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Plasma Cholesterol Metabolism in End-Stage Renal Disease
Difference between Treatment by Hemodialysis or Peritoneal Dialysis
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Cardiovascular Research Institute, Departments of Physiology and Medicine, and University of California
Renal Center, San Francisco General Hospital, University of California, San Francisco, California 94143

Abstract

Plasma cholesterol metabolism was investigated in normotri-
glyceridemic patients with end-stage renal disease treated by
hemo- or continuous ambulatory peritoneal dialysis (CAPD), and
compared with that in a control group with normal renal function.
A reversed net transport of free cholesterol from plasma to cul-
tured fibroblasts, as well as greatly reduced levels of plasma
cholesterol esterification and cholesterol ester transfer rates to
low and very low density lipoproteins (LDL and VLDL), was
found in the hemodialysis group compared to the controls. The
LDL and VLDL contained increased amounts of free cholesterol
and inhibited cholesterol ester transfer when recombined with
control plasma. The LDL triglyceride content was doubled in
the hemodialysis group, whereas cholesterol esters were de-
creased. Patients treated by CAPD, in marked contrast, had
cholesterol metabolic rates that were within the normal range,
as well as normal lipoprotein composition.

Introduction

There is a commonpattern of abnormal plasma cholesterol me-
tabolism in several groups of human subjects who are at increased
risk for atherosclerotic vascular disease. These include non-in-
sulin-dependent (type II) diabetics and those with several well-
defined hyperlipidemias of genetic origin (1, 2). This pattern is
defined by a reduction in the rate of transport of cholesterol
from cell membranes to the abnormal plasma, and an inhibition
in the plasma of the transfer of cholesteryl esters to low and very
low density lipoproteins (LDL and VLDL). The same patients
show a decreased ratio of high density to low density lipoproteins
(HDL/LDL) (1, 3). The diabetics also show characteristic ab-
normalities of plasma lipoprotein composition, most notably an
increase in the ratio of free cholesterol to phospholipid in VLDL
and LDL (4).

Patients with chronic renal insufficiency and end-stage renal
disease (ESRD)' form an additional large group with a well-
defined, high risk of vascular disease (5, 6). This risk may or
may not be accelerated by dialysis treatment per se (7, 8). Like
the other groups mentioned above, renal patients show a low
HDL/LDL ratio (9).

Receivedfor publication 5 November 1984 and in revisedform 9 October
1985.

1. Abbreviations used in this paper: apo, apoprotein; BUN, blood urea
nitrogen; CAPD, continuous ambulatory peritoneal dialysis; ESRD, end-
stage renal disease; LCAT, lecithin:cholesterol acyltransferase.
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Additionally, about one-third of ESRDpatients have plasma
triglyceride levels that are significantly increased (10, 1 1), and
in these patients the concentration of circulating remnants of
dietary particles (chylomicrons) as well as of plasma apolipo-
protein E is also increased (12). The composition of HDL has
been studied in some detail (13). Apoprotein (apo) A-I, the major
apoprotein of HDL, has been reported as normal (1 1) and de-
creased (9) in patients on hemodialysis.

Less is known about the plasma lipid metabolism of patients
on continuous ambulatory peritoneal dialysis (CAPD) (14, 15).
There is contradictory information concerning HDL-cholesterol
levels in this group, which have been reported to rise (16) or fall
( 17) during dialysis. Other reports describe a total plasma cho-
lesterol and triglyceride increase in patients treated by CAPD
( 18). Uremic patients ( 19), but not those in other groups ( 1, 2),
have also been reported to have lower rates of cholesterol ester-
ification in plasma.

The purpose of the present study was to investigate the pa-
rameters of plasma cholesterol metabolism in patients with
ESRDtreated by hemodialysis, and to compare these results
with values obtained from patients with similarly impaired renal
function treated by CAPDand from a control group of com-
parable age with normal renal function.

Methods

Patient selection. Patients on center-based hemodialysis or CAPDwere
selected from the patient population of the University of California Renal
Center at San Francisco General Hospital. All patients were clinically
stable and had been treated for ESRDfor at least 3 mo, with a range of
3-99 mo. Patients 19 and 21 had received hemodialysis prior to CAPD.
The chronic dialysis population from which these patients were selected
includes 45 patients on hemodialysis, and 17 patients on peritoneal di-
alysis. The incidence of hypertriglyceridemia in the hemodialyzed patients
was 34%, whereas 17% had an elevated total plasma cholesterol concen-
tration. The CAPDpatients, however, had both elevated plasma triglyc-
eride and higher cholesterol concentrations in 47%of patients, confirming
earlier reports of a greater incidence of lipid composition abnormalities
in this patient group (17, 18). Other than the selection criteria indicated
below, those patients selected for study were representative of the dialysis
population as a whole. Of the hemodialysis and CAPDpopulations 15%
and 29%, respectively, were diabetic. Patients were excluded from this
study for the following reasons: (a) diabetes mellitus (with the exception
of one insulin-treated patient [patient 16] in the CAPDgroup); (b) cig-
arette smoking; (c) known or suspected liver disease, including chronic
hepatitis B surface antigen carrier state; (d) elevations of total plasma
cholesterol or triglyceride levels. Of 21 patients studied 11 were receiving
anabolic agents for treatment of anemia, and 11 patients were on anti-
hypertensive agents for control of dialysis-resistent hypertension (Table
I). The doses of the anabolic agents prescribed for those patients were
as follow: testosterone enanthate, 4 mg/kg . wk; nandrolone decanoate,
2-3 mg/kg. wk; and halotestin, 0.4 mg/kg. d.

Hemodialysis patients were treated three times weekly for 3-4 h using
hollow fiber dialyzers with an acetate and glucose (200 mg/dl) containing
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dialysate. CAPDpatients performed four exchanges daily using variable
concentrations of dialysate dextrose. To assess adequacy of dialysis treat-
ment, midweek predialysis values for blood urea nitrogen (BUN), cre-
atinine, hematocrit, and random glucose were obtained in the hemodi-
alysis patients. Routine monthly values for the CAPDpatients are listed.
Blood pressure control in each patient is estimated from the usual pre-
dialysis or routine monthly value. The weight for each patient is the
postdialysis or "dry" weight, or routine monthly weight. Nutritional status
was assessed by weight and serum total protein and albumin (Table I).
Hemodialysis patients were prescribed diets containing 1.0 g of protein
and 35 kcal/kg of body weight. CAPDpatients were prescribed 1.2-1.5
g of protein/kg and 25 kcal/kg to adjust for protein loss into and glucose
absorption from the dialysate, respectively. Control subjects matched
for sex, age, plasma glucose, and total triglyceride levels were drawn
from medical center staff.

Blood was drawn from all subjects after an overnight fast and, in the
case of the hemodialysis group, immediately before dialysis and hepa-
rinization. CAPDpatients were studied without interruption of dialysis.
Blood was collected into 1/20 vol of 0.2 Msodium citrate solution (pH
7.5), immediately cooled in ice, and plasma was obtained by centrifu-
gation at 3VC (1,500 g, 30 min). The plasma was then used directly in
the assays described below.

Determination of cholesterol net transport. The direction and mag-
nitude of cholesterol net transport between plasma and cultured normal
skin fibroblasts was carried out with an assay previously described (1,
20). Human preputial skin fibroblasts were cultured to 75% confluence
in 6-cm plastic dishes (Falcon Labware, a division of Becton, Dickinson
& Co., Oxnard, CA) containing 109% vol/vol fetal calf serum in Dulbecco's
modified Eagle's medium. Dishes containing 8-10 jg of cell cholesterol
were incubated in 3 ml of plasma (1.2% vol/vol) in phosphate-buffered
saline solution which had been depleted of fibrinogen by immunoaffinity
chromatography. l-ml samples of medium were taken from pentuplicate
dishes before and after 60 min of incubation at 370C, and placed into
methanol for analysis of free and esterified cholesterol. The decrease in
medium free cholesterol was compared with that obtained from empty
dishes containing the same plasma medium. The contribution of cellular
cholesterol to the total esterified during the incubation (cell to plasma
cholesterol net transport) was determined as the difference between the
values from cell containing and empty dishes. Quintuplicate dishes of
cells that had been incubated with the medium and unincubated dishes
were washed four times with phosphate-buffered saline, and the cells
were dissolved in 0.1 MNaOHand extracted with chloroform and
methanol for analysis of free and esterified cholesterol.

Determination of cholesterol esterification rate. The rate of esterifi-
cation of cholesterol in plasma was determined from the rate of decrease
in free cholesterol content in plasma diluted fivefold with 0.15 MNaCl
containing 0.01 MTris-HCI, I mMdisodium EDTA, pH 7.5. Incubation
was for 60 min at 37°C (1). Free cholesterol in pentuplicate initial and
final plasma samples was measured fluorimetrically, after extraction of
plasma lipids with chloroform and methanol (21).

Cholesterol esterification in plasma mediated by lecithin:cholesterol
acyltransferase (LCAT) was also measured with an assay medium of
[3H]cholesterol egg lecithin liposomes prepared by the French press
method (22). Cholesterol and lecithin were dispersed at a molar ratio of
0.25 and incorporated into a medium also containing 10 mg/ml recrys-
tallized human serum albumin (pH 7.4) and apo A-I (the protein cofactor
of LCAT) (25 Mg/ml). The final concentration of lecithin liposomes in
the assay was 0.4 mg/ml. Plasma (1-5 Ml) was added to this medium
and the rate of production of labeled cholesteryl ester determined over
a time course of 5 min at 370C. Labeled cholesteryl esters were separated
from labeled free cholesterol at the end of the incubation by extraction
of the assay medium with chloroform and methanol, and thin-layer
chromatography of portions of the chloroform phase on silica gel layers
on glass plates developed in hexane/diethyl ether/acetic acid (83:16:1
vol/vol). Radioactivity was determined by liquid scintillation spectrom-
etry.

Determination of cholesteryl ester transfer to VLDL and LDL. In the

absence of cholesteryl ester synthesis by LCAT, the decrease in HDL
cholesteryl ester represents the rate of transfer of cholesteryl ester to
VLDL and LDL (23, 24). Plasma was diluted twofold with saline con-
taining Tris and EDTAand brought to 1.5 mM5,5'-dithiobis(2-nitro-
benzoic acid), an inhibitor of plasma LCAT activity. Plasma samples
taken before and after incubation (60 min, 360C) were mixed with 0.05
vol of 2 MMgCl2 and the same volume of dextran sulfate solution (Phar-
macia, Uppsala, Sweden; average molecular weight 5 X l0; 10 mg/ml)
to precipitate VLDL and LDL. The precipitate was removed by cen-
trifugation (150 g, 20 min), and pentuplicate samples of supernatant
were extracted into chloroform and methanol and their cholesteryl ester
content determined.

Determination of cholesteryl ester transfer was also performed, under
similar conditions as for the cholesterol transport assay, in order to show
whether the presence of cultured cells interferes with the transfer to cho-
lesteryl esters to LDL and VLDL. In detail, plasma depleted of fibrinogen
was diluted twofold with phosphate-buffered saline and incubated as
described for the transport assay. Samples taken before and after the
incubation were treated with 2 MMgCI2 and dextran sulfate, as described
for the regular cholesteryl ester transfer assay.

The level of cholesteryl ester transfer activity in plasma was also
determined as the mass of [3H]cholesteryl ester in HDL transferred to
unlabeled centrifugally isolated LDL in an assay medium containing
HDL(100 ttg/ml cholesteryl ester), LDL (600 ,ug/ml cholesteryl ester),
10 mg/ml recrystallized human serum albumin (pH 7.4), 1.4 mM5,5'-
dithiobis(2-nitrobenzoic acid) and plasma, finally diluted 1:10 (20 Ml)
(25). Incubation was carried out over 3 h at 37°C, during which time
the reaction was linear. At the end of the incubation period, LDL was
isolated by centrifugal flotation, using the 2-ml adaptors of a 40.3 Beck-
man ultracentrifuge rotor (Beckman Instruments, Inc., Fullerton, CA)
for 24 h at 38,000 rpm. The upper LDL layer was recovered by slicing
and extracted with chloroform and methanol; labeled cholesteryl ester
was isolated and quantified by thin-layer chromatography and liquid
scintillation spectrometry, as described above.

Fractionation of plasma lipoproteins. For the separation of the dif-
ferent lipoprotein fractions, a combination of heparin-agarose chroma-
tography, preparative ultracentrifugation, and immunoaffinity chro-
matography was used, as previously described in detail (4). Fasting plasma
(5 ml) from ESRDor control subjects was passed at 4°C through a
column (1.5 X 20 cm) of heparin-agarose (Pharmacia Fine Chemicals,
Piscataway, NJ) which had been equilibrated with 0.15 MNaCl, 1 mM
EDTA, pH 7.4. Nonadsorbed proteins were eluted and fractions con-
taining detectable protein were pooled. The column was then washed
with 10 column volumes of saline-EDTA, and the adsorbed lipoproteins
eluted with 3 MNaCl, 1 mMEDTA, pH 7.4, and then dialyzed against
saline-EDTA. Recovery of plasma proteins and lipids from chromatog-
raphy was in both cases >98%wt/wt. The lipoproteins were either mixed
with the nonadsorbed fraction of plasma for studies on the effects of the
adsorbed lipoproteins (LDL and VLDLcontaining apo E) (4) on plasma
cholesterol metabolism, or were further fractionated by ultracentrifugal
flotation for more detailed chemical analysis. Centrifigation was for 18
h at 35,000 rpm and 4°C, at a solvent density of 1.019 g/ml. In this way,
a VLDL fraction containing apo E (d < 1.019 g/ml) and an LDL fraction
(d > 1.019 g/ml) were obtained from the lipoproteins adsorbed to heparin-
agarose, and a VLDL fraction (d < 1.019 g/ml) and a fraction containing
HDL(d > 1.019 g/ml), together with other remaining plasma proteins,
were obtained from the nonadsorbed pool. HDLwere then prepared by
passing the nonadsorbed fraction (d > 1.0 19 g/ml) of plasma from hep-
arin-agarose affinity chromatography through an immunoaffinity column
consisting of agarose covalently complexed with specific anti-apo A-I
antibodies raised to pure human apo A-I in rabbits. After the column
was washed with 5 vol of saline-EDTA, bound HDLwere eluted with 3
MNaSCNand dialyzed under vacuum against saline-EDTA to the orig-
inal volume. Plasma was depleted of its apo E by passing 0.8 ml through
a column (I X 20 cm) of immobilized anti-apo E equilibrated with 0.15
MNaCl/l mMNa2 EDTA, pH 7.0, and used in the assay of cholesterol
transport as described above (2). The removal of apo E was confirmed
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Table II. Plasma Apoprotein Levels
in Renal Disease and Control Subjects

Hemodialysis Controls CAPD

Apo A-I 102±17 163±23 123±20
(mg/dl) (P < 0.0005)

Apo A-II 34.8±6.5 36.4±2.0 36±4
(mg/dl)

Apo B 89±14 98±32 94±8
(mg/dl)

Apo D 6.7±1.3 5.6±1.2 9.5±1.0
(mg/dl) (P < 0.0005)

Apo E 6.8±0.8 7.3± 1.6 7.5±0.9
(mg/dl)

Apo A-I/Apo B 1.15±0.18 1.7±0.6 1.3±0.2
(0.005 < P < 0.010)

Values represent means±standard deviation from 15 hemodialysis, 6
peritoneal dialysis, and 10 control subjects.

by radial immunodiffusion. The lipid composition of all lipoprotein
fractions was analyzed as described below.

Lipid and lipoprotein analysis. Apolipoproteins A-I, A-II, B, D, and
E were determined by radial immunoassay with precisions of 2.5%, 5.8%,
4.0%, 3.2%, and 2.5%, respectively (coefficients of variation), using pro-
cedures previously described (23). Agarose gel electrophoresis of plasma
was carried out in 0.5% wt/vol agarose in barbital buffer (pH 7.4) on
strips of polyester film (Gelbond, Bioproducts, Rockland, ME) (26). The
strips were fixed in ethanol/acetic acid/water 75:5:20 vol/vol, air-dried,
stained in Sudan Black in 60% ethanol/water (vol/vol), and destained
in ethanol/water.

Free (coefficient of variation = 1.2%) and esterified (1.0%) cholesterol,
as well as triglyceride (2.1%) in plasma and lipoprotein fractions, were
measured with standard enzymatic laboratory kits (Boehringer-Mann-
heim, Germany). Phospholipid (0.7%) was measured using a reagent
based on phospholipase D and choline oxidase (Biomerieux, Charbon-
nieres les Bains, France). HDLtotal cholesterol is expressed as the sum
of the free and esterified cholesterol in HDLseparated from VLDL and
LDL by precipitation with dextran sulfate-MgC12. Protein (1.5%) was
determined by the method of Lowry et al. (27).

Other methods. BUNand creatinine were measured using standard
automated colorimetric techniques. Hematocrit was determined with a
manual microcapillary tube centrifugation technique. Blood glucose was
measured with the hexokinase method. Serum total protein was deter-
mined by Biuret method.

Data analysis. Statistical analysis was with Student's unpaired t test,
unless otherwise specified. Results in the text and tables are expressed
as means± I standard deviation (SD).

CONTROLS 0

* HEMODIALYSIS 0 "s *a

CAPD

I
-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1

so4 "

0

FREE CHOLESTEROLTR

Results

Characterization of study group. Patients in the two treatment
groups and the control group were comparable with regard to
age, sex distribution, blood pressure, and plasma concentration
of total protein, glucose, and triglyceride (Table I). Half of the
hemodialysis group had hypertension, which was dialysis-resis-
tant and required one or more drugs for control. The CAPD
group had fewer hypertensive patients and only two patients
required single-drug treatment. The ESRDpatients weighed less
than their otherwise matched controls, an observation that has
been noted in other studies of the nutritional status of ESRD
patients (28). The mean duration of ESRDtreatment was not
different for the hemodialysis and CAPDgroups. Evaluation of
dialysis therapy in the two groups revealed that the mean serum

creatinine and urea nitrogen values were higher in the hemo-
dialysis patients, whereas hematocrit and plasma glucose values
were comparable. Fasting plasma triglyceride concentrations
were comparable in all three groups.

The hemodialysis subjects had a significantly lower plasma
total and free cholesterol compared to the control group, which
was partly reflected by their lower HDLcholesterol. This latter
finding is similar to other reports (9, 1 1). The lower phospholipid
content in the hemodialysis group can also be explained in part
on the basis of the low HDLlevel. These last three lipid param-
eters are not significantly different from normal in the CAPD
group.

Plasma levels of apo A-I, A-II, B, D, and E of all three groups

are shown in Table II. Consistent with the low HDL levels, a

greatly reduced apo A-I level was found in the hemodialysis
group compared to the control group, whereas the mean value
for the CAPDgroup was intermediate. Apo A-II concentrations
were very similar in all three groups. Because different apo A-
I/A-II ratios have been reported in different HDL subspecies
(29), this finding is consistent with reported differences in the
HDLsubspecies distribution in ESRDpatients (13). The levels
of apo E were in the normal range in both ESRDgroups, as

were the apo B levels. Apo D levels were slightly higher in the
ESRDgroups as compared with those of the controls.

All subjects had normal plasma glutamic oxaloacetic trans-
aminase and glutamic pyruvic transaminase activities. Three
hemodialysis patients showed a double VLDL band on agarose

gel electrophoresis; all others in the study had a single VLDL
band.

Cholesterol net transport between plasma and cultured cells.
The direction and magnitude of cholesterol net transport between

Figure 1. Cholesterol net transport rates between cul-
tured fibroblasts and plasma. Diluted plasma (1.2%

_ S* " * from original) was incubated in the presence or absence
of preconfluent human fibroblasts in 6-cm culture
dishes containing 8-10 jig of cell sterol for 1 h at 37°C.
From the difference in the medium's free cholesterol
content before and after the incubation, the transport
was calculated by subtracting the cholesterol difference

* -*. e in the cell-containing plates from the difference in the
empty plates. Consequently, a positive result means a
net transport from the cell to the plasma compartment,
a negative difference means a reversed transport into the

0.1 0.2 0.3 0.4 0.5 0.6 cell. Bar indicates mean value of 15 hemodialysis, 6
ZANSPORTED(ug h0) CAPD, and 10 control subjects.
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plasma and cultured normal fibroblasts in the ESRDand control
groups are shown in Fig. 1. In the control group cholesterol net
transport was positive (cells to membrane), indicating a net
movement into the plasma compartment from cell membrane
cholesterol to compensate for esterification by LCAT (20). The
magnitude of such transport (0.29±0.22 ,ug/h) is somewhat lower
than that of a previous control group (0.44 ,ug/h) (1), possibly
because of their higher mean age (52 yr in this study vs. 39 yr
earlier), and also because of an unexplained but consistently low
cholesterol transport value measured in one of the control sub-
jects. (In a series [n = 28] of studies of normolipemic, healthy
controls [including those in this study], there was in fact an
observable correlation (r = -0.56) between cholesterol net
transport and age [data not shown].)

However, the cholesterol net transport, obtained from control
subjects in the present study, in either case is significantly higher
than that found in the hemodialysis group (-0.14±0.19 gg/h)
(P < 0.0005). These data indicate that on average the direction
of cholesterol net transport in the hemodialysis group is reversed,
with entry of free cholesterol from plasma into the cells. On the
other hand, cholesterol net transport in the CAPDgroup was
within normal limits (0.32±0.12 ag/h) (P > 0.25) compared to
the control group.

It has previously been shown that under the described con-
ditions, the synthesis of cholesteryl ester by normal plasma was
not affected by the presence of cells (20). In the present study,
there was also no influence of the cholesterol esterification (mea-
sured as cholesteryl ester increase) in hemo- and peritoneal di-
alysis plasma caused by the cells (0.05 < P < 0.1, n = 21, paired
t test). There was no measurable net transport of cholesteryl
ester into or out of hemodialysis plasma, as measured by the
cholesteryl ester content of the cells before and after incubation
(n = 11, P> 0.25).

As with other groups with a reduced or reversed cholesterol
net transport (1, 2), the ratio of HDLand LDL (expressed here
as the ratio between their major apolipoproteins, apo A-I and
apo B, respectively) was significantly reduced in the hemodialysis
group compared with the control group (Table II). Values were
intermediate in the CAPDgroup. However, as noted above,
unlike non-insulin-dependent diabetics and those with hyper-
beta- or dysbetalipoproteinemia, i.e., other groups with a similar
reduction in cholesterol net transport, plasma apo E levels were
not significantly increased in the hemodialysis group. In the di-
abetics, it was shown earlier (2) that removal of apo E from
plasma by immunoaffinity chromatography normalized choles-
terol net transport, and apo E in diabetic plasma acted to catalyze

an increased influx of free cholesterol from diabetic plasma into
cells. Despite the normal total plasma apo E level, when apo E
was removed from hemodialysis plasma by column chromatog-
raphy on immobilized anti-E antibody (Fig. 2), there was a sig-
nificant increase in net transport towards normal levels (mean
increase [0.45±0.27 ,ug/h] [n = 6]) compared to unfractionated
plasma. This is comparable to the increase (+0.32 ,ug/h) reported
earlier for the diabetic group; removal of apo E from normal
plasma was without detectable effect on transport rates (2). This
chromatography led to a 7.2±0.6% removal of apo A-I,
13.5±7.0% of apo A-II, and 22.9±7.6% of apo B from plasma
(n = 6), which resulted from the binding of intact lipoprotein
complexes containing apo E, reflecting the association of apo E
with these apoproteins in HDL and VLDL, respectively (20).
8.0±2.5% of free cholesterol, 6.2+4.2% of cholesteryl ester,
53.5±15.5% of triglycerides, and 18.5±1.5% of phospholipids
were also bound to the apo E immunoaffinity column. Therefore,
in spite of a normal total plasma apo E level, hemodialysis plasma
showed a similar degree of apo E-dependent inhibition of normal
cholesterol net transport as did the plasma of non-insulin-de-
pendent diabetics.

Plasma cholesterol esterification rate. Plasma cholesterol es-
terification rate was significantly reduced in the hemodialysis
group, as compared to normal controls (Fig. 3). The former rate
(7.8±4.3 ug of cholesterol esterified ml-'h-1) was only about
one-third that in the latter group (20.2±3.7 ,ug ml-'h-') (P
< 0.0005).

To determine whether these low activities were the result of
a low level of enzyme protein in plasma or a circulating inhibitory
factor, cholesterol esterification was also measured by the alter-
native procedure using an exogenous labeled substrate. As with
the assay of endogenous activity in native plasma, the esterifi-
cation rate of LCATassayed with liposomes of lecithin and cho-
lesterol was about one-third that found in the normal controls
(21.2±3.1 vs. 62.5±0.7 tig ml-'h-') (P < 0.0005). (The higher
rates obtained with the synthetic substrate, which are comparable
to those reported earlier [24], probably result from optimization
of the lipid composition in the synthetic assay, as compared to
that of native lipoprotein substrates.) A second investigation of
possible circulating inhibitory factors was made using hemodi-
alysis plasma that had been dialyzed (3 h, against 2,000 vol of
0.15 MNaCI, 1 mMEDTA, pH 7.4, 4°C). There was no increase
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Figure 2. Cholesterol net
transport from cultured fi-
broblasts to medium con-

* / taining plasma or plasma
from which apo E (plasma-
E) had been removed by

*___________- immunoaffinity chromatog-
PLASMA PLASMA-E raphy (n = 6).
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Figure 3. Plasma cholesterol esterification rates in ESRDand control

subjects. LCAT activities are expressed as the difference in plasma free

cholesterol content before and after a 37°C incubation for I h. Bar in-

dicates mean value of 15 hemodialysis, 6 CAPD, and 10 control sub-

jects.
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in the plasma cholesterol esterification rate in the dialyzed com-
pared to undialyzed plasma (5.6±2.6 Mg ml-'h-' vs. 4.8±2.5 Mg
ml-'h-', respectively) (n = 4).

Taken together, these data indicate a significantly reduced
rate of cholesterol esterification in hemodialysis plasma, which
results not from a circulating inhibitor but from a reduction in
active circulating LCAT.

The cholesterol esterification rate in CAPDplasma (16.4±2.9
,Mg ml-'h-') was slightly lower than in the control group (0.025
< P < 0.05) and much higher than in the matched hemodialysis
group (P < 0.0005).

Cholesteryl ester transfer to VLDL and LDL. In normoli-
pemic plasma more than one-half of the cholesteryl ester gen-
erated by the LCAT reaction is transferred to VLDL and LDL
under conditions where LCAT was inhibited (22, 23). Such
transfer is accompanied by an increase in the cholesteryl ester
and a decrease in triglyceride in these lipoproteins (4, 22). As
shown in Fig. 4, 11.6±6.3 ug of cholesterol as ester ml-'h- was
transferred to VLDL and LDL in the control group, i.e., 57±30%
(1 1.6:20.2) of the total cholesteryl ester synthesized over the same
period in native plasma. This proportion is comparable to that
in control groups reported earlier (0.60; 0.65) (1, 2). In the he-
modialysis group, however, the cholesteryl ester transfer rate
under the same conditions was 2.3±3.3 Mgof cholesterol as ester
transferred to VLDL and LDL, significantly lower (P < 0.0005)
than that found in the control group. On average, only 29±31%
(2.3:7.8) of cholesteryl ester in hemodialysis plasma was trans-
ferred to VLDL and LDL (0.01 < P < 0.025) under these con-
ditions.

Cholesteryl ester transfer to VLDL and LDL was also mea-
sured in the dilute plasma used for the determination of cho-
lesterol transport. There was no significant difference (P > 0.25,
n = 6, paired t test) in cholesteryl ester transfer rates whether or
not the cells were present (measurements in three hemodialysis
and three control plasmas).

Accordingly, the low rate of transfer seen in hemodialysis
plasma could be assigned to two distinct effects: the low rate of
cholesteryl esters synthesized by LCAT in hemodialysis plasma,
and the ineffective transfer of such esters as were synthesized to
VLDL and LDL.

To determine whether the low transfer rate in hemodialysis
plasma was due to a low level of transfer protein or to a circu-
lating inhibitory factor, the activity of transfer was measured in
both hemodialysis and control plasma using an exogenous sub-
strate. There was no significant difference in transfer rates be-
tween the two groups under these conditions (21.3±7.4 Mg
ml-'h-' in the hemodialysis group, and 25.4±8.9 ,gg ml-'h-' in
the control group, P> 0.25 (n = 4). Although the level of HDL
cholesterol was lower in the hemodialysis than the control group
(Table I), (30 vs. 45 mg dl-' on average), these differences are
unlikely to greatly affect transfer rates (30).

These findings suggest that inhibition of transfer is not me-
diated primarily by a deficiency of transfer protein, but is caused
by an inhibitory factor in plasma. It was shown earlier that di-
abetic VLDL and LDL inhibited transfer in both diabetic and
normal plasma (4). To test the possibility of a similar mechanism
in hemodialysis plasma, the nonadsorbed fraction of control
plasma from heparin-agarose chromatography was recombined
with the adsorbed, dialyzed VLDL + LDL of hemodialysis
plasma. As shown in Fig. 5, hemodialysis VLDL and LDL me-
diated a significantly decreased transfer in control plasma, to a
level similar to that found in native hemodialysis plasma. There
was little significant change in transfer when control plasma,
fractionated in the same way, was recombinant with endogenous
VLDL and LDL (1.03+0.18, n = 3, relative to transfer in un-
fractionated native plasma). These data suggest that it is the
VLDL and LDL of hemodialysis plasma that are responsible
for the inhibition of cholesteryl ester transfer which is observed
in the plasma of this group. Cholesteryl ester transfer in the
CAPDgroup (9.4±2.9 Mg ml-'h-', Fig. 4) was not significantly
lower than in the normal control group (P > 0.25) and was
significantly higher than that of the hemodialysis group (P
< 0.0005).

Lipoprotein composition. The lipoprotein compositions of
VLDL, LDL, and HDL from the three groups are shown in
Table III. As previously reported, a fraction of VLDL not con-
taining apo E is separated from that VLDL containing bound
apo E during immunoaffinity chromatography on heparin-aga-
rose (4). For all investigated plasmas, an average lipoprotein
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CHOLESTEROLESTER STEROLTRANSFERRED(ug ml h1)

Figure 4. Cholesteryl ester transfer rates in ESRDand control sub-
jects. Transfer activities were determined in terms of the loss of cho-
lesteryl ester from the supernatant HDL fraction after precipitation of
VLDL and LDL with dextran sulfate-MgC12 during a plasma incuba-
tion at 370C for 1 h. Bar indicates mean value of 15 hemodialysis, 6
CAPD, and 10 control subjects.

Figure 5. Effects of the recombination of VLDL and LDL from nor-

mal plasma (adsorbed fraction from heparin agarose chromatography)
with nonadsorbed fraction (containing HDLand all remaining plasma
proteins) from four hemodialysis subjects (left), or VLDL and LDL
from hemodialysis subjects with HDL from a normal subject (right)
on the cholesteryl ester transfer activity. A, whole original plasma; B,
recombined plasma. The nonadsorbed and adsorbed fractions were

mixed in the original proportion of plasma after exhaustively dialyzing
the adsorbed fraction against 0.15 MNaCl, I mMEDTA, pH 7.4.
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total mass ratio of 2.1 ± 1.4 (retained vs. unretained VLDL) was
obtained. The protein of the unretained VLDL fraction con-
tained <0.1% apo E (as measured by radial immunodiffusion),
which is comparable to previous reports (31, 32). Only the latter
is retained under the fractionation conditions described here.

The ratios of total lipid to protein in all lipoprotein fractions
from all groups were not significantly different (P > 0.25 in each
case). However, the proportions of individual lipids showed sev-
eral significant differences. In LDL the triglyceride content in
the hemodialysis group was more than double that of the control
group, whereas it was intermediate in the CAPDgroup. These
changes were accompanied by reciprocal changes in the content
of LDL cholesteryl ester. The LDL in the hemodialysis group
had significantly less cholesteryl ester than the control group,
whereas the value in the CAPDgroup was intermediate.

The second major difference lay in the ratio of free cholesterol
to phospholipid in the hemodialysis VLDL and LDL. As shown
in Table III, the ratio of LDL free cholesterol to phospholipid
in hemodialysis, CAPD, and control groups was 0.51, 0.48, and
0.45, respectively. This ratio is significantly higher in the he-
modialysis group whereas the difference between the CAPDand
control groups is marginal. Similar differences were found among
these groups in the two fractions of VLDL, the value of the
CAPDbeing in each case intermediate between the hemodialysis
and control groups. In this study, however, whereas the VLDL
and LDL that were adsorbed to heparin-agarose had similar ratios
of cholesterol to phospholipid, that in the nonadsorbed fraction
of VLDL was lower, although the differences among the three
experimental groups persisted.

The composition of HDL was similar in the three groups,

except for a significantly higher triglyceride content in both
treatment groups. The HDLfraction in the CAPDgroup differed
slightly from that of the control group with respect to free cho-
lesterol, phospholipid, and triglyceride content. The ratio of
cholesterol to phospholipid was much below that of either VLDL
or LDL in the HDLof all the groups; that in the CAPDgroup,
however, was considerably higher than in the control group.

Saturation of free cholesterol in plasma lipoproteins can be
expressed in terms of the phase diagram shown in Fig. 6 (33).
The average lipid composition of the retained fraction of VLDL
and of LDL in the hemodialysis group fell on the phase boundary
at which free cholesterol would separate from the particle surface
as a crystalline phase. This result indicates that these lipoproteins
can be considered as saturated with cholesterol in the hemodi-
alysis subjects. The lipoproteins of both CAPDand control
groups, on the other hand, show a composition indicating a
lower surface content of free cholesterol. The nonadsorbed (apo
E free) fraction of VLDL, in contrast to the earlier finding with
diabetics (4), showed a lower free cholesterol content in all the
groups and because of its lower free cholesterol content, fell
below the phase line seen in the hemodialysis plasma. However,
as previously shown (4), this fraction is inactive in transfer, both
in normal and diabetic plasma.

In order to rule out possible effects of the various medications
administered, most of the lipid and lipoprotein parameters were
grouped accordingly, as shown in Table IV. A few parameters
like apo A-II, free cholesterol, HDLcholesterol, and triglyceride
reached significant differences between the different groups, most
others were not significantly influenced by the different drugs
(P > 0.05).

80 70
-0 - %EC+TG

Figure 6. Phase diagram for the lipoprotein average free cholesterol
(FC), esterified cholesterol (EC), triglyceride (TG), and phospholipid
(PL) moieties of the LDL and VLDL of renal disease and control
groups. The dashed line represents the phase boundary above which
free cholesterol separates as crystalline phase. Circles, LDL; squares,
adsorbed VLDL; triangles, unadsorbed VLDL; open symbols, controls
(n = 10); solid symbols, hemodialysis group (n = 12); half-filled sym-
bols, peritoneal dialysis group (n = 6).

Discussion

There is now considerable evidence that a reaction sequence
involving the transport of cholesterol from cell membrane to
plasma, its esterification, and finally its transfer to VLDL and
LDL plays an important part in the cholesterol homeostasis of
peripheral cells (1, 2). A key component of this sequence is the
chemical potential gradient of free cholesterol between cell
membranes and plasma which is maintained by the LCAT re-
action (20). Whenthe rate of cholesterol esterification by LCAT
is decreased, either synthetically with a suitable inhibitor or
physiologically as a result of primary LCAT deficiency, the net
transport of cholesterol from cells to plasma is inhibited (34).
Inhibition of a different kind results from an increase in the
cholesterol content of the lipoproteins in the plasma compart-
ment. In this case the concentration gradient of cholesterol, even
in the presence of normal levels of LCAT, becomes more shallow
or may even be reversed. As a result, instead of cholesterol being
transported from cells to plasma, cholesterol is driven from
plasma into the cells. High free cholesterol levels in plasma also
appear to mediate a second and apparently distinct effect. Sat-
uration of free cholesterol levels at the surface of VLDL and
LDL is accompanied by an inhibition of cholesteryl ester transfer
to these lipoproteins in the same plasma.

The results in this study indicate that, uniquely in hemo-
dialysis patients, both mechanisms of inhibition of normal cho-
lesterol transport (a primary LCAT deficiency and a reversed
free cholesterol concentration gradient) are operative. As a result,
cholesterol transport in the plasma of these subjects is grossly

Cholesterol Metabolism in End-Stage Renal Disease 1079
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inhibited. The evidence is as follows: Hemodialysis subjects had
a significantly reduced rate of cholesterol esterification in plasma,

a a finding previously noted in undialyzed uremic patients (19).
< This lower rate appears to be a function of a lower level of cat-
.; alytically active LCAT in the plasma of these subjects than in
0 the group with normal renal function, in that the esterification

rate in hemodialyzed plasma is not normalized, even after dialysis
00 or in the presence of reactive substrate lipoproteins. As a result,z
>, the total utilization of free cholesterol in hemodialyzed plasma
> is about one third of normal.

The decrease in net transport might be due to the decreased
e demand of free cholesterol by the LCAT reaction. However, an
a additional factor must be operative here, because mean choles-

.° terol net transport levels are reduced not only from the normal
e2 mean of +0.29 to a predicted +0.1 pg/h (the product of 0.29

Z; and the ratio of cholesterol esterification rates in the hemodialysis
: and control plasma, i.e., 0.29 X 7.8/20.2), but are more severely
> reduced, even reversed, in the hemodialysis group to an average
a level of -0.14 jig/h. The concept that LCAT is not the only
t determinant of cholesterol transport in these patients is supported
= by the lack of significant correlation in the hemodialysis group

'r between cholesterol transport and esterification rates (r = -0.30,
;. 0.1 <P<0.25,n= 15).

Several pieces of evidence suggest that the increased satu-
ration of free cholesterol in VLDLand LDL in the hemodialysis

0 plasma is particularly important in mediating the abnormalities
> of plasma cholesterol metabolism that have been observed. First,
> transfer of cholesteryl ester to VLDL and LDL in the hemodi-
# alysis group is significantly reduced. Actually, the mean value
8 for the cholesteryl ester transfer in the hemodialysis group in-

w~c dicates that there is almost no such transfer to the VLDL and
LDL fractions, and even the decreased amount of esters formed

.6 by the LCAT reaction is retained almost quantitatively in HDL.

.: In non-insulin-dependent diabetes, an increased concentration
=i of triglyceride and decreased concentration of cholesteryl ester

were seen in LDL where transfer was inhibited (4). However,
2 these studies involved plasma in which total plasma triglyceride
g was also increased, so that the association between transfer and
.O composition was necessarily indirect. On the other hand, in the

.= current hemodialysis patients, whose plasma triglyceride levels

18. were comparable to those of the control group, the increased
level of triglyceride in LDL was compatible with the inhibition

0
.o of transfer observed in native hemodialysis plasma, although
i other explanations are also possible. This interpretation is sup-
_ ported by the comparison between the mass difference in tri-
ffi glyceride and cholesteryl ester transfer seen in the hemodialysis
iz. and control LDL. The increment of triglyceride in the former
D group (+ 1 1.7%) is clearly proportional to the decrease in cho-
,_ lesteryl ester (-8.1%) when the difference in lipid molecular
;. weights (triglyceride = 880, cholesteryl ester = 663) is taken into
IJ. account. It has been shown elsewhere that the catalyzed transfer
Q of cholesteryl ester is accompanied by equimolar back-transport

of triglyceride (4).
A second piece of evidence linking the inhibition of transfer

I to that of cholesterol transport is obtained from the reconstitution
o experiments with hemodialysis VLDL and LDL with the non-

O,, adsorbed fraction from the affinity chromatography of normal
.0 plasma. The hemodialysis cholesteryl ester acceptor lipoproteins

inhibited transfer in normal plasma to a level similar to that
e.0 observed in native hemodialysis plasma. This finding indicates
6 that a major factor inhibiting transfer, as in diabetic plasma,

involves the composition of VLDL and LDL. A slight, though
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probably undetectable, increase of cholesteryl ester transfer rate
would have been predicted when the VLDL and LDL fractions
of the hemodialysis plasma were replaced by those of normoli-
pemic plasma, because of the expected normalization of the
acceptor properties for the cholesteryl esters to be transferred,
i.e., the difference between the hemodialysis transfer rates (2.3
,gg ml-'h-1) and 57% of their LCAT rates (4.5 ytg ml-'h-', the
measured mean proportion of LCAT-derived cholesteryl esters
transferred into VLDL and LDL in the control group).

Finally, the acceptor lipoproteins of hemodialysis plasma,
by direct chemical analysis, showed significantly higher ratios
of free cholesterol to phospholipid, such that these particles were
essentially saturated with free cholesterol. All these data are con-
sistent with the concept that it is the abnormally high ratio of
free cholesterol to phospholipid in the VLDLand LDL fractions
of hemodialysis plasma that is the second factor mediating the
reversal of cholesterol net transport in the hemodialysis patient.
The rate of cholesteryl ester transfer in hemodialysis plasma is
inversely correlated (r = -0.66, n = 12, 0.005 < P < 0.010)
with the free cholesterol/phospholipid ratio of LDL, the major
acceptor of such esters. Cholesterol net transport between cell
membranes and hemodialysis plasma is also correlated with the
LDL free cholesterol/phospholipid ratio (r = -0.64, n = 12,
0.010 < P < 0.025). These data are together compatible with
the concept that it may be the increased free cholesterol content
of the acceptor lipoproteins of hemodialysis plasma that is the
major factor inhibiting cholesteryl ester transfer in hemodialysis
plasma.

Interestingly, comparison of the HDL fraction of the he-
modialysis plasma with that of the control group showed rela-
tively small differences in composition (with the exception of
an increased triglyceride content in the hemodialysis group).
However, the recovery of cholesteryl esters in HDLduring assay
of transfer in hemodialysis plasma is not quantitatively greater
(the difference between LCATand transfer rates in both groups,
or 6.5 ,tg ml-' plasma h-' for the dialysis subjects vs. 8.6 g ml-'
plasma h-' for the control group). This suggests that the com-
position of HDL is not rate-limiting for transfer in renal failure.

A second feature of the present study is the similarity of the
metabolic defect found here in hemodialysis plasma to that found
in other patient groups also at increased risk of atherosclerotic
vascular disease (1, 2, 4). In addition to the abnormalities of
cholesteryl ester transfer and cholesterol transport described
above, which are shared with non-insulin-dependent diabetics
and with several well-defined hyperlipidemic groups, the ab-
normal transport of cholesterol in hemodialysis plasma was apo
E-dependent as was that of the diabetics, in spite of the normal
level of total apo E in the hemodialysis group. Removal of apo
E by immunoaffinity chromatography resulted in a significant
normalization of transport in these patients. This suggests that
a fraction of apo E with abnormal metabolic properties, rather
than an increased level of apo E per se, catalyzes the increased
flux of free cholesterol from plasma to cell membranes that
characterizes the affected groups. These data seem most com-
patible with the concept proposed earlier (35) that those at in-
creased risk for atherosclerotic vascular disease share a common
metabolic defect that is related to the higher ratio of free cho-
lesterol to phospholipids in VLDL and LDL.

A final feature of this study lies in the significant difference
between the biochemical and metabolic properties of plasma
from ESRDpatients treated by hemodialysis or by CAPD. In
each of the metabolic factors studied, the plasma of peritoneal

dialysis patients showed significantly less abnormality than did
the plasma from the hemodialysis group. Someof the parameters,
such as plasma cholesterol esterification, transfer of the choles-
teryl esters, and cholesterol transport rates showed values within
normal limits, whereas others, such as HDLcholesterol and the
plasma apo A-I/A-II ratios were found to be intermediate be-
tween those of the hemodialysis and the control groups. The
reason for these significant differences between the patient groups
is not readily apparent. Previous studies of plasma lipid levels
in CAPDpatients have found elevated plasma triglycerides in
40-50% of patients, a greater incidence of elevated total choles-
terol levels than in the hemodialysis population, and a low nor-
mal to depressed HDL cholesterol fraction (14, 17, 36). The
normal triglyceride and total cholesterol levels in the CAPD
group in these studies may reflect a healthier subgroup, identified
by the selection criteria for this protocol, in that the overall CAPD
population from which they were selected has an incidence of
hypertriglyceridemia and hypercholesterolemia of 47%. How-
ever, the striking differences between the hemodialysis and
CAPDpatients cannot be explained on this basis, because both
were selected by the same criteria. Possible factors that may
influence these differences include (a) the medical status of the
patient, (b) adequacy of dialysis therapy, (c) nutritional factors,
and (d) drug therapy. The medical status of the patient with
regard to etiology of renal disease and the presence of hyperten-
sion and other complications of uremia is known to be an im-
portant determinant of morbidity and survival in ESRDpatients.
Important characteristics of CAPDtherapy that may affect the
differences seen in these patient groups include (a) the inherently
greater peritoneal dialysis transport of larger molecular weight
compounds, (b) removal of larger quantities of body proteins,
(c) better control of extracellular fluid volume, and (d) steady-
state biochemical control without the daily fluctuations asso-
ciated with hemodialysis therapy. In addition, the CAPDpatients
in this study were better dialyzed as reflected by mean BUNand
creatinine concentrations, although the actual differences were
rather small. It is possible that the more efficient removal of a
retained toxin in the CAPDgroup could positively affect cho-
lesterol metabolism in these patients. The nutritional status of
these groups reflects the previously documented mild reduction
of total protein and albumin in CAPDpatients secondary to
dialysate protein loss. Nutrient intake was not specifically mea-
sured in either patient group, but could be expected to include
a higher intake of carbohydrate due to dialysate glucose, and a
higher prescribed protein intake for the CAPDpatients. Both
of these factors have been implicated in the pathogenesis of the
hyperlipidemia observed in CAPDpatients, but would not ex-
plain why this subset of patients had relatively normal cholesterol
metabolism, compared to the hemodialysis group.

Drug therapy differed in the two patient groups due to the
presence of dialysis-resistant hypertension in 8 of 15 hemodi-
alyzed patients, but only 2 of 6 CAPDpatients. Six of the hy-
pertensive patients were treated with beta blockers, which have
been shown to have unfavorable effects on plasma lipid com-
position, including an elevation in LDL and VLDL cholesterol
and a decrease in HDLcholesterol (37). However, it is unlikely
that the differences between hemodialysis and CAPDpatients
were due to antihypertensive drug therapy, because the abnor-
malities in cholesterol metabolism in the hemodialysis group
were equally present in both drug treated and untreated patients.

The clinical relevance of these studies is potentially very high.
The high mortality rate from atherosclerotic vascular disease is
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well documented, although the specific risk factors or mecha-
nisms which are responsible for this disease remain less clearly
identified (5, 6). There has been repeated documentation of ab-
normal triglyceride metabolism in ESRDpatients, but the im-
portance of this factor in the pathogenesis of atherosclerosis is
controversial (10-12). These studies provide strong evidence that,
despite normal total plasma triglyceride and cholesterol levels,
some dialysis patients have a striking defect in cholesterol me-
tabolism, which could play an important role in the pathogenesis
of vascular disease in these patients. The observation, albeit in
a small number of patients, that peritoneal dialysis may protect
against this defect also has potentially important implication for
the selection of a long-term ESRDtherapy modality.

It is to be emphasized that the present data are derived from
measurements made in vitro, although the assays involved have
been well validated over a period of time with a number of
patient and normal control groups. However, the implication
of these results, taken together with those previously reported
with other patient groups, is that patients with ESRDtreated by
CAPDappear to have lower rates of accumulation of free cho-
lesterol in peripheral tissues than those treated by hemodialysis,
and that this might result in a lower incidence of atherosclerotic
vascular disease.
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