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Cholesterol Esterification Rates in Very Low
Density Lipoprotein- and Low Density

Lipoprotein-Depleted Plasma
Relation to High Density Lipoprotein Subspecies, Sex,

Hyperlipidemia, and Coronary Artery Disease

Milada Dobiasova, Jarmila Stribraa, Daniel L. Sparks,

P. Haydn Pritchard, and Jiri J. Frohlich

The fractional rate of cholesterol esterification in very low density lipoprotein- and low density
lipoprotein-depleted plasma (FERgoJ was studied in normolipidemic subjects and in individ-
uals with hyperlipidemia and proven coronary artery disease (CAD). The FERnm, was
significantly higher than the FER in whole plasma and was significantly higher in normal men
than in normal women. In addition, men and women with primary hyperlipidemia had
significantly higher FER^m, values relative to their sex-matched controls. The most significant
increases in FERHDL values, however, were observed in individuals with CAD. In all patient
groups, FERHDL was positively correlated with plasma triglyceride concentration. In addition,
FERHDL was negatively related to plasma high density lipoprotein (HDL) cholesterol concen-
tration in all groups except in men with CAD and in normolipidemic women. The gradient gel
electrophoretic pattern of HDL from individuals with either low or high FERHDL values
indicated an inverse relation between this activity and the relative amount of HDLa, particles.
FERHDL likely reflects the metabolic properties of the heterogeneous population of HDL
particles in the plasma and may be a function of the relative content of larger and smaller HDL
particles. It appears to be a sensitive and reliable functional measure of the particle size
distribution in the HDL pool and one of potential clinical value in the assessment of risk for
CAD. (Arteriosclerosis and Thrombosis 1991;ll:64-70)

Sperry1 described esterification of cholesterol in
plasma in 1935, and Glomset2 elucidated
much of what we know about the enzyme

lecithin: cholesterol acyltransferase (LCAT). Pres-
ently, the activity of LCAT is measured using exog-
enous proteoliposome substrates,3 and this activity
correlates well with the mass of the enzyme mea-
sured by immunoassays.4"6 Alterations in LCAT ac-
tivity and/or mass have been reported in primary4-7

and secondary8 LCAT deficiency.
Many investigators have also measured the frac-

tional rate of esterification of plasma cholesterol
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(FER). This activity reflects the interaction of LCAT
with its endogenous substrates and is usually mea-
sured by incubation of plasma, followed by determi-
nation of the decrease in concentration of free cho-
lesterol9 or by the rate of esterification of radioactive
unesterified cholesterol.1011 Changes in FER have
been noted in numerous conditions (for a review, see
Reference 12), but the findings have been inconsis-
tent. This may have been due to the variety of assay
methods employed, the difficulty in evaluating the
effect of substrate abnormalities, the presence of
potential activators and inhibitors of the enzyme, and
changes in the LCAT enzyme mass. Thus, the clinical
usefulness of FER has not been accepted.

Most of the cholesterol esterification in plasma
takes place in the high density lipoprotein (HDL)
fraction2-13; the smaller (HDL3) particles appear to
be a preferred substrate, and the larger particles
(HDLj), a product of the reaction.13-16 Therefore, we
decided to estimate the FER in very low density
lipoprotein (VLDL)- and low density lipoprotein
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(LDL)- depleted plasma. The removal of these po-
tential sources of free cholesterol for the LCAT
reaction in VLDL and LDL assures that only the
unesterified cholesterol in HDL serves as a substrate.
We have studied cholesterol esterification in plasma
from patients with hyperlipidemia and atherosclero-
sis as well as from normal individuals. Our results
suggest that the FER in this fraction of plasma
reflects the relative content of HDLa in the HDL
pool and that it may be a useful predictor of the risk
for atherosclerosis.

Methods
Materials

[3H]cholesterol and [uC]cholesterol were pur-
chased from Amersham Corp., Arlington Heights, 111.
Total and unesterified cholesterol and triacylgrycerol
determination reagent kits were purchased from
Boehringer, Mannheim, F.R.G. All other chemicals
were of analytical grade.

Subjects

Thirty-five apparently healthy, normolipidemic
men and women, 65 hyperlipidemic patients, and 27
patients with angjographicaUy proven coronary artery
disease (CAD) were studied. Hyperlipidemic pa-
tients and the patients with CAD were recruited
from the University Hospital Lipid Clinic in Vancou-
ver, the Institute of Clinical and Experimental Med-
icine in Prague, and the angiocatheterization labora-
tory of University Hospital and Vancouver General
Hospital, Vancouver, Canada. None of the patients
from Prague was on any drug treatment during this
investigation, whereas almost all the Vancouver pa-
tients were treated with a variety of drugs, including
lipid-lowering agents and ^-blockers.

Lipid Analyses

Blood specimens were collected into EDTA-
containing tubes after a 12-hour, overnight fast.
The blood was placed on ice and centrifuged within
2 hours at l,750g for 10 minutes to separate plasma.
Plasma was analyzed within 48 hours if kept on ice
or within 1 week if stored at -20°C. Total and free
cholesterol and triglycerides were estimated enzy-
matically.17'18 VLDL/LDL-depleted plasma was
prepared by precipitation of apolipoprotein B-
containing lipoproteins with phosphotungstate-
MgQ2.

19>20 One hundred microliters phosphotung-
state solution (4 g phosphotungstic acid, 16 ml 1 M
NaOH in 100 ml deionized water) was added to 1
ml plasma, followed by addition of 25 fi\ MgCl2
solution. After the solution was mixed and allowed
to stand for 30 minutes at 4°C, the suspension was
centrifuged at 12,000 rpm at 4°C. This method does
not interfere with the enzymatic analysis of HDL
unesterified cholesterol (HDL-FC), the estimation
of FER, or the gradient gel electrophoretic pattern
of HDL subclasses.

Determination of Esterification Rates

The molar and fractional esterification rates
(MERs and FERs) were estimated by measuring the
rate of esterification of [14C]cholesterol or [3H]cho-
lesterol as described previously.11 Briefly, [3H]choles-
terol or [14C]cholesterol was incorporated onto filter
paper disks, which were subsequently incubated
overnight with 200 y\ plasma or VLDL/LDL-de-
pleted plasma at 4°C. The labeled plasma or VLDL/
LDL-depleted plasma samples were incubated for 30
minutes at 37°C. Samples of 50 pi\ were taken before
and after incubation and extracted with 1 ml ethanol.
After 2 hours, the protein precipitate was removed by
centrifugation (10 minutes, 3,000 rpm), the superna-
tant was evaporated, and the free and esterified
cholesterol fractions were separated by thin-layer
chromatography. Radioactivity was measured by
scintillation counting, and the FER was calculated as
the difference between the percentage of radioactive
cholesterol esterified before and after incubation.
MER was calculated from FER estimations and
HDL-FC levels, as previously described.10 For each
experimental series, an aliquot of frozen, normolipi-
demic plasma was used for quality control. The
interassay coefficient of variation for FERHDL was
5.6% («=8) and for the HDL-FC assay was 5.7%
(n=S) on aliquots of plasma stored at -70°C for 1
month. Negligible changes in both FERHDL

 ar>d
HDL-FC were observed during this period.

Gradient Gel Electrophoresis

Precast 4/30 polyacrylamide gradient gels (Pharma-
cia, Uppsala, Sweden) were electrophoresed in Tris/
borate/EDTA buffer, pH 8.35, as described by Nichols
et al.21 High molecular weight calibration proteins
(Pharmacia) were used as reference standards to
evaluate the electrophoretic mobility of HDL. Plasma
proteins were removed from unfrozen plasma or
VLDL/LDL-depleted plasma samples by ultracentrif-
ugation at a final d=l.21 g/ml. Ultracentrifugation
was performed with 75Ti rotor in a Beckman 8-L

60 120 180 240

TIME (minutes)
300

FIGURE 1. Line plot of time course (minutes) for fractional
rate of cholesterol esterification (% esterification) in subjects 1
(•-•) and 2
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TABLE 1. Fractional Esterificatkra Rate in Plasma and Low Density Lipoprotein/Very Low Density Upoprotein-
Depleted Plasma

Subjects

Men

Normal
Hyperlip

Women
Normal
Hyperlip

n

7

17

10

10

FERpta,.
(%/hr)

6.1 ±0.6
6.2±1.0

6.7±1.7
5.2±0.8

MER,^ ,
(junol/hr/l)

88.6±11.5

129.0±23.7tt

79.8 ±22.4

105.4±17.1t

FERHDL
(%/hr)

17.6±2.3
21.6±7.2*

8.9±2.2
14.4±3.4t

MERHDL
(/unol/hr/1)

46.7±7.9

64.2±18.5t

22.8±4.8
49.2±9.6+

HDL-FC
(mmol/1)

0.27+0.05
0.30±0.04

0.27±0.06
0.35 ±0.06

FER, fractional esterification rate; MER, molar esterification rate; HDL, high density lipoprotein; FC, free
cholesterol; Hyperlip, hyperlipidemic.

Data are presented as mean±SD.
Significance of difference from normal: 7x0.05, tp<0.01, +p<0.001.

ultracentrifuge for 24 hours at 15°C (Beckman In-
struments, Palo Alto, Calif.). Fifteen microliters of
the lipoprotein fraction was mixed with 5 ,̂1 40%
sucrose and applied to each lane of the gel. Gels were
run for 21 hours at 125 V, stained in 0.7% Amido
Black 10B in 7% acetic acid, and destained in 7%
acetic acid. The relative content of HDLa in the
sample was estimated by peak integration of densi-
tometric scans of gradient gels.

Statistical Analyses
Student's t test was used to establish significant

differences between the mean values of each group,
and the correlation (r) among the parameters was
calculated by linear regression analysis.

Results
Figure 1 shows the time course for the FER in the

VLDL/LDL-depleted plasma (FERHDL) of two indi-
viduals with a similar concentration of HDL-FC. As
in whole plasma, the esterification was linear for at
least 30 minutes, and the rate did not level off for at
least 5 hours despite the fact that 60% of HDL
cholesterol was esterified in subject 1 and 30% was
esterified in subject 2. In a preliminary study, ester-
ification rates in plasma and LDL/VLDL-depleted
plasma were compared in 24 men and 20 women (17
men and 10 women of whom were hyperlipidemic).

Significant differences between normal and hyperlipi-
demic men and women were only observed in the
MERpfcM and in both FERHDL and MERHDL (Table 1).
A weak correlation was observed between PERp^^
and FERHDL in men (r=0.37) but not in women;
however, a much stronger correlation existed between
MERpjuma and FERHDL in both men and women
(r=0.645 for 27 men and r=0.750 for 20 women).

The data obtained for a different group of patients
and controls is summarized in Table 2. While no
significant differences in age, body mass index, and
plasma lipids were observed between normal men
and women, the FERHDL values in men were almost
twofold greater than that for women (Table 2).
Correspondingly, the MERHDL was also higher in
men. Both these differences are highly statistically
significant (/?<0.001). FERHDL values were signifi-
cantly higher in men and women with hyperlipidemia
(p<0.01) and in those with proven CAD (/xO.OOl)
compared with their respective controls (Table 2).
Hyperlipidemic women had FERH DL values similar to
those of male controls, while both men and women
with CAD had similarly high FERHDL values (Table
2). No such systematic difference between groups was
observed for any other lipid parameters. Of the
patients with identifiable genetic disorders of lipo-
protein metabolism, nine men with familial combined
hyperlipidemia had the highest FERHDL values

TABLE 2. Summary of Patient and Subject Data

Patients/
subjects

Men

Normal
Hyperlip
CAD

Women
Normal
Hyperlip
CAD

n

16

34

21

19

32

6

Age
(yr)

43 ±13
45±11
55 ±7*

39±8
52±14f
63±9+

BMI

102±9
105 ±13
108±13

96±8

106±17t
114+19+

TC
(mmol/1)

5.2±0.8
6.6±1.5t
6.8±1.3t

4.8 ±0.8
6.8±1.1
6.7±1.7

TG
(mmol/1)

1.5±0.5
3.5±6.5
2.4±1.4*

1.2±0.9
1.8±1.1
3.5±1.0+

HDL-TC
(mmol/1)

1.17±0.17
l.ll±0.32
1.08±0.16

1J3±O34
1.40±0.47
1.09±0.18

HDL-FC
(mmol/1)

0.26±0.05
0.26±0.08
0.25±0.05

0.31±0.13
0.28±0.13
0.22±0.04*

FERHDL
(%/hr)

17.0±2.6

22.6±9.4t
24.1 ±5.9+

9.6±2.7

16.4±6.1t
24.1 ±5.7$

MERHDL
(jimol/hr/1)

42.5±7.9

55.4±24.4f
60.1 ±19.6+

29.8±9.3
45.9± 12.lt
53.1 ±8.3*

BMI, body mass index determined as {wt (lcg)/[hr (cm)-100]}xl00; TC, total cholesterol; TG, total trigrycerides;
HDL, high density lipoprotein; FC, free cholesterol; FER, fractional esterification rate in VLDL/LDL-depleted
plasma; MER, molar esterification rate in VLDL/LDL-depleted plasma; Hyperlip, hyperlipidemic; CAD, coronary
artery disease; VLDL, very low density lipoprotein; LDL, low density lipoprotein.

Data are presented as mean±SD.
Significance of difference from normal: *p<0.05, tp<0.01, +p<0.001.
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8
2B 2A 3A 3B 2B 2A 3A 3B 3C

HDL Subpopulalions

FIGURE 2. Diagrams of gradient gel electrophoresis of
d>1.21 glml plasma lipoprotein fractions in individuals with
similar HDL-free cholesterol levels but different FERHDL

values (see Table 4 for individual [1-8] biochemical data).
Scans are demarcated into HDL subfractions as described by
Nichols et al.2' HDL, high density lipoprotein; FER, fractional
esterification rate.

(32±12.1%/hr) compared with 15 men with familial
hypercholesterolemia (20.3±4.4%/hr) or three men
with hypertriglyceridemia (23.1±4.9%/hr). In hyperlip-
idemic women, the FERHDL value was highest in the
three women with hypertriglyceridemia (25±6.9%/hr),
compared with 19 heterozygotes for familial hypercho-

lesterolemia (14.6±5.3%/hr) or five with familial com-
bined hyperlipidemia (18.6±8.7%/hr). Several patients
whose blood lipid levels were lowered to desirable
levels by treatment with lipid-lowering drugs had
FERHDL values that were similar to those of the group
of normal subjects; conversely, those whose lipid levels
remained high despite drug treatment had higher-than-
normal FERHDL values.

An arbitrary risk factor score (RFS) was determined
for each hyperlipidemic subject, which reflected the
relative risk of having CAD. Risk factors taken into
account were age, smoking, hypertension, diabetes,
obesity, and familial history of vascular disease. This
RFS was used to segregate the hyperlipidemic subjects
into a high- and a low-risk subgroup. While no signifi-
cant differences were observed in total or unesterified
cholesterol levels of HDL for these two groups, both
hyperlipidemic men and women with high RFSs had
significantly higher FERH DL and MERHDL values
(p<0.01) than their sex-matched, low-risk groups (data
not shown).

The FERHDL was strongly correlated with plasma
concentration of triglycerides (r=0.464-0.761) in all
groups of subjects (Table 3). Negative correlations
were found between FERHDL and plasma levels of
HDL cholesterol (r=-0.553 to -0.799) in all groups
except in men with CAD and in normolipidemic
women (r=-0.042 and -0.235, respectively). The
small group of six women with CAD also showed a
positive correlation between FERHDL> age, and body
mass index (Table 3). FERHDL did not correlate with
the level of plasma cholesterol except in the group of
hyperlipidemic men.

The electrophoretic pattern of HDL on gradient
gel electrophoresis was identical when either whole
plasma or VLDL/LDL-depleted plasma was used as
a starting material. Thus, it is unlikely that the
precipitation procedure caused major composi-
tional alterations of HDL. A comparison of HDL
mobility on gradient gel electrophoresis between
individuals with low and high FER H D L values is
shown in Figure 2. Pairs of individuals with similar
HDL-FC concentrations (within 15% of each other)
were compared, and their individual data are pre-

TABLE 3. Correlation of Fractional Esterification Rate in Very Low Density Lipoprotein/Low Density Lipoprotein-
Depleted Plasma of High Density Lipoprotein With Other Parameters

Patients/subjects

Men
Normal
Hyperlip
CAD

Women
Normal
Hyperlip
CAD

n

16
34
21

19
32
6

Age

0.097
-0.123
-0.345

-0.017
0.763'

BMI

0.382

0.194

0.477

0.705

TC

0.306

0.551t
0.180

0.218
-0.479*
-0.227

TG

0.508*

0.761t
0.706*

0.464*

0.530t
0.477

HDL-TC

-0.553*

-0.619t
-0.042

-0.235

-0.673t
-0.799*

BMI, body mass index; TC, total cholesterol; TG, total triglycerides; HDL, high density lipoprotein; Hyperlip,
hyperlipidemic; CAD, coronary artery disease.

Significance of difference from normal: *p<0.05, t/><0.01,
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TABLE 4. Characteristics of Plasma Samples Analyzed by Gradient Gel Electrophoresis

Patient
pair

A

B

C

D

Specimen
number*

1
2

3
4

5
6

7
8

Sex
(M/F)

M
M

M
M

F
F

F
F

HDL-FC
(mmol/1)

0.193
0.208

0.238
0.235

0.467
0.433

0.159
0.130

HDL-C
(mmol/1)

1.16
0.82

1.34
1.14

2.67
2.50

1.01
0.73

FERHDL
(%/hr)

11.0
27.0

12.5
27.1

7.9
12.6

16.5
35.3

MERHDL
(/unol/hr/1)

21.1
55.7

29.8
63.6

36.8
54.3

26.1
45.9

H D U t
(% of HDL)

29.8
13.4

34.8
9.2

60.8
30.6

24.9
18.4

HDL, high density lipoprotein; FC, free cholesterol; FERHDL. fractional esterification rate; MERHDL, molar
esterification rate in VLDL/LDL-depleted plasma; VLDL, very low density lipoprotein; LDL, low density lipoprotein.

•Specimen number refers to sample number of gradient gel electrophoresis profiles shown in Figure 2. fEstimated
from gradient gel densitometric scans shown in Figure 2 by peak integration.

sented in Table 4. It is apparent that individuals
with high FERHDL values had few or no particles
with the mobility of HDLa, and an increased
amount of the smaller HDL3 particles (Figure 2).
Correlation analysis revealed a significant inverse
relation (r=-0.78) between the estimated FERHDL
and the relative amount of HDLa, (Figure 3).

Discussion
Differences between the FER and MER in plasma

and those in LDL/VLDL-depleted plasma observed
in this study clearly outline the inherent problems in
estimating esterification rates in plasma. In particu-
lar, the assumption that all the equilibrated radioac-
tive cholesterol or the total FC pool is available for
esterification by LCAT seems questionable. The in-
creased FER in the LDL/VLDL-depleted sample, as
compared with that of plasma, suggests that much
more of the labeled cholesterol was available for
esterification. In addition, the apparent increase in
MERpî nu relative to MERHDL

 m a v be artifactual if
the total FC pool in plasma is not available for
esterification. Therefore, we propose that the estima-

10 20 30 40 50 60

HDL (% of total HDL)

FIGURE 3. Scatterplot showing negative correlation between
the relative amount of high density lipoprotein 2B (HDLa, %
of total HDL) and fractional esterification rate of HDL

, %/hr).

tion of both FER and MER after precipitation of
LDL and VLDL is a closer approximation of the
actual esterification rate in plasma.

In this study, we have identified an inverse relation
between the relative plasma HDL a content and
FERHDL- This indicates that the cholesteryl ester-
generating capacity of the HDL pool may be a
function of the relative HDL particle size distribu-
tion. Previous studies by ourselves22 and Barter et
al23 suggest that esterification rates may be indepen-
dent of HDL cholesteryl ester content and may
instead be directly related to HDL particle size.
Investigations by Fielding and Fielding,16 however,
have suggested that cholesteryl ester may be a feed-
back inhibitor of LCAT. In the present study, no
relation between FERHDL

 a nd HDL cholesteryl ester
content was observed. Alternatively, the increased
FERHDL observed in hyperlipidemic subjects was
shown to be associated with a change in particle size
distribution of HDL, caused by a reduction in the
number of HDLa particles and an increase in the
number of very small HDL particles. It is unclear,
however, whether this increased esterification rate is
entirely due to the lack of HDL2, which is capable of
inhibiting LCAT, or to the presence of a small subset
of HDL 3, which is an excellent substrate for LCAT.
Studies by Barter et al24-25 suggest that a combined
effect may have resulted in the elevated esterification
rates we have observed. Investigations in their labo-
ratory have shown that HDL2 may be a competitive
inhibitor of LCAT24 and that plasma of hypertriglyc-
eridemic subjects may have an increased content of
small HDL3, which have a greater-than-normal reac-
tivity with LCAT.25

The consensus of these studies is that the smaller
(HDL3) particles are the best substrate for the
enzyme and that HDL2 is a competitive inhibitor of
this reaction.22"25 While we have recently shown that
small HDLs are preferred LCAT substrates in vitro
and that an inverse, linear relation exists between the
size of an HDL particle and its ability to interact with
LCAT,22 it is still unclear which factors lead to
changes in HDL particle size distribution. In the
present study, subjects with the highest FERHDL had
practically no HDLa particles. Low levels of HDL2
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found in these individuals could be due to either
impaired synthesis or to increased catabolism. Eisen-
berg15 has suggested that the interconversion of
HDL2 and HDL3 probably requires the coordinated
action of LCAT, cholesteryl ester transfer protein,
and the triglyceride Upases. However, while numer-
ous studies have shown that HDL2 can be generated
from HDL326-28 and can also be converted back to
HDL3,15 the factors that regulate their interconver-
sions and determine the level of HDL2, relative to
HDL3 remain unclear.

Some studies have suggested the HDL2 levels may
be directly affected by the duration and magnitude of
triglyceridemia.29-30 Investigators have demonstrated
a marked decrease in the number of HDL2 particles
in hypertriglyceridemic subjects29 and also in subjects
in the postprandial state.30 In addition, a significant
inverse relation between plasma triglyceride levels
and the levels of HDLj, and HDLa, as estimated by
gradient gel electrophoresis, has been demonstrat-
ed.31 In the present study, we also observed an
inverse relation between triglyceride levels and
plasma HDLa content. These observations are ex-
pected, since HDL2 levels have been shown to be
strongly correlated with the activity of lipoprotein
lipase and inversely related to the activity of hepatic
lipase.29-30 Therefore, since we have observed that
elevated triglyceride levels are associated with a
decrease in HDL2 cholesterol levels and with an
increase in the rate of cholesterol esterification in
HDL, it seems possible that the low HDL2 levels
observed in hypertriglyceridemia may be partially
due to an increased transfer of cholesteryl esters
from the HDL pool to lower-density lipoproteins.
This is, in fact, what we have observed in other
investigations in which hyperlipidemic patients had
impaired equilibration of cholesteryl esters within
their HDL pool, resulting in their increased transfer
to apo B-containing lipoproteins.32 It is of interest
that low levels of HDL2 cholesterol have also been
associated with the increased ratio of waist-to-hip
circumference, plasma insulin levels, and glucose
intolerance.33 These findings agree with our observa-
tions of increased F E R ^ L values in patients with an
increased number of risk factors for CAD.

This study suggests that the FERHDL value may
reflect the capacity of the HDL pool to synthesize
cholesteryl esters and that this may be related to the
ratio of HDL2 to HDL3. Thus, the determination of
FERHDL may have important diagnostic merit since
the low ratio of HDL2 to HDL3 appears to be the
best indicator of the presence of coronary atheroscle-
rosis.34 In our study, dyslipidemic patients with a high
risk of developing CAD had significantly higher
FERHDL values. Patients with proven CAD were
shown to have significantly higher FERHDL values
than do normal subjects. We suggest that there are
several points that indicate that the diagnostic poten-
tial of this assay may be superior to the determination
of HDL2 to HDL3 cholesterol levels. The FERHDL
gives very reproducible values when measured in the

same patient over several years (data not shown), and
the coefficient of variation for this assay is markedly
better than that for the HDL^/HDLj cholesterol deter-
minations. In addition, the differences in FERHDL be-
tween men and women and in subjects with or without
CAD are much more marked than the differences in
their HDL^/HDI^ ratios.35 The dual-precipitation pro-
cedure for the estimation of HDL3 has been recently
reviewed by Cleoy and Bachorik,36 who concluded that
problems with this methodology must be solved before
its introduction into clinical laboratories.

We propose, therefore, that determination of
FERHDL may represent the relative ability of LCAT
to preferentially use HDL of different sizes and, as
such, may be a sensitive way to characterize the
metabolic properties of a very heterogeneous popu-
lation of HDL particles.
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