation no difference was observed between 
the fast-(I) and the slow-(111) migrating fractions, while the 
efflux induced by the intermediate fraction (11) was 50% lower. 
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Fig. 7. Cell-associated activity at 37% of "'I-labeled HDL subfractions. 
Mouse peritoneal macrophages plated on 35." dishes were loaded with 
cholesaerol by 18 h incubation with 50 p g / d  acetyl-LDL. Binding of 'Wabeled 
HDL subfractions was measured at 3 7 T  as described under Methods with 
the indicated concentrations of "'I-HDL subfractions plus or minus a 
20-fold ~ccess of nonlabeled HDL for 1 h @anel A) or 20 pg/ml of iodine-labeled 
HDL subfractions plus or minus a 20-fold excess of nonlabeled HDL for 
the indicated times (panel B). After binding, the medium was collected 
for determination of lipoprotein degradation. After washing of the cells, 
specific 37 OC binding was obtained by subtracting nonspecific binding 
from total binding. T h e  cell-associated radioactivity is represented by open 
circles (0); lipoprotein degradation is represented by closed circles (0). 

mouse peritoneal macrophages than subpopulations of in- 
termediate mobility (11). At a concentration of 40 pg HDL 
proteidml medium, they reduced cellular cholesteryl es- 
ter content to 60% and 58% and free cholesterol to 68% 
and 64%, while at a concentration of 80 pg HDL proteidml 
medium they caused a reduction of cholesteryl esters to 51% 
and 47% and free cholesterol to 55% and 42%, respec- 
tively. The HDL subpopulation with intermediate mobili- 
ty under the same conditions reduced cellular cholesteryl 
esters to 75% and 69% and free cholesterol to 81% and 
79%, respectively. The fast-(I) and slow-(111) migrating sub- 
fractions separated from postprandial sera had a higher 
ability to promote cholesterol efflux than subfractions ob- 

I 0 total cell associated 
@$j trypsin resistant 

%trypsin releasable 

Fig. 8. Release of HDL from mouse peritoneal macrophages after 37% 
incubation. Mouse peritoneal macrophages were preincubated for 18 h 
at 37OC with 50pg/ml acetyl-LDL, wished, and incubated at 4OC for 
1 h with 20 pg/ml of "'I-labeled HDL subfractions, washed, and incubated 
at 37OC for 1 h in DMEM. After incubation, the standard wash proce- 
dure was performed and cell-associated activity was determined. To measum 
trypsin-sensitive and trypsin-resistant HDL binding, the cells were cooled 
to 4OC, washed, and incubated for 1 h at 4OC with PBS containing 1 
mM EDTA and 4 mg/ml trypsin. Cell-associated and released (medium) 
activity were determined in an automated counting system (LKB). 
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Fig. 9. Binding and internalization of '*31-labeled HDL subpopulations separated by preparative ITP with mouse peritoneal macrophages. Cholesteryl 
ester-loaded mouse peritoneal macrophages were washed with DMEM, cooled, and incubated with 20 ,ug of the indicated Iz5I-labeled HDL subfrac- 
tions for 1 h at 4%. Cells were then washed and created with trypsin at 4OC (panel A) or incubated 1 h in DMEM at 37OC and treated with trypsin 
(panel B) as described under Methods. Control cells were treated identically as the trypsin-treated cells except that the enzyme was omitted. Treated 
cells were solubilized in SDS buffer and subjected to SDS-PAGE. For separation, equal amounts of sample radioactivity were used. Apolipoprotein 
bands were identified by the addition of delipidated apoHDL and staining the gels with Coomassie Blue. Non-labeled apoHDL and molecular weight 
markers were applied to the gel as a standard. Then gels were cut into 2-mm pieces and radioactivity associated with each piece was measured. The 
background radioactivity was subtracted, total gel activity was taken as loo%, and relative distribution of radioactivity was calculated. 

DISCUSSION fractionate HDL by isotachophoresis, since we expected that 
a charge-dependent separation of HDL particles might better 
correspond to their biological function than classical den- 
sity separation by ultracentrhgation. HDL subclass separation 
by preparative ITP has been performed previously (52). 

It is obvious from previouS studies (15, 51) that both HDL2 
and HDLs contain particles rich in apoA-I with a high af- 
finity for HDL receptor sites. Therefore, we decided to sub- 
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Fig. 10. Reduction (A) and unesterified cholesterol (B) content 
in mouse peritoneal macrophages by HDL subpopulations. The fast-(I), 

by preparative ITP from fasting and postprandial HDL as described un- 
der Methods. Mouse peritoneal macrophap were preloaded with cholesterol 
by preincubation with acetyl-LDL (50 ,ug/ml. for 18 h) and incubated 
for 18 h with 40 and 80 pg protein/ml medium of the indicated HDL 
subfractions. At the end of the incubation period the cells were harvest- 
ed in PBS and homogenized. The protein concentration was determined 
by Iawry method, the free cholesterol and cholesteryl ester contents were 
determined by HPTLC as described in Methods. The results are present- 
ed as % of cholesteryl ester or free cholesterol content of control cell samples 
containing cells preincubated with acetyl-LDL and medium without ad- 
dition of HDL subfractions. 

intennediate-(II). and slow-(III) mig.lting HDL mbpopulationr,  err "parated 

However, those data were obtained using a gel matrix that 
exerted molecular sieve effects and ampholytes that bound 
to the HDL particles and caused charge changes. In addi- 
tion, no functional studies were done. The technique used 
here is carrier-free, contains no ampholytes, and can be 
performed using currently available instruments (32). 

In the preparative ITP separation profile of HDL we mog- 
nized three major groups of particles that differed in their 
chemical composition and biological properties. The fast- 
migrating subpopulation (fraction I) is rich in apoA-I and 
phosphatidylcholine. The subpopulation with intermedi- 
ate mobility contains the bulk of apoA-11, apoCs, apoE, 
and cholesteryl esters, while the slow-migrating subpopu- 
lation consists of particles enriched with apoA-I with which 
apoA-IV and LCAT activity are associated. The particle 
size analysis of our HDL subpopulations showed that, in 

the fast- and slow-migrating subpopulations, particles dominate 
with a size of HDLS, and HDLlb and, in addition, in the 
slow-migrating subpopulation there were higher amounts 
of particles with the size of HDLs. as compared to the fast- 
migrating subpopulation. In the subpopulation with in- 
termediate mobility, particles dominate with the size of 
HDLz, to HDLs,. Our particle size distributions found after 
preparative ITP are consistent with results obtained by other 
authon for HDL subpopulations separated by immunoaffinity 
chromatography (8, 10, 53-55). The size of particles found 
in the slow- and fast-migrating subpopulations corresponds 
to the size of particles that contain apoA-I without apoA- 
11. In our experiments a high LCAT activity was found in 
the slow-migrating fractions. This is in agreement with results 
obtained by Cheung et al. (55) who found that the majority 
of E A T  activity and also the majority of HDL-associated 
CETP (personal communication) was located in particles 
with diameter of 11.6 f 0.4 nm (HDL,,,). Our slow- 
migrating subpopulation also contains the bulk of apoA- 
IV assodated with HDL. This is consistent with results reported 
by James et al. (10) who found apoA-IV in an HDL sub- 
population with apoA-I but without apoA-I1 and with results 
obtained by Bisgaier et al. (50) who found that apoA-IV 
is localized in small HDL particles (7.8-8.0 nm). 
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Fig. ll. HDL subfraction-pmmoted cholexeml d u x  f" mouse peritoneal 
macrophages. The cells were preincubated for 18 h DMEM containing 
50 pg/ml ['H]cholesteryl oleate-labeled acetyl-LDL. The loaded cells were 
washed and incubated for 1 h at 37OC with culture medium and then 
for the indicated times with 20 pg/ml of HDL subfractions. At the end 
of the incubation period the medium was removed and aliquots were taken 
to measure total medium 'H activity and for thin-layer chromatography 
to separate between cholesterol and cholesteryl esters. The open circles 
represent the fast-migrating HDL (I), the open squares the intermediate- 
migrating HDL (11), the closed circles the slow-migrating HDL (111). and 
the open triangles the blank. 
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As obvious from the binding analyses, the fast-migrating 
subfraction (I) expresses a high affinity to HDL binding 
sites (KD = 7.71 pg/ml; B,, = 245.6 ng), the fraction with 
intermediate mobility (11) interacts with HDL binding sites 
with lower affinity (KO = 17.7 pg/ml, B,, = 198.4 ng), 
and the slow-migrating fraction (111) expressed a very high 
nonspecific binding and contained a mall amount of particles 
that interacted with HDL binding sites with high affinity 
(KO = 7.3 pg/ml; B,, = 95.9 ng). In all experiments the 
particles were added to the culture medium on the basis 
of their total protein content. The differences in the bind- 
ing properties might be a result of the different apoA-I content 
in isolated subfractions, since apoA-I is apparently the major 
ligand of the HDL receptor (13-20). Our observation that 
the subfraction (I) isolated from postprandial serum had 
a higher apoA-I content and expressed a higher propor- 
tion of specific binding underlines this hypothesis. It might 
be possible that apoA-IV is involved in specific interactions 
of the subfraction 111 (56-58), but we did not observe higher 
binding properties of the subfraction 111 isolated from post- 
prandial serum where higher apoA-IV contents appeared. 
However, total apolipoprotein composition as well as lipid 
composition of the subfraction could influence the bind- 
ing properties. The nonspecific interactions could be caused 
by a defined lipid and apolipoprotein composition of the 
particles as suggested by Phillips, Johnson, and Rothblat 
(59) and apoA-IV might be involved in this process. Fur- 
ther investigation is needed to understand the origin of the 
observed differences in the binding properties of the in- 
dividual HDL subfractions in more detail. 

Since there is evidence that HDL particles are taken up 
by cells such as rat adrenocortical cells (60), pig hepato- 
cytes (61), rat sinusoidal liver cells (62, 63), human HepGZ 
cells (64), rat peritoneal macrophages (65), and human 
monocyte-derived macrophages (66), we performed addi- 
tional experiments with mouse peritoneal macrophages to 
measure 37 OC trypsin-resistant cell-associated activity of 
isolated HDL subfractions. Using the trypsin treatment assay, 
we can estimate the internalization of HDL particles. Thus, 
while trypsin-resistant cell-associated activity is assumed to 
represent the internalized ligands, the trypsin-sensitive cell- 
associated radioactivity is assumed to represent cell surface- 
associated ligands. A difference between trypsin-resistant 
activity measured after 4 OC and 37OC binding experiments 
indicates that significant internalization occurs. In our ex- 
periments, when binding performed at 4 OC was followed 
by trypsin treatment, about 20% of cell-associated activi- 
ty was trypsin-resistant and no differences were observed 
between the analyzed subpopulations. When the cells were 
incubated at 37OC with identical amounts of HDL pro- 
tein and treated with trypsin, signiscant differences in trypsin- 
resistant activity occurred between the analyzed HDL sub- 
populations. We observed a higher cell-associated activity 
for subfraction I compared to the other subfractions. This 
indicates a higher uptake of the fast-migrating subpopu- 

lations. Previous studies from our laboratory, in which gold- 
labeled and RIX-labeled HDL were used (15, 16), and 
results published by Takata et al. (63), Takahashi et al. (65), 
and Alam et al. (66) provide evidence that internalization 
of HDL particles occur. Our current data are consistent 
with these results and suggest that there exist HDL sub- 
populations that are internalized. However, Oram, John- 
son, and Brown (42) reported that HDL are not internalized 
despite the fact that they also found a high trypsin-resistant 
cell-associated activity. Their experiments were performed 
with HDLs instead of specific apoA-I-rich HDL subpopu- 
lations and the observed lack of internalization could be 
due to the low sensitivity of the trypsin treatment method 
when ultracentrifugally isolated HDL subfractions are used, 
Further investigation with other methods is needed to clarify 
the observed differences. 

In addition to binding and uptake properties, we moni- 
tored for differences between the isolated subfractions in 
promoting cholesterol release from cells. The fast-migrating 
HDL subpopulation (I) rich in a@-I and the slow-migrating 
subfraction (111) rich in apoA-IV seem to be good promoters 
for cholesterol removal. The differences in the time course 
of cholesterol efflux between fraction I and I11 within the 
first 2 h suggest that these particle populations differ in 
their mode of cellular interaction (Fig. 10). Based on previous 
studies from our laboratory (15, 16), results reported by other 
authors (63, 65), and experiments reported in this paper 
that have shown that the fast-migrating subpopulation (I) 
is taken up by cells at a higher rate than the slow-migrating 
subpopulation (111), it can be hypothesized that fast a@-I-rich 
particles are internalized, enriched in intracellular cholesterol, 
and resecreted, while the apoA-IV-/LCAT-rich particles (111) 
can directly promote cholesterol efflux from the cell sur- 
face by the action of LCAT and may stimulate cholesterol 
translocation from intracellular pools to the plasma membrane. 
This might be an explanation for the higher cholesterol 
efflux within the first 1-2 h (Fig. 10) caused by the slow- 
migrating HDL subpopulation. In addition, our recent ob- 
servation that HDL deficiency with planar xanthomas (67) 
is caused by a selective defect in apoA-I synthesis and the 
inability of the macrophages in these patients to secrete 
cytoplasmic cholesteryl esters in the absence of apoA-I un- 
derlines our hypothesis that apoA-I-containing HDL par- 
ticles acting via HDL-receptors effectively promote cholesterol 
release from cytoplasmic lipid droplets (21, 68). However, 
there are still sufficient conflicting results concerning HDL 
internalization and it cannot be excluded that fraction I 
particles are involved in receptor-mediated stimulation of 
Cholesterol translocation from intracellular sites to the plasma 
membrane as suggested by other authors (69). Further in- 
vestigation is needed to understand the observed differences. 

The capacity of the slow-migrating subfraction (111) to 
enhance cholesterol release from cells is even higher un- 
der postprandial conditions. Enhanced concentrations of 
apoA-IV and apoE are also observed ptprandidy In p e o w  
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studies from other laboratories, an increase in the plasma 
apoA-IV concentration was recognized after feeding of a 
high cholesterol diet (70) and synthetic apoA-VI- and apoE- 
containing particles were found more effective in cholesterol 
removal from cells than apoA-I-containing particles (22). 

It was reported that there exists an apoA-I-rich HDL sub- 
population with pre-/3 mobility (71-73) with which LCAT 
and CETP activities are associated and which plays a major 
role in the transport, esterification, and transfer of cell- 
derived cholesterol. On the basis of those results from other 
laboratories and our current data, we suggest that the pre- 
@-migrating HDL subpopulation could resemble our slow- 
migrating HDL subpopulation which contains apoA-I, and 
the majority of the HDL-associated LCAT activity, and is 
a good acceptor for cell-derived cholesterol. In addition, 
in a collaborating study with Dr. Dieplinger (Innsbruck, 
Austria) we have found the majority of HDL-associated CETP 
with the slow-migrating particles. However, in our slow- 
migrating subfractions the majority of HDLassociated apaA-IV 
is found while no apoA-IV was found in pre-8-migrating 
HDL. Further studies are needed to clarify the latter dis- 
crepancy with pre-&migrating HDL. 

The intermediate-migrating particles (11) rich in apoA- 
11, apoE, C-apolipoproteins, cholesteryl esters, and sphin- 
gmn)elin do not sean to amrain potent promoters for cholesteml 
efflux but may be rather responsible for cholesterol deliv- 
ery. The high amtent ofglymylatecl a@-111 and the enhand 
uptake and degradation ofthese partides upon neuraminidase 
treatment further support this idea. It is consistent with 
results obtained by Barbaras et al. (17) who showed that 
apoA-I but not apoA-I/A-11-containing particles are good 
promoters for cholesterol efflux. 

Based on the results presented here and on data already 
published (21, 63, 65,  68) we hypothesize that two major 
mechanisms exist, a receptor-mediated transport and a phys- 
icochemical transfer for the release of cellular cholesterol 
and that different HDL subfractions are involved in this 
process. The removal of cellular cholesterol by fast-migrating 
HDL particles (I) may be predominantly caused by high 
affinity binding to HDL receptor sites, subsequent inter- 
nalization, and resecretion (15, 65). The fast-migrating sub- 
population (I) may contain HDL precursor particles that 
are transformed to mature HDL enriched in cholesteryl 
esters and apoE. The cholesterol release by slow-migrating 
particles may be predominantly mediated by nonspecific 
interactions via physicochemical transfer.The nonspecific 
interaction could be mediated by apoA-IV-rich particles 
significantly associated with LCAT activity. This type of 
cellular release of cholesterol may be associated with the 
lysosomal route (21, 68). However, we cannot claim that 
each subfraction strictly participates in only one of these 
mechanisms. Particles occurring in the subfraction I may 
also remove cholesterol to some extent by a nonspecific in- 
teraction mediated by their lipid composition, and parti- 
cles in the subfraction (111) may be in part involved in the 
specific interaction mediated by apoA-I. 

Numerous methods have been used for the separation 
and analysis of plasma lipoproteins and their subclasses. 
Here we have presented preparative and analytical capil- 
lary isotachophoresis as a reproducible and specific method 
that can be used for lipoprotein fractionation directly from 
whole plasma and serum. The analytical capillary 
isotachophoretic pattern of normal whole serum/plasma 
lipoproteins consists of 14 subfractions. Six of them belong 
to high density lipoproteins, and the others represent the 
apoB-containing lipoproteins. The peaks separated in the 
HDL mobility range, as shown in the present paper, cor- 
respond to particles of different lipid and apolipoprotein 
composition and different biological functions. Moreover, 
the data for the lymph lipoproteins show that the apoE-/ 

absent in lymph lipoproteins. Therefore, it is likely that 
these particles originate from the liver, while the apoA-1- 
rich HDL creating peaks 1 + 2 and the a@-IV-rich HDL 
migrating in peaks 4 + 5 are major lymph HDL particles 
that orginate from intestinal mucosa cells. 

The efTicacy of the technique presented here for lipopmtein 
separation awaits further confirmation by analysis of plas- 
ma or serum from patients. We think that, based on the 
characterization of HDL subpopulations separated by 
isotachophoresis, analytical capillary ITP may be a help- 
ful tool for the analysis of HDL subfractions with differ- 
ent functional properties directly in patient samples. I d  

WethankDr ArminS~etzfnnntheZenmuniiir Innere Medizin, 
Abteilung Endokrinologie und Stoffwechsel, Marburg (F.R.G.) 
for the analysis of apoA-IV and LCAT in the isotachophoretical- 
ly separated HDL subfractions. 
Manuscript received 12 JanuaT 1989, in revljed form 19 September 1989, 
in re-revcjed form 23 Aptil 1990, and in final form 16 July 1990. 
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