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Abstract High density lipoprotein (HDL) with and without 
apolipoprotein (apo) E was quantified and characterized in 
subjects with three genotypes of cholesteryl ester transfer pro- 
tein (CETP) deficiency: the nonsense mutation in intron 14 
(10 homozygotes and 5 heterozygotes); the missense mutation 
in the exon 15 (3 homozygotes and 9 heterozygotes); and the 
Int14A/D442G in 6 compound heterozygotes. ApoE-poor 
and apoE-rich HDLcholesterol levels were elevated signifi- 
cantly in all genotypic groups with the decrease in CETP activ- 
ity, indicating that both types of HDL-cholesterol can be a sub- 
strate for CETP. However, an unchanged or only slightly 
increased serum apoA-I1 level in each genotype indicated that 
the HDL particles with apoA-I1 are relatively resistant to 
CETP-mediated lipid transfer. Serum apoE-rich HDL level was 
considerably higher in the Intl4A homozygotes than in the 
compound heterozygotes, in spite of similar apoE-poor HDL- 
cholesterol levels, which may indicate that apoE-rich HDL is 
a better substrate for CETP than apoE-poor HDL. Although 
the apoE-rich and apoE-poor HDL subclasses were similar in 
the accumulation of cholesteryl ester and depletion of triglyc- 
eride, the accumulation of free cholesterol was unique to 
apoE-rich HDL, indicating inhibited cholesterol esterification 
on this lipoprotein. Clinical laboratories should be aware of 
the discrepancy in HDLcholesterol measurements that comes 
from the different recoveries of apoE-rich HDL using com- 
mercial reagents.M In conclusion, CETP deficiency causes 
considerable quantitative and compositional changes in HDL 
subclasses, reflecting a significant physiological role for CETP 
in HDL metabolism.-Chiba, H., H. Akita, K. Tsuchihashi, 
SP. Hui, Y. Takahashi, H. Fuda, H. Suzuki, H. Shibuya, 
M. Tsuji, and K. Kobayashi, Quantitative and compositional 
changes in high density lipoprotein subclasses in patients with 
various genotypes of cholesteryl ester transfer protein defi- 
ciency.J Lipid Res. 1997. 38: 1204-1216. 
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Cholesteryl ester transfer protein (CETP) is a hy- 
drophobic glycoprotein ( M ,  74,000) that catalyzes the 
net transfer of cholesteryl ester from HDL to triglycer- 
ide-rich lipoproteins and the reciprocal net transfer of 
triglyceride ( 1, 2). Its gene in chromosome 16q spans 
25 kb and contains 16 exons (3,4). The G to A mutation 
of the intron 14 splicing donor site (Intl4A) of the 
CETP gene has an allelic frequency of 0.5-0.8% in the 
general Japanese population and causes a striking eleva- 
tion in HDL-cholesterol levels (5-9). On the other 
hand, the Asp 442 to Gly (D442G) in exon 15 has an 
even higher allelic frequency (3.4-4.6%), and shows a 
weaker, but significant, effect on HDLcholesterol levels 
(8-11). Apart from the above, a rare nonsense muta- 
tion, Gln 309 to stop in exon 10, has also been reported 
(12). 

Although previous cases of CETP deficiency have 
been limited to the Japanese population, we recently 
found a patient, an ethnic Han Chinese, with the 
D442G mutation in a small scale study we carried out 
in China (13). Further, Funke et al. (14) have reported 
the occurrence of hyperalphalipoproteinemia due to 

Abbreviations: apo, apolipoprotein; VLDL, very low density lipopro- 
teins; LDL, low density lipoproteins; HDL, high density lipoproteins; 
CETP, cholesteryl ester transfer protein: Intl4A, G to A substitution 
at the splicing donor site of intron 14 of the cholesteryl ester transfer 
protein gene; D442G, aspartic acid to glycine substitution at codon 
442 of the cholesteryl ester transfer protein gene; PEG, polyethylene 
glycol; DNA, deoxyribonucleic acid; EDTA, ethylenediamine tetraace- 
tic acid; LCAT, lecithin: cholesterol acyltransferase. 
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two unique CETP gene mutations in Caucasians. Thus, 
it seems possible that the CETP gene may be an impor- 
tant genetic determinant of serum HDL-cholesterol lev- 
els amongst different racial groups. A recent linkage 
study on Caucasians, in which the strongest linkage to 
HDL-cholesterol levels was found for the CETP locus 
amongst genes encoding factors involved in lipoprotein 
metabolism (15), and other genetic studies have also 
suggested that it may be a determinant of HDLcholes- 
terol levels ( 16- 18). 

Diagnosis of CETP deficiency is established by con- 
firming I) increased serum HDL-cholesterol levels, 
2) decreased serum CETP activity, 3) CETP gene muta- 
tion, #) family history, and 5 )  absence of other possible 
causes of HDL-cholesterol elevation, such as chronic al- 
cohol intake (19), insulindependent diabetes mellitus 
(20), nephrosis (21), and drugs (22,23). Among these, 
HDkholesterol measurement is the most important 
step in the diagnostic process. For routine measure- 
ments of HDkholesterol, various precipitation tech- 
niques are used to separate HDL from low density lipo- 
proteins (LDL) and very low density lipoproteins 
(VLDL) . We reported significant discrepancies among 
commercial precipitation reagents found in HDL-cho- 
lesterol measurements carried out on a family with 
Intl4A (24). Asimilar phenomenon in some cholestatic 
patients, such as those with primary biliary cirrhosis and 
obstructive jaundice, has also been reported (25-27). 
With both Intl4A mutation and cholestasis, the discrep- 
ancies found in the HDL-cholesterol measurements 
were attributable to the different recoveries of apoE- 
rich HDL. 

We found that a simple precipitation with 13% (w/ 
v) polyethylene glycol (PEG) allowed recovery of total 
HDL (apoE-rich HDL plus apoE-poor HDL) in the su- 
pernatant, while a commercially available polyanionic 
reagent precipitated apoE-rich HDL and only apoE- 
poor HDL was recovered in the supernatant (28). PEG 
precipitates lipoproteins by steric exclusion (29, 30) 
and, therefore, larger and more hydrophobic lipopro- 
teins precipitate at lower concentrations of PEG. On the 
other hand, polyanions precipitate lipoproteins 
through an ionic interaction between polyanions and 
positively charged lysine and arginine residues of apoB 
and apoE molecules, in which apolipoprotein composi- 
tion is critical for precipitation. Thus, our polyanion re- 
agent precipitates VLDL, LDL, and apoE-rich HDL 
without precipitating apoE-poor HDL, while the 13% 
PEG solution precipitates VLDL and LDL, leaving 
smaller and less hydrophobic apoE-rich HDL and apoE- 
poor HDL in the supernate. Therefore, subtraction of 
the apoE-poor HDkholesterol concentration from to- 
tal HDL-cholesterol gives the apoE-rich HDLcholes- 
terol concentration. In a previous study on a family with 

Intl4A (24), we demonstrated a striking increase in se- 
rum apoE-rich HDL in the homozygous members using 
this simple precipitation method. 

In the present study, we aim to demonstrate the valid- 
ity of our precipitation method for CETPdeficient sera, 
and then to determine the cholesterol concentrations 
in HDL with and without apoE in subjects with various 
genotypes of CETP deficiency. We also examine the 
contribution of CETP activity to the cholesterol concen- 
trations in total HDL, HDL with and without apoE, and 
LDL. Further, the lipid composition of HDL with and 
without apoE is studied by applying our precipitation 
method to other lipid components. These studies 
should provide useful data for understanding the ab- 
normal HDL metabolism in CETP deficiency and the 
physiological role of CETP in HDL metabolism. 

MATERIALS AND METHODS 

Subjects 
Blood was drawn from patients with hyperalphalipo- 

proteinemia due to CETP deficiency attending our lipid 
clinic. Their CETP genotypes and ages were as follows: 
Intl4A homozygotes (n = 10, 44 5 11 (SD) years old) 
and heterozygotes (n = 5, 49 2 23 years old); D442G 
homozygotes (n = 3, 44 1- 5 years old) and heterozy- 
gotes (n = 9, 60 2 19 years old); and Int14A/D442G 
compound heterozygotes (n = 6; 53 2 10 years old). 
Subjects with the Gln 309 to stop mutation were not 
included in the present study, as this genotype has not 
yet been found in our laboratory despite the screening 
of 120 subjects with HDL-cholesterol levels of >lo0 
mg/dl. Healthy volunteers (n = 30; 56 2 13 years old), 
whose serum HDL-cholesterol concentrations and 
CETP activities were normal, were studied as the control 
group. No subjects were on any medication that would 
influence lipid metabolism. Blood samples were taken 
after an overnight fast, and the sera were used for mea- 
surements of lipids and CETP activity. Blood samples 
containing ethylenediamine tetraacetic acid (EDTA)- 
2Na were used for deoxyribonucleic acid (DNA) analy- 
ses. All samples for precipitation experiments and DNA 
analyses were stored at -20% until use. No significant 
effect of freezing and thawing on the measurement of 
apoE-rich HDL-cholesterol was noted in our previous 
study (28). Fresh sera were used for electrophoresis and 
for the study of apolipoprotein distribution by gel fil- 
tration. For ultracentrifugation, fresh sera obtained 
from 7 normal subjects (35 2 13 years old) were used. 

The study protocol was approved by the Internal Re- 
view Boards of Hokkaido University School of Medi- 
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cine. Informed consent was given by each of the partici- 
pants. 

Lipid and apolipoprotein determinations 

Total cholesterol, free cholesterol, triglyceride, and 
phospholipid in the serum were measured by enzymatic 
methods using commercial kits (Kyowa Medex Co. Ltd., 
Tokyo, Japan). Serum cholesteryl ester concentrations 
were calculated by multiplying the serum esterified cho- 
lesterol concentrations, obtained by subtracting free 
cholesterol from total cholesterol, by 1.72. Apolipopro- 
teins (apoA-I, apoA-11, apoB, apoC-11, apoC-111, and 
apoE) in serum, and apoE in 13% polyethylene glycol 
(PEG) supernate were determined by turbidimetric im- 
munoassay (Daiichi Pure Chemicals, Co. Ltd., Tokyo, 
Japan) in an autoanalyzer (Model Au-510, Olympus, 
Tokyo, Japan). Apolipoproteins in the column eluate 
were measured by enzyme immunoassay, as described 
previously (25). 

Column chromatography for apolipoprotein 
distribution 

Distribution of apolipoproteins among serum lipo- 
proteins was studied by a direct application of fresh se- 
rum to a Sepharose CL4B column (1.5 X 92 cm) to 
avoid a loss of apolipoproteins from lipoprotein parti- 
cles during ultracentrifugation. One ml of serum each 
from a normal subject, a patient with partial CETP de- 
ficiency (Intl4A heterozygote), and a patient with com- 
plete CETP deficiency (Intl4A homozygote) was ap- 
plied to the column and eluted with 5 mmol/l Tris-HC1 
(pH7.4) containing 0.15 mol/l NaCl, 0.27 mmol/l 
EDTA-2Na, and 3 mmol/l NaNS at 6°C. Three-ml frac- 
tions were collected, and each fraction was analyzed for 
total cholesterol, apoA-I, apoA-11, apoB, and apoE. 

Determination of total, apoErich, and apoEpoor 
HDkholesterol 

Serum apoE-poor HDL-cholesterol and apoE-rich 
HDL-cholesterol concentrations were determined by a 
combination of two precipitation methods, as described 
previously (28). Briefly, a sample serum was divided in to 
two parts: one part was mixed with an equal volume of 
aqueous 13% (w/v) PEG (PEG 6000, Wako Pure Chem- 
icals Industries Ltd., Osaka, Japan), and the other part 
was mixed with a commercial polyanionic reagent 
(HDL-GDaiichi, Daiichi Pure Chemicals CO. Ltd.) com- 
posed of 1.8 g/1 dextran sulfate, 3 g/1 sodium phospho- 
tungstate, and 0.1 mol/l MgCl,. Each mixed solution 
was allowed to stand for 10 min at room temperature. 
After centrifugation (2000 g, 15 min, room tempera- 
ture), cholesterol was determined in each supernate. 
The former procedure (13% PEG) gave apoE-rich 
HDL-cholesterol plus apoE-poor HDL-cholesterol (des- 

ignated as total HDL-cholesterol), and the latter gave 
apoE-poor HDL-cholesterol. ApoE-rich HDL-choles- 
terol was determined by subtracting the apoE-poor 
HDL-cholesterol from the total HDL-cholesterol. ApoE 
in the 13% PEG supernate also analyzed for the study 
of apoE distribution. 

Validation of the precipitation method for apoErich 
HDL 

We previously characterized the interactions between 
our precipitation reagents and serum lipoproteins from 
the cholestatic patients with increased apoE-rich HDL 
concentrations. We here again validated our method 
for patients with CETP deficiency. The effects of various 
concentrations of PEG on serum lipoproteins were stud- 
ied for a patient with complete CETP deficiency 
(Intl4A homozygote). The serum and the same volume 
of PEG solution (8-15% by weight) were vortex mixed 
and, after a 15-min standstill, were centrifuged (2000 
g, 15 min, room temperature). The precipitates were 
washed once with the same precipitating reagent and 
solubilized with 1 mol/l NaCl. The supernates and pre- 
cipitates were electrophoresed in agarose gel film 
(Corning, Palo Alto, C A )  , and stained with Fat Red 7B. 
The recovery of slow a-moving lipoproteins was exam- 
ined. 

Further, we studied the effects of the precipitation on 
apoE-containing lipoproteins by apoE immunofixation, 
using serum from a patient with severe CETP deficiency 
(Intl4A/D442G compound heterozygote). For this 
purpose, the agarose gel, containing electrophoresed 
lipoproteins (supernate and precipitate), was covered 
with cellulose acetate membrane immersed in goat anti- 
apoE (Daiichi Pure Chemicals Co. Ltd.) and allowed to 
stand for 30 min at room temperature. The gel was then 
rinsed in 0.15 mol/l NaCl at 4°C overnight. The lipo- 
proteins fixed in the gel were stained with Coomassie 
brilliant blue. 

Calculation of LDLcholesterol 

The serum LDL-cholesterol concentrations were cal- 
culated by the formula of Friedewald, Levy, and Fred- 
rickson (31) (LDLcholesterol = total cholesterol - 
HDLcholesterol - 0.2 X triglyceride), using the total 
HDL-cholesterol (13% PEG supernate). 

Determination of HDL composition by precipitation 
The lipid composition of the total HDL and that of 

the apoE-poor HDL were determined by measuring the 
lipids (free cholesterol, cholesteryl ester, triglyceride, 
and phospholipid) in the 13% PEG supernate and the 
polyanion supernate, respectively. For apoE-rich HDL, 
the lipid composition was determined by subtracting 
the concentrations of each lipid in the polyanion su- 
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pernate from the concentration in the PEG supernate. 
Composition was expressed as the fraction of each lipid 
in the total lipids. 

Ultracentrifugation and column chromatography for 
lipoprotein composition 

Lipoprotein classes were isolated from normal sera 
by a combination of ultracentrifugation and gel filtra- 
tion and lipid composition was determined as described 
previously (25). Briefly, to each serum sample EDTA- 
2Na, 5’, 5dithiobis-2-nitrobenzoic acid, and solid KBr 
(d 1.225 g/ ml) were added and the samples were ultra- 
centrifuged in a vertical rotor (Hitachi RPV50T) in a 
Hitachi 7OP-73 ultracentrifuge at 15°C. The floating li- 
poproteins were collected by pipetting, and concen- 
trated to 2-3 ml by ultrafiltration using Amicon mem- 
brane (XM-50). The lipoproteins were then subjected 
to the CL4B column chromatography as described 
above. Three-ml fractions were collected under contin- 
uous monitoring of the absorbance at 280 nm. Ac- 
cording to the elution profile, the fractions of VLDL, 
LDL, and HDL were pooled and concentrated using 
Amicon XM-50. Each lipoprotein fraction was subjected 
to lipid determination. 

Assay of CETP activity 

CETP activity was measured by a modification of the 
method used by Albers, Tollefson, and Chen (32). 
Briefly, the transfer of I4Glabeled HDL cholesteryl ester 
to the d < 1.063 g/ml lipoproteins was measured after 
incubation of 10 p1 of serum for 12 h at 37°C. The HDL 
and d < 1.063 g/ml lipoproteins were separated by 
dextran/MnCl, precipitation, and the radioactivity in 
the supernate (HDL) was measured. Activity was ex- 
pressed as a %transfer/10 p per 12 h. In each experi- 
ment, the concentrations of donor and acceptor lipo- 
proteins were adjusted to the condition in which 
normal serum samples should give a transfer of about 
20% of total radioactivity, in order to attain the best 
linearity of the assay. 

DNA analyses 

Genomic DNA was prepared from peripheral buffy 
coats or total blood using a commercial kit (Blood & 
Cell Culture DNA kit, Qiagen Inc., Chatsworth, CA). 
Polymerase chain reactions for the D442G and Intl4A 
mutations were performed as described previously (9). 
One primer in each primer set was modified to give 
MspI and NdeI endonuclease cleavage sites, respec- 
tively, for the D442G and Intl4A mutations. The DNA 
fragments were analyzed by electrophoresis on 3% Nu- 
Sieve GTG agarose (FMC Co., Rockland, ME) followed 
by ethidium bromide staining and visualization using a 
standard ultraviolet transilluminator. 

Statistical methods 

Comparisons of the lipoprotein parameters and 
CETP activities between the mutants and the controls 
were evaluated using a Mann-Whitney U test. Compari- 
sons of the lipoprotein parameters determined by dif- 
ferent methods within the same genotypic group were 
made using a Wilcoxon signed-rank test. Correlation co- 
efficients were determined by linear regression analysis. 

RESULTS 

CETP activities, serum lipids and apolipoproteins 

The CETP activities and the concentrations of lipids 
and apolipoproteins in serum in the subjects are sum- 
marized in Table 1. CETP activity was totally lost in the 
subjects homozygous for Intl4A and was very low in the 
compound heterozygotes. While the Intl4A heterozy- 
gotes and the D442G homozygotes showed remarkably 
decreased CETP activities, subjects heterozygous for 
D442G showed only mild changes. Serum total and free 
cholesterol, cholesteryl ester, phospholipid, apoA-I, 
apoC-11, apoC-111 and apoE were markedly increased in 
the Intl4A homozygotes and the compound heterozy- 
gotes, while little or no change was observed in the 
other genotypic groups. In spite of the uniform increase 
in apoA-I in all genotypes, no significant increase was 
observed in apoA-11, except for the compound heterozy- 
gotes. ApoB was significantly decreased only in the 
Intl4A homozygotes, indicating the lack of significant 
influence of partial CETP deficiency on LDL metabe 
lism. 

Distribution of apolipoproteins among serum 
lipoproteins 

Figure 1 shows the elution profiles of total cholesterol 
and apolipoproteins on the CL4B column after a direct 
application of fresh serum from a normal subject, a pa- 
tient with partial CETP deficiency (Intl4A heterozy- 
gote), and one with complete CETP deficiency (Intl4A 
homozygote). The serum lipoprotein parameter levels 
in these subjects were as follows (in the order of total 
cholesterol, triglyceride, total HDL-cholesterol, apoA-I, 
apoA-11, apoB, and apoE): 219, 59, 58, 132, 35, 95, and 
3.9 mg/dl for the normal; 236, 119, 74, 157, 36, 103, 
and 5.9 mg/dl for the Intl4A heterozygote; 295, 94, 
218,202, 34, 100, and 16.4 mg/dl for the Intl4A homo- 
zygote. 

For normal serum, the HDLcholesterol, apoA-I, and 
apoA-I1 co-eluted in a roughly monophasic pattern (Fig. 
lA, upper), while apoE eluted in both larger HDL and 
VLDL (Fig. lA, lower). 
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TABLE 1. Serum CETP activities and concentrations of serum lipoprotein components in subjects with 
CETP deficiency 

Int144 D442C. 
Intl4A/ D442G 

Homo Hetero Homo Hetero Compound Hetero Controls 
Trait5 (n = 10) (n = 5) (n  = 3) (n = 9) (n = 6) (n = 80) 

CETP activity 

Total cholesterol 
Free cholesterol 
Cholesteryl ester 
Triglyceride 
Phospholipid 
ApoA-l 
ApoA-I1 
ApoB 
ApoC-I1 
ApoC-111 
ApoE 

0 i 0" 

256 t 35" 
68 t 9" 

327 t 49l' 
103 t 27" 
298 t 34" 
219 i 39" 
36 f 10 
69 t 16" 
6.2 t 1.3" 

21.6 t 4.8" 
10.8 i 3.1b 

10.9 t 6.5" 

217 f 50 
67 i 21" 

265 f 84 
106 f 46 
253 f 44" 
190 t 78" 
33 i 5 
80 t 18 
4.7 t 1.5" 

12.2 f 2.2" 
6.6 i 1.8" 

% 

6.4 f 4.1" 
mng/dl 

204 f 17 
53 i 5" 

260 t 12 
49 t 19 

234 t 28" 
189 i 55" 
33 2 5 
72 t 18 

3.2 t 0.6 
8.1 t 2.8 
5.0 i 1.4 

18.3 2 6A1 

209 ? 28" 
56 ? 7" 

267 f 51 
5 6 ?  14 

232 ? 27" 
181 2 95" 
35 t 8 
74 t 15 

3.7 f 1.1" 
8.3 f 2.0 
5.9 t 1.7" 

2.6 2 2.4" 

268 t 50" 
68 t 131 

344 f 64' 
55 f 18 

250 t 23' 
250 t 23" 
47 f 2" 
82 f 18 
7.4 f 1.01 

18.6 f 2.0' 
7.5 t 3.8" 

25.6 f 2.1 

190 t 26 
45 f 7 

248 2 34 
71 f 31 

197 t 24 
131 t 17 
32 f 5 
82 t 14 
3.2 t 1.2 
7.5 i 2.3 
4.6 t 1.2 

Values are mean t SD. 
''I% 0.05, ' P  < 0.01 YS. controls (Mann-Whitney LJ test) 

1 0  

5 

0.08 

0.06 

0.04 

0.02 

+ total cholesterol A 
apoA-ll 

A W0A-l 

apoB 10 

WOE 

0.1 

- -  
30 40 50 

B 

10 

ft 

C 

30 40 50 30 40 50 

Tube Number 
Fig. 1 Elution profiles of cholesterol and apolipoproteins in native serum from (A) normal subject, (B) a subject with partial CETP deficiency 
(Intl4A heterozygote), and (C) a subject with complete CETP deficiency (Intl4A homozygote) on the Sepharose CL4B column. One ml of 
serum was applied to a Sepharose CL4B column (1.5 X 92 cm) and eluted with 5 mmol/l Tris-HCI (pH 7.4) containing 0.15 mol/l NaC1, 
0.27 mmol/l EDTA-ZNa, and 3 mmol/l NaNI. Three-ml fractions were collected at 6%. Cholesterol was determined enzymatically, and apolipo- 
proteins were determined by enzyme immunoassay. 
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For partial CETP deficiency (Intl4A heterozygote), 
the LDL and HDL peaks were still separated, but a small 
increase of larger apoA-Icontaining lipoproteins was al- 
ready notable (Fig. lB, upper). There were no definite 
changes in ApoA-I1 distribution. The apoE peak in the 
larger HDL fraction was enlarged (Fig. lB, lower). 

For complete CETP deficiency (Intl4A homozygote), 
the separation between the LDLcholesterol and HDL 
cholesterol peaks was poor, apparently due to the shift 
of HDL peak to the front (Fig. lC, upper). The HDL 
cholesterol and apoA-I peaks were strikingly enlarged; 
in contrast, the LDkholesterol and apoB peaks were 
depressed. ApoA-I eluted in a biphasic pattern. The 
faster major apoA-I peak overlapped the HDLcholes- 
terol peak, and the second minor apoA-I peak appeared 
at the descending limb of the HDLcholesterol peak, 
indicating that cholesterol accumulation occurred pre- 
dominantly in the larger apoA-Icontaining particles. 
ApoA-I1 elution shifted in the same direction as ApoA- 
I, but the shift was much less than that for apoA-I, in- 
dicating that cholesterol accumulation was small in 
apoA-IIcontaining lipoproteins. Apokontaining HDL 
particles were more enlarged in particle size (Fig. lC, 
lower). A portion of apoE in this fraction no longer 
overlapped the apoA-I elution, indicating the presence 
of cholesterolenriched HDL .particles exclusively con- 
taining apoE. 

Validity of the methad for apoErich HDL 
determination 
Figure 2 shows the effect of various concentrations of 

PEG on lipoprotein precipitation for the serum from a 
subject with complete CETP deficiency (Intl4A home 
zygote). As we had found that the apoE-rich-HDL in 
cholestatic sera was best separated from LDL and VLDL 
with 13% PEG, we tested the concentrations around 
13%. As shown in Fig. 2, the 1 1-13% PEG solutions suc- 
cessfully recovered the total HDL (a- and slow a-moving 
lipoproteins) and precipitated the larger lipoproteins. 
To avoid possible floating of light lipoproteins in hyper- 
triglyceridemic sera, the highest concentration within 
the range, that is 13%. was chosen for the measurement 
of total HDLcholesterol. We have confirmed that this 
method is safe up to 700 mg/dl of serum triglyceride. 
Figure 3 shows the recovely of apoEcontaining lip* 

proteins in the supernate after the 13% PEG and poly- 
anion precipitations for a patient with severe CETP de- 
ficiency (Int14A/D442G compound heterozygote). We 
did not analyze the polyanion precipitate as we could 
not solubilize it with any solution. For normal control 
(Fig. 3a, b), the majority of apoE appeared in the pre- 

position, and minor apoE staining was observed in the 
slow a position. For the compound heterozygote (Fig. 
3c, d), there was increased fat staining and dense apoE 

8 9 10 11 12 13 14 15 

Fig. 4 Effect of various concentrations of polyethylene glycol on the 
serum lipoproteins from a subject with complete CETP deficiency 
(Intl4A homozygote). Polyethylene glycol solutions were mixed with 
the same volume of the serum and centrifuged. Precipitates were solu- 
bilized with 1 mol/l NaCI. Fat staining. 

staining at the slow a-position. The 13% PEG precipita- 
tion successfully recovered the a- and slow a-moving li- 
poproteins in the supernate (Fig. 3e, f ) ,  although VLDL 
and LDL were precipitated under these conditions (Fig. 
3g, h). The polyanion precipitation recovered the a- 
moving lipoproteins in the supernate, but the slow a- 
moving apoEcontaining lipoproteins were not ob 
served there (Fig. 3i, j). 

The intra-assay and inter-assay coefficients of varia- 
tion for our measurements of apE-rich HDkholes- 
terol were 5.3% (n = 20) and 8.2% (n = 12) at 34 mg/ 
dl, respectively. 

HDLcholesterol and H D h p o E  concentrations by 
precipitation 

Total HDLcholesterol by the 13% PEG precipitation 
was strikingly high in the Intl4A homozygotes and com- 
pound heterozygotes, and moderately high in other ge- 
notypic groups (Table 2). The absolute cholesterol in- 
crease was always larger in apoEpoor HDL than in 
apoE-rich HDL, but the percentage increase was always 
larger in the latter in each genotype. A considerable 
difference in apoE-rich HDkholesterol concentration 
was observed between the Intl4A homozygotes and the 
compound heterozygotes, even though their apoEpoor 
HDLcholesterol concentrations were identical. 

The absolute apoE concentration in the total HDL 
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Fig. 3 Effects of 13% polyethylene glycol and the p 
W (+) Iwnionic reagent on the serum lipoproteins from a 

subject with scvere CETP dcficienw (lnt14A/D442C 
compound hetero7ygotc). lane's a, c, e, g. i fat stain- 
ing; lanes b. d, f. h,.j: apoE immunofixarion; lanes a 
and b: normal control senim; lanes c and d: the pa- 

supernate (patient); lanes g and h: 13% polvethvlenc 
glvcol precipitate (patient); lanes i and j: polymion 
supemate (patient). 

a+ P rl * r- 

l i  

s * u p  3 z m  l ticnt's serum; lanes e and f: 13% polyethylene glycol 
origin + (-) 

a b  c d e f g h  i j  

fraction (13% PEG supemate) was significantly elevated 
in each genotype, and its increase wa.. roughly parallel 
to the increase in apoE-rich HDL-cholesterol. On the 
other hand, the percentage distribution of apoE in the 
total HDL fraction in each genotype was not signifi- 

the D442G heterozygotes (n = 9). 105 ? 46 mg/dl for 
the Int14A/D442G compound heterozygotes (n = 6). 
and 116 ? 21 mg/dl for normal control (n = S O ) .  Only 
the Intl4A homozygotes showed a statistically signifi- 
cant decrease ( P  < 0.01). 

cantly different from that for-the control, indicating a 
concomitant increase of apoE content in VLDL. We 
could not mea5ure apoE in the supernate from the poly- 
anion precipitation as the polyanion reagent caused a 
significant positive interference in turbidimetric apoE 
immunoassay, probably due to an interaction with poly- 
anion-binding proteins contained in antiserum and 
sample serum. The unchanged percentage distribu- 
tions of apoE in the precipitated lipoproteins, which 
means the increased absolute apoE content in this frac- 
tion, in 13% PEG precipitation might reflect a possible 
change in polarity of VLDL particles. 

LDGcholesterol concentrations 
LDL-cholesterol concentrations, calculated by the 

Friedewald's formula using the total HDL-cholesterol 
(13% PEG precipitation), were 60 ? 39 mg/dl for the 
Intl4A homozygotes (n = lo), 96 ? 43 mg/dl for the 
Intl4A heterozygotes (n = 5 ) ,  83 ? 40 mg/dl for 
the D442G homozygotes (n = 3). 102 -C 26 mg/dl for 

Correlation between CETP activities and lipoprotein 
parameters 

CETP activities significantly correlated with the levels 
of total HDL-cholesterol, apoE-poor HDLcholesterol, 
and apoE-rich HDL-cholesterol (Fig. 4A-C). The 
strongest correlation was found for the total HDLcho- 
lesterol. Although the Intl4A homozygotes had appar- 
ently low LDLcholesterol levels, the overall correlation 
between the CETP activities and the LDL-cholesterol 
levels was not statistically significant (Fig. 4D). 

HDL compositions by precipitation 
In both apoE-poor and apoE-rich HDL subclasses, an 

increase in cholesteryl ester was observed as the most 
prominent compositional change in each genotypic 
group (Table 3). The decrease in phospholipid and tri- 
glyceride in both HDL subclasses was also common 
among the genotypes. The ratios of neutral lipid 
(cholesteryl ester + triglyceride) to polar lipid (free 

TABLE 2. Senim total, apobpoor. and apoE-rich HDkholesteml concentrations (mg/dl) and serum 
total HDLapnE concentrations (mp;/dl) in subjecLs with CETP deficiency 

Tom1 HDI. APE-Poor HDL APE-Rich HDI. 
( I  3% PEG Supernate) (Pol\anion Supernate) (Bihuacrion) 

n Cholcsteml ApoE Cholcsteml Cholesterol 

In t 14A homo 10 176 2 31' 6.4 2 2.8' 121 f 24' 55 2 27' 

Int14A hetero 5 100 2 36' 2.8 2 2 2 -  84 2 25' 16 f 12' 

D442G homo 3 111235' 2 .821 .4 '  93 2 26' 25 f 8' 

D442C hetero 9 96 2 9' 3.1 2 1.2' 76 2 8' 21 2 7' 

Int14A/D442C compound hetero 6 152 2 IO' 5.0 2 2.9' 121 f 8' 31 2 6' 

(60 2 23%) 

(42 2 26%) 

(58 2 27%) 

(.54 2 23%) 

(67 2 8%) 
Cmntrols .w) 59 2 14 1.3 f 0.7 52 2 12 7 2 2  

(56 2 27%) 

Values are mean 2 SD. Values in parentheses were obtained by dividing the apoE concentration in the 

' P  < 0.0.5, ' P  < 0.01 M. controls (Mann-Whitney U test). 
13% PEG supemate by that in the serum. 
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r = 0.782 
y = -4.68X t 164 250 

01 ! 1 
0 5 10 15 20 25 30 

y = -1.84~ t 44.5 
f =0.0006 100 

0 5 1 0 1 5 2 0 2 5  

y = -2 .89~ t 120 
160 

01 ! 1 
0 5 1 0 1 5 2 0 2 5 3 0  

0 

r =0.190 
y = 1 . 1 6 ~  t 79.6 
f=0.316 

-----------i + A  

5 i o i 5 2 0 2 5 3 0  

Cholesteryl Ester Transfer Protein Activities (%) 

Fig. 4 Correlations between CETP activity and (A) total HDLcholesterol level, (B) apoE-poor HDkholesterol level, (C) apoE-rich HDL 
cholesterol level, and (D) LDkholesterol level.(.) Intl4A homozygotes: (0) compound heterozygotes (Int14A/D442G); (0) Intl4A heterozy- 
gotes; (+) D442G homozygote; (A) D442G heterozygote. 

TABLE 3. Lipid compositions (% by weight) of HDL fractions by precipitation in subjects with CETP deficiency 

Ratio of 
Free Cholesterol Neutral to 

Genotypes n Methods HDL Fractions Cholesterol Ester Triglyceride Phospholipid Polar Lipid 

Intl4A homo 10 precipitation total HDL 6.8 t 0.8" 47.0 t 0.9' 0.9 f 0.5" 45.2 t 0.9' 0.92 f 0.05' 
apoE-poor HDL 5.5 ? 0.9 47.1 t 1.1' 1.1 ? 1.1' 46.3 f 1.0' 0.93 ? 0.05' 
apoE-rich HDL 9.8 ? 1.4"' 46.9 2 4.1"" 0.2 ? 0.8".' 43.0 f 2.gLd 0.90 rt 0.13' 

Intl4A hetero 5 precipitation total HDL 5.7 ? 1.3 41.2 t 1.9 3.4 ? 1.7 49.7 ? 1.4 
apoE-poor HDL 5.2 ? 0.9 41.2 2 2.6 3.2 t 1.6 50.4 ? 2.0 
apoE-rich HDL 9.3 ? 2.2"' 42.3 ? 3.2' 4.7 f 3.8' 46.6 ? 5.2"' 

D442G homo 3 precipitation total HDL 5.7 ? 0.4 45.8 f 5.9 2.3 ? 1.0 46.2 ? 4.5 
apoE-poor HDL 4.7 ? 0.3 49.0 ? 1.5" 2.2 2 0.6 44.1 ? 0.9" 
apoE-rich HDL 10.2 2 1.1",' 43.1 t 4.4' 1.6 ? 1.4 45.1 2 3.4&' 

D442G hetero 9 precipitation total HDL 6.0 t 0.9 43.6 ? 3.1" 2.8 2 0.8" 47.6 2 3.2' 
apoE-poor HDL 5.6 2 1.2 44.1 ? 4.0" 2.9 ? 0.9" 47.4 2 4.3" 
apoE-rich HDL 7.7 t 3.6"," 46.2 ? 15.3' 1.9 ? 2.1".' 44.2 2 13.SUd 

Int14A/D442G 6 precipitation total HDL 6.0 t 0.7 48.1 ? 6.0' 1.4 ? 0.4' 44.4 ? 3.7' 
compound apoE-poor HDL 5.2 t 0.9 48.5 t 4.6' 1.3 ? 0.3' 45.1 ? 3.9' 
hetero apoE-rich HDL 9.7 ? 1.5b,d 47.7 2 6.8',' 2.1 f 1.2" 40.5 k 6.8',' 

Normal 7 ultracentrifugation HDL 5.1 t 1.3 38.0 2 6.9 4.4 f 0.9 52.5 f 5.2 
plus column LDL 10.2 ? 2.2 51.9 ? 3.7 11.4 ? 2.1 26.5 f 1.2 
chromatography VLDL 6.3 2 1.3 11.7 ? 3.8 63.1 ? 4.0 19.0 ? 2.4 

Neutral lipid, cholesteryl ester plus triglyceride; polar lipid, free cholesterol plus phospholipid. Values are mean ? SD. 
" P  < 0.05, 'P  < 0.01 vs. normal HDL (Mann-Whitney U test). 
' P  < 0.05, ' P  < 0.01 vs. apoE-poor HDL for the same genotype (Wilcoxon signed-rank test). 

0.80 ? 0.02 
0.80 2 0.04 
0.91 t 0.24 

0.94 t 0.17 
1.05 ? 0.04" 
0.98 ? 0.17" 

0.86 2 0.12 
0.88 2 0.16 
1.02 2 0.59 

0.99 2 0.18" 
1.00 f 0.20" 
1.04 5 0.36 

0.74 t 0.11 
1.73 2 0.19 
3.00 f 0.46 
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cholesterol + phospholipid) increased up to the inter- 
mediate level between those for the control HDL and 
LDL fractions, apparently due to the accumulation of 
cholesteryl ester. The ratios, however, were not signifi- 
cantly different among the HDL subclasses within the 
same genotype. Instead, increased free cholesterol was 
found to be a unique characteristic for apoE-rich HDL 
in all CETPdeficient groups. 

DISCUSSION 

ApoE-rich HDL has several characteristics that are 
not found in apoE-poor HDL, such as high-affinity bind- 
ing to LDL receptors and remnant receptors (33) and 
an inhibitory effect on agonist-induced platelet activa- 
tion (34, 35). Wilson et al. (36) reported that the in- 
verse relationship between HDL-cholesterol and coro- 
nary risk might be largely attributable to apoE-rich 
HDL, and suggested a significance of apoE-rich HDL- 
cholesterol as a predictor for subjects at coronary risk. 
Thus, a separate monitoring of apoE-rich and apoE- 
poor HDL subclasses may provide useful clues as to 
whether hyperalphalipoproteinemia due to CETP defi- 
ciency is anti-atherogenic or atherogenic in nature. 

Previous studies have reported an elevation in serum 
apoE level in patients with CETP deficiency (7-11, 37, 
38). Koizumi et al. (38) found that apoE resides mainly 
in HDL of larger particle sizes in patients homozygous 
for CETP deficiency. Yamashita et al. (39) isolated slow 
a-migrating lipoproteins from the d 1.019-1.063 g/ml 
fraction in patients with complete CETP deficiency. The 
isolated lipoproteins were similar in density, particle 
size, enrichment with apoE and cholesteryl ester, and 
slow a-migrating nature in agarose gel electrophoresis 
to HDLc, which had been reported in cholesterol-fed 
CETPdeficient animals (40). In the present study, an 
increase in serum apoE was confirmed in most geno- 
typic groups (Table 1). This change was associated with 
the increase in apoA-I, total cholesterol, and phospho- 
lipid. ApoCs, known to distribute more in HDL than 
VLDL in the absence of hypertriglyceridemia (41), were 
also increased, which is the same change as seen in cho- 
lestatic patients with increased apoE-rich HDL (25). 
Chromatographic studies demonstrated a remarkable 
enlargement of HDL particles in complete CETP defi- 
ciency (Fig. 1C) and also a mild increase in larger HDL 
particles in partial CETP deficiency (Fig. lB) ,  in associa- 
tion with preponderant distribution of apoE in the 
larger HDL particles in the both cases. Agarose gel elec- 
trophoresis showed enhanced staining of apoE in slow 
a-migrating lipoproteins (Fig. 3). The above findings 
are consistent with an increase in apoE-rich HDL. 

As the density and particle size of apoE-rich HDL 
overlap those of apoE-poor HDL and LDL, the separa- 
tion of apoE-rich HDL from other lipoproteins has 
been usually done by ultracentrifugation combined 
with Pevikon block electrophoresis (40) or with heparin 
affinity chromatography (42). These methods, however, 
are qualitative not quantitative, and therefore our 
knowledge in terms of the quantity of apoE-rich HDL 
in CETP deficiency is extremely limited (24). In this 
study, our unique double precipitation-subtraction 
method for the measurement of apoE-rich HDL was 
found to be applicable to CETP-deficient sera (Fig. 2 
and 3). As the separation between apoE-rich HDL and 
the larger lipoproteins (VLDL + LDL) was found to be 
good in spite of their overlapping particle sizes (Fig. l ) ,  
we suggest that the separation largely depends on the 
surface polarity. The smaller neutral to polar lipid ratios 
for apoE-rich HDL indicate the larger polarity of this 
lipoprotein in comparison with LDL andVLDL (Table 3). 

ApoE-rich and apoE-poor HDL-cholesterol levels 
were strikingly increased in the Intl4A homozygotes 
and the Int14A/D442G compound heterozygotes, and 
were slightly increased in other genotypes (Table 2). 
This fact and the strong correlation with CETP activities 
for the total HDL-cholesterol seem to support the idea 
that the CETP-mediated lipid transfer involves all HDL 
subclasses, not only a specific subclass (Fig. 4). How- 
ever, it seems also true that the lipid transfer does not 
occur equally among HDL subclasses. As shown in Ta- 
ble 2, the Intl4A homozygotes has a mean apoE-poor 
HDL-cholesterol concentration (121 mg/dl) equal to 
that for the compound heterozygotes, but has a higher 
apoE-rich HDL-cholesterol concentration (55 mg/ dl) 
than the compound heterozygotes (31 mg/dl). This 
means that when only a small amount of CETP is pres- 
ent in plasma, cholesterol transfers more preferentially 
from apoE-rich HDL than from apoE-poor HDL, sug- 
gesting that apoE-rich HDL is the better substrate for 
CETP. Accordingly, Gavish, Yitzchak, and Eisenberg 
(43) reported that in vivo conversion of HDLY to HDL,, 
in rats is more sensitive to lipid transfer reaction than 
is HDL3 to HDL, conversion. Groener, van Gent, and 
van To1 (44) also reported a remarkable reduction in 
particle size of apoE-containing HDL with much smaller 
change in size of apoA-I-containing HDL, after injec- 
tion of rats with partially purified CETP. 

Thus, the mechanism of the increased apoE-rich 
HDL in CETP deficiency can be explained, at least 
partly, by the reduced conversion of apoE-rich HDL to 
smaller lipoproteins. It should be noted, however, that 
the increase occurred in terms of apoE as well as choles- 
terol. The decrease in polarity on HDL, as indicated by 
the increased ratios of neutral to polar lipid (Table 3), 
might accelerate apoE to distribute on HDL. A possible 
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difference in catabolic clearance rate between apoE on 
HDL and that on the larger lipoproteins, such as chy- 
lomicron remnants and VLDL, might be a cause of the 
accumulated apoE. Although a normal production rate 
and substantially slower turn-over rate of apoA-I were 
reported in complete CETP deficiency (45), such infor- 
mation for apoE is not available. Relating to the high 
apoE concentrations in CETP deficiency, it is interest- 
ing that the rat, a CETPdeficient animal, has plasma 
apoE levels 5- to 13-times higher than those for humans 
(46). In this animal, plasma LDL level is extremely low, 
and therefore, cholesterol delivery to peripheral tissues 
depends on apoE-rich HDL. It seems worthwhile to test 
the hypothesis that apoE is synthesized more in CETP- 
deficient humans to compensate for the diminished 
cholesterol delivery due to the decrease in CETP and 
apoB and also to the decreased binding of LDL with 
the LDL receptor (47). Although the binding capacity 
of the LDL receptors with apoE-rich HDL isolated from 
a subject with complete CETP deficiency was reported 
to be small in comparison with normal LDL (39), it 
seems unlikely that apoE-rich HDL accumulates by satu- 
rating the LDL receptors, because apoB was not found 
to be increased in CETPdeficient subjects (Table 1). 

In the present study, we observed normal apoA-I1 lev- 
els in CETPdeficient subjects, the only exception being 
compound heterozygotes (Table 1). Chromatographic 
studies showed much smaller changes in size distribu- 
tion of apoA-Ikontaining HDL in partial and complete 
CETP deficiency (Fig. 1B and 1C). These results seem 
to suggest that the physiological effect of CETP on the 
metabolism of apoA-II-containing HDL is small in com- 
parison with that for HDL without apoA-11. Accordingly, 
a lack of correlation between CETP mass and apoA-I1 
was reported for normolipidemic subjects (48). The un- 
changed apoA-I1 level might be explained by the low 
affinity of CETP for HDL with apoA-I1 (49), and also 
by the inhibition of CETP-mediated HDL remodeling 
by apoA-I1 (50). However, controversial results were re- 
ported for apoA-I1 metabolism in CETP deficiency: un- 
changed (8) and increased (8, 37) serum apoA-I1 levels 
in complete CETP deficiency, and unchanged (8, 11, 
37) and increased (7) apoA-I1 levels in partial CETP de- 
ficiency. Decreased catabolism of apoA-I1 and increased 
particle size of apoA-II-containing HDL were reported 
in complete CETP deficiency (51, 52). The effect of 
CETP on the metabolism of apohlkontaining HDL 
may be difficult to define, as apoA-I1 can distribute 
among HDL subpopulations with compositional 
changes in HDL particles. 

Both apoE-rich and apoE-poor HDL subclasses 
showed similar compositional changes: increased 
cholesteryl ester, decreased triglyceride, and elevated 
ratio of neutral to polar lipid (Table 3). Although the 

accumulation of free cholesterol was found to be a 
unique feature of apoE-rich HDL in CETP deficiency, 
its mechanism is puzzling, as free cholesterol transfer 
among lipoproteins is mediated by a rapid CETP-inde- 
pendent mechanism (1). In a previous study by Koizumi 
et al. (53), increased free cholesterol in HDL was re- 
ported for subjects homozygous for Intl4A, but no dis- 
cussion was given on this phenomenon. Chajek, Aron, 
and Fielding (54) reported that LCAT activity on liposo- 
mal surface was directly inhibited by cholesteryl ester. 
Although we have reported normal LCAT activities in 
two Intl4A homozygotes using a commercial LCAT 
assay kit (24), in which the substrates were liposome- 
incorporated lecithin and cholesterol (55), it is still pos- 
sible that the accumulating cholesteryl ester might in- 
hibit LCAT and increase free cholesterol in apoE-rich 
HDL. This idea is supported by a previous report that 
apoE-poor HDL is the better substrate for LCAT than 
apoE-rich HDL (56). 

Increased apoE-rich HDL evokes a problem relevant 
to clinical chemistry. Several kinds of precipitating re- 
agents for HDL-cholesterol measurement are commer- 
cially available, and they are quite different in the recov- 
ery of apoE-rich HDL, as described previously (24, 25). 
Commercial reagents containing PEG only partially re- 
cover apoE-rich HDL, because their PEG concentra- 
tions are higher than 13%. A similar partial recovery of 
apoE-rich HDL was found in a commercial reagent for 
isoelectric precipitation (24). On the other hand, com- 
mercial reagents containing polyanion(s), such as dex- 
tran sulfate, sodium phosphotungstate, and heparin, 
precipitate apoE-rich HDL along with the apoB-con- 
taining lipoproteins (40, 57). Inazu et al. (8) described 
a heparin-Ca2+ precipitation that results in an estima- 
tion of HDL-cholesterol that is 4-1 1 % lower than that 
by ultracentrifugation in samples with HDLcholesterol 
levels of 2120 mg/dl. Thus, true total HDL-cholesterol 
concentration, which is best determined by 13% PEG, 
is not available using any commercial reagents. We do 
not believe that ultracentrifugation is completely reli- 
able considering the significantly overlapping densities 
of LDL and HDL in CETP deficiency. This point should 
be considered when a guideline for the diagnosis of 
CETP deficiency is discussed. 

The significant decrease in serum apoB (Table 1) 
and LDLcholesterol in the Intl4A homozygotes clearly 
demonstrated the effect of CETP on LDL metabolism. 
However, the overall correlation between CETP activi- 
ties and LDLcholesterol levels was not significant (Fig. 
1D). Previous studies have also reported a lack of corre- 
lation between CETP activities or CETP mass concentra- 
tions for apoB levels in CETP-deficient subjects (37), 
and a lack of a correlation between CETP mass concen- 
trations and LDL-cholesterol levels in normolipidemic 
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subjects (48). We suppose that the effect of CETP on 
LDL reaches saturation at a very low level of CETP activ- 
ity in humans. In this context, it seems unlikely that 
high CETP activities could contribute to the develop- 
ment of atherosclerosis in humans through an increase 
of plasma LDL-cholesterol. However, the role of high 
CETP activity in the development of hyperlipidemia re- 
mains to be determined, as an association of enhanced 
cholesteryl ester transfer and several forms of hyperlip- 
idemia have been reported (58-60). Additionally, we 
found a methodological problem in the measurement 
of LDL-cholesterol in CETP-deficient subjects that will 
be discussed elsewhere. 

In conclusion, CETP deficiency causes striking quan- 
titative and compositional changes in HDL subclasses, 
which indicates a significant physiological role for 
CETP in the metabolism of HDL. Our present results 
may suggest preferential cholesterol transfer by CETP 
in the order of apoE-rich HDL, apoE-poor HDL without 
apoA-11, and HDL with apoA-11, although further inves- 
tigation is necessary to reach a conclusion. The precise 
mechanism of the accumulated apoE-rich HDL and it5 
effect on the development of atherosclerosis remain to 
be determir1ed.m 
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