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High density lipoprotein particle size distribution in
subjects with obstructive jaundice
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Abstract High density lipoproteins (HDL) from 14 patients with
obstructive jaundice were examined by gradient gel electropho-
resis to determine the effect of obstruction on particle size distri-
bution. HDL from 7 of these patients were fractionated by gel
permeation chromatography and further characterized by elec-
tron microscopy, SDS gel electrophoresis, apolipoprotein A-I and
apolipoprotein A-II immunoturbidimetry, and analysis of chem-
ical composition. In addition, lecithin:cholesterol acyltransferase
(LCAT) activity was measured and correlated with plasma
apolipoprotein A-I concentration and particle size distribution.
HDL were abnormal in all patients regardless of severity, cause,
or duration of obstruction. The major HDL subfraction in nor-
mal subjects, HDL3a (radius 4.1-4.3 nm) was either absent or
considerably diminished, and HDLgy, (radius 5.3 nm) was also
frequently absent. Very small particles comparable in size to nor-
mal HDL3. (radius 3.8 nm) were prominent. In patients with a
bilirubin concentration > 250 pmol/l, normal HDL had totally
disappeared and were replaced by large discoidal particles of radius
8.5 nm and small spherical particles of radius 3.6-3.7 nm. Both
populations of particles were markedly depleted of cholesteryl ester
and enriched in free cholesterol and phospholipid. The discoidal
particles were rich in apolipoproteins E, A-I, A-II, and C, while
the small spherical particles contained predominantly apolipopro-
tein A-L. Bl LCAT activity was diminished in all subjects to 8-54%
of normal, and was strongly positively correlated (r = 0.91
P < 0.05) with plasma apolipoprotein A-I levels.— Clifton, P. M.,
P. J. Barter, and A. M. Mackinnon. High density lipoprotein
particle size distribution in subjects with obstructive jaundice. J.
Lipid Res. 1988. 29: 121-135.
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Major disturbances of plasma lipoprotein metabolism oc-
cur in both obstructive and parenchymal liver disease (1-5).
In patients with prolonged obstructive jaundice, the most
striking change is the appearance of a novel discoidal lipo-
protein, lipoprotein X (LPX) in the plasma (6-10). How-
ever, in addition, high density lipoproteins (HDL) are
significantly reduced in amount and consist of large, dis-
coidal, particles (11-18) and very small spherical particles
(13, 15, 17) as well as normal-sized particles. The main tech-
nique used for assessment of particle size, electron micro-
scopy, is relatively insensitive, so that more subtle dis-

turbances of HDL particle size have not been detected, es-
pecially early after the onset of biliary obstruction. There
are no data available on the evolution of changes in HDL
particle size and morphology. Although characterization
of the abnormal HDL subfractions is not complete, all frac-
tions are depleted in cholesteryl ester and enriched in free
cholesterol and phospholipid, and the large discoidal HDL
particle contains apolipoproteins (apo) E, A-I, A-II, and
C (14-19). Plasma apoA-I and apoA-II concentrations are
low and apoE concentration is high (20, 21).

Since the liver is the site of synthesis of lecithin:
cholesterol acyltransferase (LCAT) (22, 23), the enzyme
responsible for cholesterol esterification in the plasma, ob-
structive liver disease could be anticipated to disturb
LCAT activity. However published data are contradictory
with LCAT activity being reported as low, normal, or
even high (17, 18, 24-28). Unfortunately, most of the
LCAT assays have been unable to eliminate interference
from autologous substrate. Lipoproteins from patients
with obstructive jaundice aré better substrates for LCAT
than liposomes or normal HDL. Consequently no clear
relationship has been found between LCAT activity and
changes in HDL composition and size. In order to clarify
this question we have examined in detail HDL from pa-
tients with varying degrees of biliary obstruction and cor-
related their HDL particle size distribution, as assessed
by the sensitive technique of gradient gel electrophoresis,
with their plasma LCAT activity. LCAT was assayed us-
ing HDL; from a normal subject in a test system where
the influence of autologous substrate was minimized. We
have also utilized our recently developed technique of
separating normal HDL subpopulations using gel per-
meation chromatography to separate HDL subpopula-
tions in obstructive jaundice. These subpopulations were

Abbreviations: apo, apolipoprotein; HDL, high density lipoproteins;
LDL, low density lipoproteins; LPX, lipoprotein X; LCAT, lecithin:
cholesterol acyltransferase; VLDL, very low density lipoproteins.
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then fully characterized by gradient gel electrophoresis,
SDS polyacrylamide gel electrophoresis, and analysis of
chemical composition. Finally, in order to confirm the
role of LCAT deficiency in the genesis of the abnormal
HDL particle size distribution, we incubated cholestatic
plasma with purified LCAT and examined the changes in
HDL particle size.

METHODS

Subjects

Subjects were entered into the study over a 6-month
period from September 1985 to March 1986. They were
clinically jaundiced at the time of entry and were subse-
quently shown to have an obstructive cause for their hyper-
bilirubinemia. Patients with septicemia, renal or hepatic
failure were excluded. All were hospital inpatients at the
time of blood sampling but were ambulatory prior to ad-
mission. Fourteen patients were entered. Further limited
data was obtained from eight patients as the serum bilirubin
rose or fell. Only one patient (D) was discharged with a
normal bilirubin; the remainder either died or were
discharged still jaundiced. Plasma from all patients was as-
sayed for free and total cholesterol and for apoA-I and apoA-
IL. Lipoproteins were submitted to gradient gel electropho-
resis. Seven patients were studied in greater detail: lipo-
proteins were separated by gel permeation chromatography
and selected HDL fractions were further characterized by
gradient gel electrophoresis, electron microscopy, SDS gel
electrophoresis, and chemical composition.

Lipoprotein separation

Fifty ml of blood was collected on ice into tubes contain-
ing Na, EDTA (at a final concentration of 1 mg/ml) and
plasma was separated immediately by low speed centrifu-
gation at 4°C. Plasma was adjusted to a density of 1.25
g/ml with solid KBr (29) and the lipoproteins were sepa-
rated by ultracentrifugation at 55,000 rpm for 28 hr in a
Ti 55.2 rotor (Beckman). Ultracentrifugation was per-
formed at 4°C in a Beckman L5-65 or L8-70M ultracen-
trifuge. The supernatant (total volume 5 ml) was collected
by tube slicing and immediately filtered through a 0.22-pm
filter (Gelman).

Gel permeation chromatography

Gel permeation chromatography was performed using
a 1.6 x 75 cm column of Superose 6B (Pharmacia Uppsa-
la, Sweden) attached to a Pharmacia Fast Protein Liquid
Chromatography System. Equilibration of the column and
elution of lipoproteins were performed with a solution of
0.15 M NaCl, 0.001 M Na,EDTA and 0.02% NaNj,, at a
standard flow rate of 45 ml/hr. All solutions were filtered
with a 0.22-um Gelman filter and degassed prior to use.
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A continuous absorbance reading of the column eluate was
obtained with a UVI cell (Pharmacia). Fractions of 0.5 ml
were collected on a Pharmacia FRAC 100 fraction collector.

Polyacrylamide gradient gel electrophoresis of HDL

Polyacrylamide gradient gel electrophoresis of HDL was
performed using slab gradient gels (2.5-27% acrylamide,
Gradipore Ltd., Sydney, Australia). Samples containing 30
pg of HDL protein were applied in a volume of 15-200 gl
(5-190 pl of sample and 10 ul of a solution containing 40%
sucrose and 0.01% Bromophenol Blue) and subjected to
electrophoresis at 160 V for 17 hr in a Tris-borate buffer
(pH 8.35). The diameter of the HDL particles was calcu-
lated by reference to coelectrophoresed standards of
thyroglobulin (radius 8.5 nm), ferritin (radius 6.1 nm), lac-
tate dehydrogenase (radius 4.08 nm), and bovine serum al-
bumin (radius 3.55 nm) from a high molecular weight
electrophoresis calibration kit (Pharmacia Fine Chemicals,
Uppsala, Sweden). Gels were fixed in 10% sulfosalicylic
acid for 1 hr, stained for 4 hr in 0.04% Coomassie G-250
in 3.5% perchloric acid, and destained in 5% acetic acid
(30). The gels were then scanned in a laser densitometer
(2202 Ultrascan, LKB, Bromma, Sweden) and quantitated
using a Hewlett Packard 3390A integrator.

In some of the experiments, plasma samples were pre-
stained for 1 min with a concentrated solution of Sudan
Black in ethylene glycol (20 ul of plasma and 20 pl of stain)
and then applied directly to the gradient gel. Lanes con-
taining protein standards were separately stained as above.
This technique was used in patients with a bilirubin of
> 250 pmol/l to demonstrate that the very small particles
contained lipid.

SDS polyacrylamide gel electrophoresis

SDS polyacrylamide gel electrophoresis was carried out in
a Laemmli buffer system on a 15% polyacrylamide gel (31).

Chemical composition

Total cholesterol and free cholesterol were measured us-
ing Boehringer kits (CHOD-PAP Method Kits, numbers
290319 and 310328, respectively). Triglycerides were mea-
sured using Boehringer Perodichrom Kit number 701904.
Phospholipids were estimated using a Wako Kit 279 54009
{Wako Pure Chemicals, Osaka, Japan) which measures the
choline-containing phospholipids. The standard solution
used contained 54 mg/dl of choline chloride corresponding
to 300 mg/dl of phosphatidylcholine. Choline is found in
95-97% of human HDL phospholipids. Protein levels were
estimated using the method of Lowry et al. (32) adapted
for use on a centrifugal analyzer (Cobas-Bio, Roche). The
test was modified by scaling all volumes down to a total
volume of 0.4 ml and reducing the total incubation time
to 20 min. No loss of linearity or sensitivity was noted
within the concentration range 50-1000 pg/ml. Bovine se-
rum albumin was used as a standard.
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All assays were performed in duplicate on a Cobas-Bio
(Roche) centrifugal analyzer. The coefficients of variation
within a single run were: cholesterol (free and total) <0.5%,
triglyceride <1%, phospholipid <0.5%, and protein 4%
in the concentration range 0-250 pg/ml, and 2% in the
range 250-1000 pg/ml. Day-to-day and run-to-run co-
efficients of variation were total cholesterol <0.5%, free
cholesterol 5%, triglyceride 3%, phospholipids 1%, and pro-
tein 5% (0-250 pg/ml) and 3% (250-1000 pg/ml).

ApoA-I and apoA-II were estimated by immunoturbidi-
metry on a Cobas-Bio centrifugal analyzer using Boeh-
ringer antisera as described by Austin and Maznicki (33)
and Rifai, King, and Malekpour (34). Standards were pre-
pared from a Hyland Omega lipid control serum. The co-
efficient of variation for both apoA-I and apoA-II within
a single run was 6%. The method was validated with ‘rocket’
electroimmunoassay using the same antisera and standards.

Electron microscopy

Lipoprotein samples were brought to a protein concen-
tration of 500 ug/ml and dialyzed against 5 mM (NH,)
CO; (pH 8.0). After negative staining with 0.5% phospho-
tungstic acid, pH 7.4, the samples were examined at a mag-
nification of 100,000 (35).

LCAT purification and incubation schedules

LCAT was purified exactly as previously described (36).
Plasma samples (0.5 ml) from jaundiced patients were in-
cubated for 24 hr at 37°C with 0.5 ml of a solution of
purified LCAT (60-85 units), in 5 mM Tris buffer, 150 mM
NaCl, pH 7.4. One unit of LCAT esterifies 1 nmol/ml per
hr of free cholesterol. Free and total cholesterol concentra-
tions were measured before and after incubation. Lipopro-
teins were separated by a single ultracentrifugation at d
1.25 g/ml (see Lipoprotein separation) and submitted to
gradient gel electrophoresis to assess HDL particle size dis-
tribution. In addition to whole plasma, isolated HDL frac-
tions containing predominantly small spheres were also
incubated with LCAT. HDL fractions containing 20 nmol
of free cholesterol were supplemented with 50 nmol of free
cholesterol (as autologous LDL) and 20 pg of bovine se-
rum albumin. The incubation contained 20 units of purified
LCAT in a total volume of 200 ul. Incubation was per-
formed at 37°C for 1 hr and 24 hr.

LCAT assay

Activity of LCAT was measured using normal HDL,
prelabeled with [*H]cholesterol as the substrate, as previ-
ously described (37). [1,2-*H]Cholesterol (47 Ci/mmol) and
cholesteryl [1-*C]oleate (58 mCi/mmol) were obtained
from the Radiochemical Centre, Amersham, U. K.; each
was reported to have a radiochemical purity of more than
97%. A further check, using thin-layer silicic acid chro-
matography, was made of the [*H]cholesterol at the time
of each experiment when more than 97% of the *H was

recovered in the free cholesterol fraction and less than 0.2%
was recovered in the esterified cholesterol fraction. Fifty to
100 ul of the labeled HDL;, containing 55 nmol of free
cholesterol, was incubated with 10 pl of test plasma (con-
taining a maximum of 3 nmol of HDL free cholesterol) for
5 hr at 37°C. Fractional rate of esterification was deter-
mined as previously described (37) using thin-layer silicic
acid chromatography, and compared to the activity of four
normal plasmas assayed at the same time. Values were cor-
rected for recovery by reference to an internal standard of
cholesteryl [1-*C]oleate which had been added to the so-
lution in which the samples were extracted. All samples
were snap-frozen in liquid nitrogen and stored at —70°C
for between 1 and 6 months. Normal plasmas were snap-
frozen and stored for 6 months prior to being assayed. All
samples were assayed in quadruplicate with a coefficient
of variation of less than 5%.

RESULTS

Patients studied

Table 1 lists the ages, clinical diagnoses, levels of serum
bilirubin, and duration of jaundice in the 14 patients in-
cluded in this study. It is apparent that duration of jaun-
dice varied from 2 days to 3 months. Four patients had
acute, nonmalignant biliary obstruction, 2 from gallstones,
1 from pancreatitis, and 1 from phenothiazine-induced in-
trahepatic cholestasis. The latter patient became jaundiced
within 3 days of commencing the drug.

Lipid and apoprotein levels

Table 2 contains the total cholesterol, free cholesterol,
apoA-1, and apoA-II levels for all subjects. HDL cholesterol
levels were estimated in 11 patients. Eight subjects were
studied on more than one occasion: subjects F and G were
restudied as the bilirubin rose while subjects L, B, K, A,
C, and I were restudied as the bilirubin level fell. The sub-
jects are arrayed in order of increasing bilirubin. With in-
creasing levels of serum bilirubin there was a significant
trend toward a decrease in the proportion of esterified
cholesterol (r = -0.80, P < 0.001) and a decrease in con-
centrations of both apoA-I and apoA-II (r = -0.84,
P < 0.001). The apoA-I and HDL cholesterol concentra-
tion and the percentage of plasma cholesterol in the es-
terified form were highly positively correlated (r = 0.90,
P < 0.001). There was no significant difference between
patients with acute nonmalignant obstruction and those
with malignant obstruction, despite the fact that malignant
obstruction may have been present subclinically for many
weeks. In most cases the serum bilirubin level was the best
predictor of the degree of lipoprotein abnormalities. Sub-
ject A had more marked abnormalities of cholesterol es-
terification and apolipoprotein concentration than predicted
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TABLE 1. Clinical details of subjects with obstructive jaundice

Duration
Subject Sex Age Diagnosis Bilirubin of Jaundice
wmol/l
A F 71 Choledocholithiasis (a) 102 2 weeks
(b) 40 3 weeks
B F 81 Pancreatitis (a) 118 2 days
(by 60 5 days
C F 69 Carcinoma of pancreas (stented) (a) 146 3 weeks
(b) 105 4 weeks
D M 72 Choledocholithiasis 146 7 days
E F 82 Carcinoma gallbladder
(external drain) 148 > 1 month
F F 87 Carcinoma of pancreas (a) 161 2 weeks
(d) 440 3 weeks
(f) 340 4 weeks
(g) 380 5 weeks
M 69 Nodes in porta hepatis (a) 175 2 weeks
(b) 270 3 weeks
H M 83 Carcinoma pancreas 210 7 days
I M 32 Carcinoma bile duct (a) 240 4 weeks
(choledocho jejunostomy) (b) 172 5 weeks
J M 70 Lymphoma nodes in porta hepatis 250 2 weeks
K M 72 Carcinoma gallbladder (a) 295 1 month
(external drain) (b) 220 4 months
L F 78 Carcinoma gallbladder (a) 340 10 days
(external drain) (b) 181 19 days
(c) 120 25 days
M M 80 Intrahepatic cholestasis
(drug induced) 350 2 weeks
N F 52 Nodes in porta hepatis 440 > 3 months

by the level of bilirubin; this subject, however, had been
mildly jaundiced for at least 2 weeks prior to being studied.
Similarly both C and I had been partially obstructed,
despite surgical bypass, for at least 1 month so their apoA-
I and apoA-II levels were quite low. The plasma bilirubin
reached a plateau of 440 pmol/l after 3 weeks in subject
F, but the concentration of apoA-I and cholesteryl esters
continued to fall until the apoA-I level was less than 5%
of normal after 5 weeks of obstruction and only 15% of
the plasma cholesterol was in the esterified form.

Lipid distribution

Fig. 1 shows the total cholesterol, triglyceride, and apoA-1
distribution of subject C after separation of 1 ml of whole
plasma by gel permeation chromatography. This distribu-
tion was quite typical of many of the patients with obstruc-
tive jaundice. The bulk of the cholesterol, mostly unesteri-
fied, eluted in the void volume in discoidal particles
(normally where VLDL elutes) and only 5% of the total
cholesterol eluted with apoA-I. The LDL (2nd peak) was
abnormally triglyceride-enriched. The profile was essen-
tially unchanged when the lipoproteins were separated from
plasma by ultracentrifugation prior to gel permeation
chromatography.

HDL particle size distribution

HDL is polydisperse and can be separated on gradient
gel electrophoresis into at least five subpopulations. We have
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utilized the terminology devised by Blanche and associates
(30) to describe these subfractions, viz HDLgy, (radius 5.28
nm), HDLj, (radius 4.58 nm), HDL3, (radius 4.22 nm),
HDL3y, (radius 3.98 nm), and HDLs. (radius 3.81 nm).
The normal HDL profile shown in Fig. 2 is very similar
in particle size and distribution to that of the normal males
described by Blanche. Fig. 2 illustrates the gradient gel elec-
trophoretic profiles of HDL from all 14 subjects studied.
All the profiles are clearly abnormal. The major subpopu-
lation of HDL in normal subjects, HDL3,, containing
particles of radius 4.1-4.3 nm, was either greatly diminished
in quantity (subjects A and B) or completely absent. This
subpopulation was replaced by both smaller particles and
larger particles. With increasing serum bilirubin concen-
tration or increased duration of obstruction when serum
bilirubin was maximally elevated, the small particles be-
came progressively smaller and particles of radii 3.6 nm
and 3.7 nm became prominent. These particles are rarely
seen in normal subjects. Similarly, very large particles,
greater than radius 5.3 nm became more prominent, such
that in subjects F, M, and N at least half of the HDL had
an apparent radius 8.5-10 nm. As shown later, these parti-
cles were predominantly discoidal in shape. The size of
these discoidal particles as measured by electron microscopy
(radius 7.5 nm) was compatible with the estimates obtained
by gradient gel electrophoresis. In those subjects whose
HDL consisted predominantly of spherical particles (e.g.,
D and E) there were subtle changes in the normal HDL,
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TABLE 2. Cholesterol and apoprotein levels of subjects with obstructive jaundice
Total Free % HDL
Subject Bilirubin Cholesterol Cholesterol Esterified Cholesterol ApoA-1 ApoA-I1
pmol/l mmol/l mmol/l mmol/l

‘Normal’ plasma’ <20 4.9 0.83 83 1.37 1.32 0.39
A (a) 102 4.0 2.2 45 nd’ 0.41 0.13
(b) 40 4.7 1.4 69 1.10 0.25

B (a) 118 6.2 1.2 81 nd 1.06 0.31
(b) 60 6.6 2.0 70 0.88 0.27

C (a) 146 141 8.8 38 0.19 0.29 0.09
b) 105 13.1 8.5 35 0.26 0.28 0.08

D 146 6.1 2.8 55 0.43 0.62 0.12
E 148 5.2 2.7 48 0.49 0.48 0.14
F (a) 161 5.4 2.8 48 0.55 0.18
(b) nd 5.8 3.2 44 0.49 0.16

(<) nd 3.2 1.8 44 nd 0.32 0.10

(d) 440 2.9 1.9 35 0.16 0.05

(e) 340 2.7 2.0 27 0.09 0.03

® nd 3.7 2.8 23 0.09 0.01

(8) 380 4.5 3.8 15 0.05 0.02

(a) 175 6.1 1.6 74 0.34 0.91 0.26

(b) 250 6.0 2.9 53 0.10 0.30 0.09

H 210 5.3 2.8 47 0.32 0.51 0.18
I (a) 240 4.4 2.6 41 0.08 0.26 0.08
(b) 172 4.8 1.8 63 0.10 0.24 0.07

J 250 5.8 3.7 35 0.27 0.44 0.17
K (a) 295 4.3 2.2 49 nd 0.25 0.09
(b) 220 2.7 1.7 62 0.15 0.06 0.01

L (a) 340 5.8 3.8 35 0.09 0.13 0.05
(b) 181 4.7 2.2 53 0.18 0.32 0.02

(c) 120 4.2 1.7 60 0.43 0.51 0.07

M 350 4.7 2.7 43 0.03 0.21 0.07
N 440 4.6 3.6 21 0.05 0.20 0.07

“Normal’ plasma consisted of a pool of plasma from eight normal laboratory workers. A sample of this pool was

run in duplicate with the patient plasmas.
¢Not determined, nd.

size range. Particles corresponding to normal HDLgy
(radius 5.3 nm) were absent while there was an increase
in the proportion of particles corresponding to HDLj,
(radius 4.6-4.8 nm). There was no significant difference
in the type of HDL particle size change between the four
patients with acute, nonmalignant obstruction and those
with slower onset malignant obstruction. In the former
group, in whom the exact onset of obstruction was known,
it could be seen that significant changes in the HDL profile
occurred in 5 days while marked abnormalities, with large
discoidal and very small spherical particles, were present
after 2 weeks. As noted in a later section, LCAT activity
had fallen to 9% of normal after 2 weeks.

Protein-stained gels severely understimated the contribu-
tion of the large particles to the HDL fraction, especially
when the particle had a radius of 8.5 nm or greater. Lipid-
stained gels (not shown) demonstrated that 90% of the
HDL lipid was in particles of radius >6.1 nm in patients
with a bilirubin level of >250 pmol/l. The small particles
contained such a low proportion of lipid that they were
barely visible. However, the gels demonstrated that the
plasma of these patients contained lipoprotein particles
almost as small as an albumin molecule.

The changes in HDL particle size distribution related
both to the degree and the duration of obstruction. Thus,
the level of the serum bilirubin at the time of blood sam-
pling did not always correlate with the changes seen in
HDL particle size. For instance, subject F with a serum
bilirubin of 160 umol/l had a much more abnormal profile
than subject D with a comparable bilirubin of 146 pmol/l.
The latter subject had complete biliary obstruction (due
to a bile duct stone) of less than 1 week duration at the
time the HDL profile was obtained, whereas subject F had
been jaundiced for at least 2 weeks prior to blood sampling.
In subject K, despite a moderate fall in bilirubin over 3
months, the HDL profile had become more abnormal with
an increase in large particles.

A clear lag period is seen with subject B, whose peak
bilirubin of 118 umol/l was observed 2 days after the onset
of acute pancreatitis. Cholesterol esterification was not
demonstrably abnormal until 3 days later, when the
bilirubin had fallen to 60 pmol/l (Table 1). At this time the
HDL particle size distribution was also abnormal (Fig. 2).
This lag period before changes are seen in the HDL parti-
cle size distribution is consistent with the relatively slow
turnover of HDL, with a residence time of 4-6 days (38).
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Fig. 1. Cholesterol and triglyceride profiles after separation of lipoproteins by gel permeation chromatography from
(a) subject C, bilirubin 146 umol/l (top), and (b) a normal male subject (bottom). One ml of plasma was applied
to a 75-cm Superose 6B column and eluted with 0.15 M NaCl, 0.001 M Na, EDTA, pH 7.4, at 45 ml/hr. Fractions
were collected and assayed for total cholesterol (solid line), free cholesterol (fine solid line), triglyceride (broken line),
and apoA-I (graph points). Absorbance at 280 nm is also shown (fine broken line). The elution time of normal VLDL,

LDL and HDL is marked on the figure.

Fig. 3(A) shows sequential gradient gel profiles of HDL
from subject F as the bilirubin rose from 160 pmol/l to 440
pmol/l. A period of 2 weeks separated the first and last sam-
ple. Despite the serum bilirubin concentration reaching a
pleateau after 11 days, changes in the HDL particle size
distribution progressed. The major difference between the
two samples is a further decrease in particle radius in the
small pore region of the gel and an increase in size and
amount of the larger particles. Fig. 3(B) shows sequential
gradient gel profiles of subject G as the bilirubin increased
from 175 pmol/l to 300 pmol/l. The essentially unimodal
distribution of radius 3.9-4.1 nm particles became bimo-
dal with large particles of radius 8.5 nm and small parti-
cles of radius 3.8 nm. The changes that occurred within
these individuals were analogous to the changes seen in the
14 subjects with varying degrees of obstruction.

Changes occurring in the HDL particle size distribution
as obstruction is relieved are shown in Fig. 4. Subject L
had a T-tube inserted to bypass a carcinoma of the gall-
bladder. The bilirubin fell from 340 pmol/l to 120 umol/l
over 14 days. Within 9 days the HDL profile (Fig. 4A) had
dramatically changed: all the abnormal large and small par-
ticles had disappeared and were replaced by a single popu-
lation of radius 4.1 nm. As recovery continued the particles
increased in size further to radius 4.7 nm, while other nor-
mal subpopulations were beginning to appear. In subject
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C (Fig. 4B), the bilirubin fell from 146 gmol/l to 105 pmol/l
over 5 days; over this period of time the small HDL parti-
cles became less prominent and a population of normal-
sized particles of radius 4.2 nm appeared. Similarly, in sub-
ject I (Fig. 4C), as the bilirubin fell from 240 pmol/l to 172
pmol/l over 1 week, the proportion of small particles of
radius 3.9 nm decreased. Thus, despite the continued
presence of the malignancy, the HDL profile became more
normal with relief of the obstruction.

Separation of small and large particles

Major lipoprotein classes can be quickly and easily sepa-
rated from each other by gel permeation chromatography
with Superose 6B of the plasma d <1.25 g/ml supernatant.
Fig. 5 (solid line) shows the elution profile of lipoproteins
from a normal subject while Fig. 5 (dotted line) shows the
elution profile of lipoproteins from subject J with a serum
bilirubin of 250 umol/l. Two changes were apparent: ¢) a
new population of particles appeared between the LDL
peak and the major HDL peak, and ) the major HDL
peak eluted later than normal. Aliquots from each peak
were submitted to gradient gel electrophoresis and clear
separation of the two HDL subpopulations of subject ] was
apparent. The first HDL peak contained particles of radius
5.6-8.6 nm, while the second peak contained particles of
radius 3.8 nm. Both peaks contained apoA-I and apoA-II
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Fig. 2. Gradient gel profiles of HDL from subjects with obstructive jaun-
dice. The profiles are arrayed in order of increasing serum bilirubin.
Lipoproteins were isolated after a single ultracentrifugation at a density
of 1.25 g/ml. Thirty ug of HDL was applied to a 2.5-27% polyacryla-
mide gradient gel and electrophoresed for 2,700 v-hr in a Tris-borate buffer
(pH 8.35). The gels were fixed in 10% sulfosalicylic acid, stained with
Coomassie Blue G250 in 3.5% perchloric acid and destained in 5% acet-
ic acid. The gels were then scanned in a laser densitometer and particle
size was calculated by reference to coelectrophoresed high molecular weight
standards.

when analyzed by immunoturbidimetry. Four of the seven
subjects studied in detail had a clear new peak between
LDL and the normal HDL peak. ApoA-containing particles
could be detected in small amounts up to the peak of the
LDL fraction.

Electron microscopy of small and large particles

In all seven subjects examined the fractions eluting be-
tween LDL and the elution position of normal HDL con-
tained stacked discs of radius 8.2 + 1.5 nm (mean t+ SD,
50 discs) although in subjects E and D these consisted of
<10% of all particles. In the four subjects with a clear new
subpopulation of particles between LDL and HDL on gel
permeation chromatography, the peak fractions of this sub-
population consisted predominantly of discoidal particles
(Fig. 6a). In addition there were some round particles of
radius 8.7 + 0.1 nm (mean + SD, 50 particles) and larger
round particles of radius 15-20 nm. Fractions of HDL that
eluted later contained progressively fewer discoidal parti-
cles and more small spherical particles. The second HDL
peak which eluted later than normal HDL contained only
small spherical particles (Fig. 6b) of about 2.7 + 0.1 nm
(mean + SD, 50 particles).

Particle radius (nm)

v
Q;’? q;o ™’ Q? o}?
B
(a) : : : ':

)\
' |

A (b) E i
i |

(c)

(a)

(b)

Fig. 3. A: Gradient gel profiles of HDL subject F. Electrophoresis was
performed as described in the legend to Fig. 2. Thirty ug of HDL protein
was applied to each track. Profile (a) was obtained on admission, 2 weeks
after jaundice was first noted. Plasma bilirubin was 161 gmol/l. Profile
(b) was obtained 3 days later and profile (c) 2 weeks later. Plasma bilirubin
had risen to 340 umol/l. B: Gradient gel profiles of HDL from subject
G. Profile (a) was obtained on admission 2 weeks after jaundice was not-
ed. Plasma bilirubin was 175 pmol/l. Profile (b) was obtained 1 week later,
when the bilirubin had risen to 270 umol/l.
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Fig. 4. A: Gradient gel profiles of HDL from subject L. Electrophoresis
was performed as described in the legend to Fig. 2. Profile (a) (solid line)
was obtained on admission (serum bilirubin was 340 pmol/l}; profile (b)
(dotted line) was obtained 9 days later when the serum bilirubin had fallen
to 181 umol/l. Profile (c) (broken line) was obtained 15 days after admis-
sion when the serum bilirubin had fallen further to 120 umol/l. B: Gra-
dient gel profile of HDL from subject C. Profile (a) (solid line) was obtained
8 days after internal stenting and 3 weeks after jaundice was first noted.
Plasma bilirubin was 146 gmol/] having fallen from 390 pmol/l on admis-
sion. Profile (b) (dotted line) was obtained 5 days later when the plasma
bilirubin was 105 pmol/l. C: Gradient gel profiles of HDL from subject
I. Profile (a) (solid line) was obtained 4 weeks after the onset of jaundice,
when the plasma bilirubin was 240 umol/l, having fallen from a pre-
operative peak of 360 umol/l. Profile (b) (dotted line) was obtained 1 week
later when the plasma bilirubin was 172 gmol/l.
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Composition of small and large particles

Fractions recovered after gel permeation chromatography
that were reasonably homogeneous on both electron
microscopy and gradient gel electrophoresis were subject-
ed to chemical analysis (Table 3). All fractions were severely
depleted 1n cholesteryl ester and enriched in phospholipid
and free cholesterol. The triglyceride and the esterified
cholesterol in the fraction containing the stacked discs was
presumably present in the contaminating large round par-
ticles of LDL size, as none of the three preparations con-
taining discoidal particles were completely homogeneous.
The small spheres were severely depleted of core materials,
although the triglyceride content was greater than normal.
Even in subject D who was jaundiced for less than 1 week,
the cholesteryl ester content of the small spherical parti-
cles was less than 40% of normal.

Apolipoprotein content was assessed using SDS gel elec-
trophoresis and apoA-I and apo-II immunoturbidimetry.
ApoA was detectable from the peak of the LDL fraction
(90 min elution time) onwards. The apoA-l/apoA-II ratio
differed from normal (Fig. 7) in that the highest ratio was
found in the smallest particles, rather than in the HDLgy,
fraction. No patient showed a significant rise in the ratio of
apoA-1/apoA-II in the HDL, fractions. The major apolipo-
proteins of the discoidal fractions were apoE, apoA-I, apoA-
II, apoC, apoA-IV, and albumin and several unidentified
high molecular weight proteins (Table 4). This fraction was
not separated further and it is not known whether all apo-
lipoproteins coexisted on one particle or whether there were
specific apoE-containing discs or spheres. The albumin may
be contributed by small LPX; (39) discs which were not
readily separable in size from large HDL discs. The small
spherical particles contained predominantly apoA-I and
apoA-II and were depleted of apoC. As the particles be-
came smaller the relative content of apoA-I increased. Par-
ticles of radius 3.6 nm contained predominantly apoA-I.

LCAT activity

Plasma from six subjects and four normal controls was
deep frozen at —70°C within 1 hr of the blood being drawn
from the subject. All seven samples (two from subject L)
from the jaundiced patients and four normal samples were
assayed together. LCAT activity (Table 5) was reduced in
all subjects, ranging from 8 to 54% of normal, and was
negatively correlated with serum bilirubin (r = -0.91, P
< 0.01). There was a strong correlation between the plasma
apoA-I level and the LCAT activity (r = 0.91, P < 0.01)
suggesting that LCAT activity may be one determinant of
the plasma concentration of HDL apolipoprotein. In the
one subject (L) retested, as the bilirubin dropped from 340
pmol/l to 120 pumol/l over 2 weeks, the activity of LCAT
rose from 11% to 53% of normal. In the two subjects with
acute nonmalignant obstruction, in whom it was possible to
pinpoint exactly the onset of obstruction, LCAT activity
was reduced to 40% of normal in 7 days and 9% of normal
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Fig. 5. Elution profile of lipoproteins separated by Superose 6B gel permeation chromatography. The solid line
is the profile of a normal subject, while the broken line is the profile of subject J (serum bilirubin, 250 gmol/l).
Lipoproteins from 30 ml of plasma were separated by a single ultracentrifugation at a density of 1.25 g/ml. The
supernatant (3-5 ml) was filtered with a 0.22-pm filter and applied to a 1.6 x75 cm column of Superose 6B. Equilibration
and elution were performed with 0.15 M NaCl, 0.001 M Na, EDTA, pH 7.4, at a flow rate of 45 ml/hr. One-ml

fractions were collected.

in 14 days. There was no difference between malignant and
nonmalignant obstruction in the reduction of LCAT ac-
tivity. Albumin concentrations were normal in short-term
or treated obstruction, and lower in prolonged ( >2 weeks)
obstruction, but there was no statistically significant corre-
lation between LCAT activity and serum albumin concen-
tration. LCAT mass was not measured.

Incubations with purified LCAT

Seven plasma samples from six patients were incubated
with purified LCAT. Overall, 51% of the available free
cholesterol was esterified in 24 hr (range 27-64%), with
an average of 1.2 mmol/] per 24 hr of free cholesterol es-
terified (range 0.8-1.8). Gradient gel electrophoresis of the
lipoproteins isolated from the incubation mixture demon-
strated a marked increase in HDL particle size compared
to the unincubated HDL. In three subjects (Fig. 8b), the
HDL particle size distribution after incubation with pur-
ified LCAT was approaching the profile of normal, unin-
cubated HDL (Fig. 8¢c). In the other three subjects (Fig.
8a), the HDL had become even larger and were in the nor-
mal HDLg, size range. This HDL profile resembles that
of normal HDL after incubation with purified LCAT. The
reason for the difference in behavior of the various HDL
preparations is not clear; it does not relate to either the
absolute or fractional rate of esterification or to the initial
HDL particle distribution.

Incubation of isolated fractions of HDL from two subjects
with purified LCAT demonstrated similar changes to the
whole plasma incubations. Particles of radius 3.9 nm were
converted to particles of radius 4.3 nm and 4.8 nm after

24 hr incubations with LCAT and LDL as a source of free
cholesterol. At least 75% of the 3.9-nm particles had been
converted into 4.3-nm radius particles within the first hour
of incubation (Fig. 9). The cholesterol in the resultant HDL
was 74% esterified which was within the normal range.

DISCUSSION

In this report we have confirmed previous findings that
HDL in patients with obstructive jaundice are abnormal in
particle size, morphology, and composition (11-18), and that
some of the observed abnormalities are due to LCAT de-
ficiency (12, 18, 24) and may be reversed by incubation of
cholestatic plasma with purified LCAT (40, 41). The novel
aspects of this study are twofold. Firstly, the use of gra-
dient gel electrophoresis allowed the evolution of changes
in HDL particle size to be charted far more accurately
than could be achieved with electron microscopy, and
secondly, the inclusion of patients with acute obstruction
(gallstones and pancreatitis) and incomplete obstruction
demonstrated that the changes in LCAT activity and HDL
particle size distribution occurred relatively early in
the course of the illness and were not related to frank
liver damage.

In the patients with acute, extrahepatic obstruction, three
changes were evident in the HDL particle size distribution.
¢) The major HDL; subpopulation (normally 4.1~4.3 nm
in radius) became smaller than usual and was reduced in
amount; i7) a normal HDLgy, subpopulation (5.2~5.4 nm
in radius) was absent; and 7)) particles of HDLs, size
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Fig. 6. Electron micrographs of lipoproteins from subject N (plasma bilirubin, 440 pmol/l); (a) lipoproteins from
the first HDL peak eluted from the column (see Fig. 4); (b) lipoproteins from the second HDL peak.

(4.6-4.8 nm in radius) were prominent. Patients with malig-
nant partial obstruction with bilirubin levels similar to
those of the three patients with acute extrahepatic obstruc-
tion had very similar HDL profiles. ApoA-I levels were de-
pressed in both groups, although to a greater extent in the
group with malignancy. LCAT activity assayed in two sub-
jects in this group with partial obstruction (bilirubin <150
pmol/l) was 40-43% of normal.
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In higher grades of obstruction the LCAT activity was
reduced further to 8-11% of normal while the HDL parti-
cle size distribution was very abnormal. The HDL frac-
tion contained very small spherical particles of radius
3.6-3.8 nm and very large discoidal particles of >6.0 nm in
radius. ApoA-I and apoA-II levels were significantly re-
duced. There was no significant difference in HDL particle
size distribution and LCAT activity between the four pa-
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TABLE 3. Chemical composition of HDL (percentage weight, mean + SD)

Esterified Free
Fraction Protein Cholesterol Cholesterol Phospholipid Triglyceride
Discs® 28.7 2.8 17.0 43.7 7.7
Small spheres®
(3.7-3.9 nm radius) 50.5 + 1.8 56 + 2.7 51 + 3.1 331 £ 25 6.3 + 2.2
Normal particles®
(3.9 nm radius) 51.0 £+ 0.4 19.6 + 1.9 2.5 + 0.4 23.3 £+ 1.27 3.1 ¢ 1.2

The normal particles of radius 3.9 nm were isolated by gel filtration chromatography and their size was deter-

mined by gradient gel electrophoresis.
*Three subjects.
’Seven subjects.
‘Five subjects.

tients with acute nonmalignant obstructions and the patients
with malignant obstruction and similar levels of serum
bilirubin. Although a matched control group was not
recruited, several lines of evidence support the contention
that the HDL abnormalities were probably due to LCAT
deficiency secondary to obstructive jaundice and not related
to malignancy per se or to major illness. Although patients
with major illnesses, such as large myocardial infarctions,
have reductions in HDL cholesterol and apoA-I and apoA-
IT concentrations, the reductions are not as marked as in
biliary obstruction; nor do these patients have an HDL par-
ticle size distribution that resembles the distribution in the
obstructed patients (42). Thirdly, the HDL in familial
LCAT deficiency closely resemble, in morphology, compo-
sition, and particle size distribution, the HDL from pa-
tients with a bilirubin of >250 pmol/l (11, 35, 43-45). In
addition, the HDL produced by cultured Hep G2 cells (46)
and perfused primate livers (47) are very similar in size
and morphology, to the HDL in these patients. In both of
these in vitro situations, LCAT activity is apparently low
(47, 48). Finally, the rapid evolution of changes in HDL
particle size and the recovery in LCAT activity as obstruc-
tion is relieved support the contention that biliary obstruc-
tion per se produces both LCAT deficiency and the HDL
abnormalities. Normalization of HDL size morphology and
composition with purified LCAT provides further evidence.
This report also provides detailed information on the
changes in HDL particle size following incubation of
cholestatic plasma with purified LCAT. In all patients the
majority of the particles after incubation had a radius of
between 4.1 and 4.9 nm. In three patients, despite 24 hr
incubation with a relatively high concentration of LCAT,
a certain proportion of the small particles failed to be trans-
formed. Thus, in these three patients, the HDL particle
distribution after LCAT incubation is very similar to the
particle size distribution of normal HDL with one excep-
tion, the absence of any HDLagp, subfraction. In the other
subjects, no small particles were present and the major peak
lay between radius 4.9 and 5.4 nm. These HDL profiles
resembled that of subject L during the recovery phase and

were quite similar to those seen when normal HDL was
incubated with purified LCAT. The reason for the differ-
ence in behavior between these two groups is not clear; it
does not relate to severity of illness, initial HDL profile,
or concentration of LCAT used. However, deficient hepat-
ic lipase activity, as has been demonstrated in patients with
primary biliary cirrhosis (49), may be a factor. Forte et al.
(11), Norum et al. (40), and Utermann et al. (41) found that
incubation of HDL from familial LCAT deficiency pa-
tients (and from a patient with obstriictive jaundice) with
purified LCAT produced an HDL identical to that from
normal subjects, although the incubated HDL tended to
be of HDL, size. -

LCAT activity was found to be low in all six patients test-
ed, with no difference noted between acute, nonmalignant
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Fig. 7. ApoA-l to apoA-II ratio plotted as a function of particle size.
The solid line shows the mean apoA-I to apoA-I1 ratio of five normal sub-
Jects, while the dotted line shows the mean apoA-I to apoA-II ratio of seven
subjects with obstructive jaundice. ApoA-1 and apoA-II levels were as-
sessed by immunoturbidimetry in alternate HDL fractions eluted from
the Superose 6B column. Particle size of the major component of each
fraction was assessed by gradient gel electrophoresis performed as described
in the legend to Fig. 2.
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TABLE 4. HDL apolipoprotein composition (percentage by weight)

High Mol. Wt.

Fraction Proteins’ Alb. A-IV E A-1 A-I1 C
Discs’ 14 13 5 22 22 9 15
Spheres’ 81 17 2.0
Normal HDL 75 20 5

One hundred pg of delipidated HDL protein was electrophoresed on a 10% SDS gel under non-reducing condi-
tions. Gels were stained with Coomassie Brilliant Blue R and scanned on a laser densitometer. No correction was
made for differing chromogenicity of the individual apoproteins.

*Unidentified high molecular weight proteins (mol wt 70-90,000).

*Mean of four patients.
‘Mean of seven patients.

obstruction and malignant obstruction. Following relief of
malignant obstruction in one patient, LCAT activity rose
fivefold in 2 weeks. Numerous investigators have examined
LCAT activity in obstructive jaundice with conflicting
results (12, 17, 18, 24-28). Most have found diminished
LCAT activity in over half of the patients tested, although
Wengeler, Greten, and Seidel (26) found no reduction in
LCAT activity in ten patients tested. The most common
explanation for the reduction in LCAT activity is liver
damage secondary to prolonged obstruction. However, in
this group of patients, LCAT was reduced to 40% of nor-
mal within 7 days and to 8% of normal in 14 days follow-
ing acute nonmalignant obstruction. Although it is clearly
difficult to date the onset of obstruction in malignancy, two
of the patients were jaundiced for only 7-10 days and had
no evidence of secondary hepatic damage. Conceivably the
synthesis and/or release of LCAT is sensitive to intraduc-
tal pressure, the converse of the stimulation of alkaline phos-
phatase synthesis in biliary obstruction (50). However, with
biliary ductule destruction, as in primary biliary cirrhosis
(41), LCAT mass and activity do not fall until liver func-
tion is severely compromised.

TABLE 5. LCAT activity and apoA-I levels

LCAT Serum Serum

Subject ApoA-I° Activity’ Bilirubin Albumin’

% of normal pmol/l ol
L(a) 11 11 340 35
N 15 8 440 30
M 16 9 350 34
E 36 43 148 41
L(b) 38 53 120 33
H 39 54 210 41
D 46 40 146 42

“Correlation coefficient r = 0.91 (P < 0.01) between apoA-I and
LCAT activity.

*Normal’ activity was determined by calculating the fractional es-
terification rate of plasma from four normal subjects. Mean esterifica-
tion rate was 1.78 + 0.38% over 5 hr.

‘Correlation coefficient 7 = 0.61 (P > 0.05) between serum albumin
and LCAT activity.
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Fig. 8. Gradient gel profiles of HDL isolated from cholestatic plasma
before and after LCAT incubations. Plasma (0.5 ml) was incubated for
24 hr at 37°C with 85 units of purified LCAT in a total volume of 1 ml.
The incubation mixture was then brought to a density of 1.25 g/ml and
subjected to ultracentrifugation for 40 hr at 50,000 rpm. The lipoproteins
were then directly applied to a gradient gel as described in the legend to
Fig. 2. The solid lines are the profiles of the HDL prior to incubation
while the broken lines are the profiles of the LCAT -modified HDL. Two
types of changes occurred: (a) enlargement to a mean radius of 4.9 nm
with no residual population of small particles, or (b) enlargement to two
discrete subpopulations of radius 4.7 nm and 4.1 nm, with 15% of the
HDL as persistent 3.9 nm particles. This profile is very similar to the nor-
mal HDL profile shown in panel C.
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Fig. 9. Time course of reaction of small HDL with purified LCAT. A
subpopulation of small spherical HDL from subject ] was isolated by gel
filtration. Twenty units of purified LCAT was added to a mixture of HDL
containing 20 nmol of free cholesterol, autologous LDL containing 50
nmol of free cholesterol, and 20 ug of bovine serum albumin in a total
volume of 200 ul. After reaction at 37°C for 1 hr and 24 hr, aliquots of
the incubation mixture were subjected to gradient gel electrophoresis as
described in the legend to Fig. 2. The first panel is the profile of the 4°C
control HDL. Similar results were obtained with small spherical HDL
from subject L.

Published crossed plasma incubation studies (25, 28) as
well as similar studies performed on these patients (data
not shown) have demonstrated that cholestatic plasma does
not inhibit LCAT in normal plasma. In fact, stimulation
of esterification can occur as cholestatic lipoproteins are bet-
ter substrates for LCAT than normal lipoproteins. The level
of bile acids reached in prolonged obstruction (approxi-
mately 150 pg/ml) will inhibit normal LCAT by 5% only
(24). In addition, since the activity of LCAT had fallen to
9% of normal after 14 days of obstruction in patient M,
it follows that the half-life of LCAT must be considerably
less than 7 days. Blomhoff (51) found the half-life of LCAT
infused in plasma into a patient with familial LCAT
deficiency to be 4-8 days.

In patients with a serum bilirubin of > 250 pmol/], the
large apoE-enriched discoidal particles and the small apoA-
I-enriched spherical particles seen in this study and previ-
ously reported by Arnesjo et al. (15) and Agorastos et al.
(17) are very similar to the HDL particles seen in familial
LCAT deficiency (44, 453). In both situations the particles
present in plasma may represent nascent spheres and discs
from liver and intestine not acted on by LCAT (52-55).

The strong correlation between LCAT activity and plasma
apoA-I level suggests that the level of LCAT activity may

in part determine the plasma apoA-I level by controlling
the total core volume of HDL. The reverse hypothesis is
unlikely as LCAT requires only a very small amount of
apoA-1 for full activation. The intestinal contribution of
apoA-I (both on chylomicrons and HDL), although it may
be reduced by impaired fat absorption, is likely to be ade-
quate for LCAT activation. Nestel, Tada, and Fidge (56)
have found from kinetic studies in humans that apoA-I
production in severe alcoholic hepatitis is normal while
apoA-I catabolism is increased. The increased catabolism
is probably secondary to lack of HDL core material (due
to LCAT deficiency) to which apoA-I can bind.

In conclusion, we have demonstrated a considerable
reduction in LCAT activity in both malignant and non-
malignant biliary obstruction. The fall in LCAT activity
is associated with a decrease in plasma apoA-I and apoA-
II concentrations and marked abnormalities of the HDL
particle distribution, in particular an increase in the propor-
tion of spherical particles comparable in size to the nor-
mal HDLjy, and HDL3. subfractions. Large discoidal
HDL particles of radius 7.5-8.5 nm were detected in all
subjects, but were present in abundance only when the
bilirubin was > 250 pmol/l. Incubation of cholestatic plasma
with purified LCAT partially normalized the HDL. parti-
cle size distribution. B
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