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A B S T R A C T The mechanism(s) by which choles-
terol returns to the splanchnic bed from peripheral
tissues are not well understood. To study this phe-
nomenon in fasting man, lipoproteins were isolated
from plasma obtained from hepatic vein and aorta.
Cholesterol content of each lipoprotein class was de-
termined and arteriovenous (AV) differenices could be
calculated for each patient. The results in the first
24 patients indicated splanchnic secretion of very low
density lipoprotein cholesterol (mean AV difference
- 3 mg/100 ml, P < 0.01), but not significanit AV dif-
ference for total cholesterol, high density lipoprotein
cholesterol, or low denisity lipoprotein (LDL) B protein.
In contrast, for LDL (d 1.006-1.063 g/mil), there was
significant uptake of cholesterol across the AN' bed
+8 mg/100 ml, P < 0.0002). In a further 15 patients,
similar samiples were obtained and intermediate den-
sity lipoprotein isolated atd 1.006-1.019 g/ml and LDL
at 1.019-1.063 g/ml. The AV difference previously
noted could now be localized to the 1.019-1.063
cholesterol ester moiety (+8 mg/100 ml, P < 0.0005).
In the final 14 patients, the LDL cholesterol AV dif-
ference was again confirmed and shown to be unrelated
to heparin. As well, there was secretion of triglyceride
in the hepatic vein LDL. These quantitative data ob-
tained in man raise the possibility that LDL rather
than high density lipoprotein transports cholesterol
ester to the splanchnic bed.

INTRODUCTION

Like other lipids that are nonwater-soluble, plasma
cholesterol is present in lipoproteins. Most choles-
terol enters plasma in chylomiicroiis, very low density
lipoprotein (VLDL), and high density lipoprotein
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(HDL)1-three classes of lipoproteins secreted by
the liver and small intestines (1). In man, the major
portion of plasma cholesterol, however, is not present
in these lipoproteins, but rather in low density lipo-
protein (LDL)-a breakdown product of VLDL (2).
Earlier data suggested that the liver was the exclusive
catabolic site of the LDL nacromolecule (3). But this
concept was challenged both by the observation that
hepatectomiiy in swine and dogs did not arrest the ir-
reversible clearance of LDL B protein from plasma
(4) and the demnonstration by Brown and Goldstein (5)
that LDL B protein miay bind to and be degraded by
meseinchymllal tisstues such as skin fibroblasts, arterial
smooth muscle cells, and lymphocytes. This sequence
results in internalization of the cholesterol moiety of
the LDL which in turn regulates cellular cholesterol
synthesis. As a consequence, as much as 2 g of choles-
terol may be deposited each day in mesenchymal
tissues as a result of the peripheral degradation of
LDL (6). In addition, all body tissues can synthesize
cholesterol. Because cellular cholesterol content
remains constant, synthesized and deposited choles-
terol must be returned to the liver which is the only
tissue with a significant capacity to catabolize this
sterol.
Glomset (7) has suggested that HDL is the lipopro-

tein that accumulates cholesterol from peripheral tis-
sues for transport to the liver. To our knowledge,
however, there is no direct evidence that cholesterol
is indeed returned in this form. The present study
exam-ined whether in man there was uptake of choles-
terol from lipoproteins across the splanchnic bed. The
data obtained support the concept that LDL mnay be

1 Abbreviationis used in this paper: AV, arteriovenous;
HDL, high density lipoprotein; IDL, intermediate density
lipoprotein; LDL, low density lipoprotein; VLDL, very low
density lipoprotein.

J. Clin. Invest. (D The American Society for Clinical Investigation, Inc., 0021-973817810401-0874 $1.00 867



involved in cholesterol transport from peripheral tis-
sues to liver as well as from liver to peripheral tissues.

METHbDS

LDL composition was determined in samples obtained
from aorta and hepatic vein in 53 patients undergoing diag-
nostic cardiac catheterization for either valvular or ischemic
heart disease. There were 36 males (mean age 52 yr) and
17 females (mean age 56 yr).
Catheterizatibn procedure. Paired samples, in random

ordet in each patient, were collected from the aorta (via a
multiple hole catheter inserted in the femoral artery) and the
hepatic vein (a dio. 7 endhole catheter inserted in the ante-
cubital vein and advanced to the hepatic vein). All patients
had been fasting for at least 8 h and had received 10 mg of
diazepam as premedication. Blood was collected as duplicate
samples in tubes 6ibtdining 1 mg EDTA/ml.
Chemical anazlysis. Duplicates of all samples were

processed independently, and all subsequent chemical
analyses were done in triplicate on each of the duplicate
samples.
Plasma was sepairated by centrifugation at 2,500 g at 4°C.

Lipoproteiris wbre then isolated by ultracentrifugation as de-
scribed by Havel et al. (8). A 50 Ti rotor was used in a Beck-
man L2.65B ultracentrifuge (Beckumian Instruments, Inc.,
Spinco Div., Palo Alto, Calif.): The initial sample was
ultracehtrifuged for 18 h at 105,000. g. the supernate,
VLDL, d 1.006 g/ml was removed by Pasteur pipette. The
density of the infranate was adjusted by addition of NaCl-
KBr, and the ultracentrifugation repeatbd. In the first group
of patients, LDL was isolated at d L006-1.063 g/ml. In sub-
sequent experiments, intermediate density lipoprotein (IDL)
was defined as the d 1.006-1.019 g/hnl supernate, whereas
LDL was the 1.019-1.063 g/ml supernate.
LDL B protein was determined by radial immunodiffusion

in plasma as previously reported (9). With this technique,
only the B protein in LDL is measured even though VLDL is
present in the plasma sample. The measurement of B protein
was repeated in thte LDL isolated by ultracentrifugation,
and LDL recovery was calcul'ated in terms of the B protein
moiety as shown below.

%LDL recovery = (B protein mg in LDL supernate)/

(LDL B protein mg in plasma sample) x 100.

In each sample, the recovery of LDL was at least 94%, and
in the total series, the mean recovery ofLDL from the hepatic
vein and aorta did not differ significantly, being 97.5 and
96.8%o, tes&ectively.

Cholesterol was determined accbrding to Abell et al. (10)
with the color reagent of Zak et al. (11). Free and ester

cholesterol were measured after digitonin precipitation (12);
t-riglyceride was determined by the method of Carlson (13).
The repotted values each represent the mean of six measure-
ments; The coefficient of variation for cholesterol and B
protein (either in plasma or in individual lipoproteins) was

<3% whereas for triglycerides, it was <5%.
HDL cholesterol was calculated as follows: HDL choles-

terol = plasma cholesterol - (VLDL + IDL + LDL
cholesterol).

Statistical analyses. All samples were handled identi-
cally, and all arteriovenous (AV) differences between artery
and hepatic vein lipoproteins for each grouping of data were

first subjected to a Kolmogorov-Smirnov test (14) to determihe
whether the data were normally distributed. Only if this
condition were met was the possible significance of the

arterial-hepatic vein difference determined by paired
Student's t test.

RESULTS

In the first group of 24 patients, the AV difference was
determined for total cholesterol and VLDL, LDL, and
HDL cholesterol. At the same time, LDL B protein
was determined. The individual data for each pa-
tient are given in Table I; the mean AV differences
are shown in Fig. 1. For total plasma cholesterol, the
mean AV difference was +2±+1.3 mg/100 ml
(mean±SEM). This value is not statistically signifi-
cant. The mean AV difference for LDL d 1.006-1.063
g/ml was +8±1.9 mg/ml. This difference was highly
significant (P < 0.0002) and suggested net uptake of
cholesterol across the splanchnic bed. In contrast, the
mean AV difference for LDL B protein (not shown in
Fig. 1) was -1±0.7 mg/100 ml and was not significant.
The mean AV differences for VLDL and HDL choles-
terol Were negative (-3±1.1 and -3±1.4 mg/100 ml,
respectively) indicting splanchnic production of these
lipoproteins. Only the mean AV difference for VLDL
cholesterol, however, was statistically significant
(P < 0.01).
These findings pointed to a selective decrease in the

cholesterol moiety in hepatic vein LDL occurring
without any change in the protein portion. The pa-
tients in group 2 were studied to determine whether
this difference could be assigned to either the IDL d
1.006-1.019 g/ml or the LDL d 1.019-1.063 g/ml frac-
tion. Also, the LDL cholesterol was divided into
free and ester fractions to determine whether the
splanchnic uptake could be localized to one lipid type.
The mean AV difference found in these patients are
shown in Fig. 2 with the individual values from which
these are derived given in Table II.

For IDL-the d 1.006-1.019 mg/ml fraction-the
average arterial and hepatic vein cholesterol were al-
most identical (10.5 and 10.2 mg/100 ml, respec-
tively) and the AV difference +0.3 mg/100 ml was not
significant.
For LDL, as in group 1, there was no significant

difference between arterial and hepatic vein B pro-
tein. But again, as in group 1, the total LDL cholesterol
was significantly higher in the arterial sample than in

the venous. This difference was not the result of a de-
crease in the hepatic vein LDL free cholesterol (mean
AV difference +0.3±1.3 mg/100 ml, P, not significant),
but was located in the LDL cholesterol ester fraction
(--8±1.9 mg/100 ml, P < 0.0005). The failure to find a

similar AV difference for IDL cholesterol, LDL free
cholesterol, or LDL B protein excludes any systematic
sampling error that might produce selective hemo-
dilution of the venous sample.

In patients in group 3, two questions were examined.

868 A. Sniderman, D. Thomas, D. Marpole, and B. Teng



TAlBLE I

Lipoprotein Cholesterol from Hepatic Vein and Aorta in Group 1

LDL C
VLDL C (d 1.006-1.063 HDL C

Total plasma C* (d 1.006 g/ml) g/ml) B (protein LDL) (d 1.063 g/ml)

Patient At HV§ A HV A HV A HV A HV

mg/i OO ml mg/i 00 ml mg/i OO ml mg/i 00 ml mg/iOO ml

1 246 242 24 28 196 192 99 96 26 22
2 216 218 21 27 174 158 88 89 21 33
3 212 218 14 14 163 152 68 73 35 52
4 156 148 7 7 108 100 52 55 41 41
5 184 188 7 7 131 123 60 68 46 58
6 222 222 39 39 162 166 95 96 21 17
7 190 192 26 31 133 143 94 101 31 18
8 196 198 39 39 125 117 95 95 32 42
9 260 260 40 50 194 173 130 129 26 37
10 202 192 17 17 134 120 90 90 51 55
11 226 226 22 21 161 156 129 131 43 49
12 273 256 44 57 160 137 154 151 69 62
13 170 169 16 10 138 136 82 83 16 23
14 210 208 24 42 156 135 95 96 30 31
15 186 184 18 20 133 130 91 91 35 34
16 190 186 20 24 136 130 93 94 34 32
17 200 180 10 19 150 126 140 135 40 35
18 166 164 41 42 90 90 95 93 35 32
19 192 184 22 20 113 108 95 98 57 56
20 164 164 40 40 88 82 96 95 36 42
21 224 220 40 40 180 166 134 137 4 14
22 178 180 12 16 105 91 69 69 61 73
23 140 144 8 8 108 112 81 88 24 24
24 178 184 36 42 108 110 104 104 34 32

* Cholesterol.
t Aortic.
§ Hepatic vein.

First, samples from patients in the first two groups had
been obtained after heparin administration, a drug
routinely given intravenously during cardiac catheteri-
zation to prevent thromboembolic complications.
Therefore, the changes observed previously could have
been a consequence of heparin. Thus, a sample was
collected from the hepatic vein and femoral artery
before any heparin was given, and similar samples
were obtained 10 min after 10,000 U of sodium
heparin. Because cholesterol ester and triglyceride,
the two nonpolar lipids, are likely found within the
LDL core, we also examined whether, if the hepatic
vein cholesterol ester were reduced, there was a con-

-2

-4

TPC VLDL C LDL C HDL C

NS P<0.01 P< 0.0002 NS

FIGURE 1 Paired samples analysis of the AV difference for
total plasma cholesterol (TPC), total cholesterol (C), VLDL
cholesterol, LDL cholesterol (d 1.006-1.063 g/ml), and HDL
cholesterol is shown for the 24 patients in group 1. For VLDL
cholesterol, the difference is significant and negative, in-
dicating splanchnic secretion. The converse is true for LDL
cholesterol. A-HV, aortic-hepatic vein.
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NS NS P<O.0005 NS

FIGuRE 2 The AV difference for cholesterol (C) in IDL and
LDL is shown for the 15 patients in group 2. Only for LDL
cholesterol ester (CE) is the difference significant. A-HV,
aortic-hepatic vein; FC, free cholesterol.

comitant reciprocal increase in LDL triglyceride. The
results in 14 patients are shown in Fig. 3. Again,
there was no significant AV difference for total plasma
cholesterol or LDL B protein either before or after
heparin administration. The mean AV difference for
LDL cholesterol was + 12 mg/100 ml before heparin
and + 14 mg/100 ml 10 min after heparin. Although
both are significant (P < 0.005), the splanchnic uptake
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FIGURE 3 The mean AV difference for total cholesterol (C),
total plasma cholesterol (TPC), LDL cholesterol, LDL
triglyceride (LDL Tg), and LDL B protein is shown before and
after heparin. For total cholesterol and LDL B protein, the AV
difference is not significant. For LDL cholesterol, it is
significant and positive (indicating splanchnic uptake),
whereas the LDL triglyceride, it is significant and negative
(indicating splanchnic secretion). A-HV, aortic-hepatic vein.

of LDL cholesterol (d 1.019-1.063 g/ml) is present
before heparin was given and its magnitude is not al-
tered after heparin. It is of interest that hepatic vein
LDL contained more triglyceride than aortic LDL,
both before and after heparin. The mean AV difference

TABLE II
Cholesterol in d 1.006-1.019 and 1.019-1.063 gIml from Aorta and Hepatic Vein in Group 2

IDL TC* LDL TC LDL FCt LDL CE§
d 1.006-1.019 d 1.019-1.063 d 1.019-1.063 d 1.019-1.063

g/ml g/ml g/ml g/ml LDL B protein

Patient A HV A HV A HV A HV A HV

mg/1i00 ml mg/1i00 ml mg/1i00 ml mg/i00 ml mg/1i00 ml

1 11 11 156 157 38 38 118 119 129 131
2 8 8 140 121 43 40 98 81 97 98
3 18 14 199 182 43 43 156 140 154 151
4 11 14 144 138 38 42 106 96 82 83
5 14 12 156 133 47 40 109 92 95 96
6 18 12 133 130 39 41 94 89 91 91
7 16 18 140 131 35 39 104 92 93 94
8 3 4 90 90 21 22 69 68 95 93
9 9 8 109 104 27 29 82 74 95 98
10 8 9 180 164 56 43 124 121 134 137
11 5 5 108 98 26 26 82 72 69 69
12 8 8 108 108 26 28 82 80 104 104
13 7 8 108 117 26 33 82 84 81 88
14 9 10 104 104 26 26 78 78 64 70
15 12 12 150 126 44 41 106 85 140 135

* Total cholesterol.
t Free cholesterol.
§ Cholesterol ester.
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y= 0.63X+ 0.58
r = 0.74
P < 0.005
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FIGURE 4 The LDL cholesterol (C) AV difference for each patient in group 1 is plotted on the
abscissa, the corresponding netVA (i.e. hepatic vein-aorta) difference for VLDL plus HDL choles-
terol is shown on the ordinate. A significant linear relation between these is shown above.
A-HV, aortic-hepatic vein.

was negative 7.8±2.2 mg/100 ml, indicating splanchnic
output of triglyceride in density range, d 1.019-1.063
g/ml and significant (P < 0.025).

Finally, we examined the results in group 1 patients
to determine whether there was a linear relation be-
tween splanchnic uptake of LDL cholesterol and
splanchnic secretion of cholesterol in VLDL and HDL.
The results are shown in Fig. 4. There is a highly sig-
nificant (P < 0.005) relation with a correlation
coefficient of 0.74 between LDL cholesterol uptake
and cholesterol secretion in the two other lipoprotein
fractions.

DISCUSSION

These data lead to two principle conclusions. First,
there is no significant AV difference across the splanch-
nic bed for HDL and, thus, no direct evidence to indi-
cate that in humans HDL transports cholesterol to

the splanchnic bed. Second, LDL, in contrast to HDL,
leaves the splanchnic bed containing less cholesterol
ester but more triglyceride for the same amount of B
protein. These results suggest that human LDL does
transport cholesterol to the splanchnic bed. Further,
the evidence indicates that it is the cholesterol ester

rather than the free cholesterol fraction that is taken up
by the splanchnic bed.

It is clear that there are major interspecies dif-

ferences in lipoprotein metabolism. Therefore, conclu-

sions from our findings should be restricted principally
to the human situation. Nevertheless, our results are in

a general sense consistent with previous concepts of
LDL metabolism, in both swine and man-two species
with similar LDL metabolism. In man, the plasma
decay curve of 125I-LDL is biexponential, indicating
that plasma LDL exists in a rapid reversible equi-
librium with a large extravascular pool (15). The plasma
decay curve of 125I-LDL in swine shares these same

features. In the latter species, we have directly shown
that the major portion of this extravascular pool can

be anatomically assigned to the liver (16). As well,
additional experiments in hepatectomized dogs and
swine indicated that the liver was unlikely to be a

major site of catabolism of the B protein moiety of
LDL (4). These findings are consistent with the work
of Brown and Goldstein (5), which shows that human
mesenchymal cells may bind and degrade B proteins.
Their model, although it explains the intracellular
regulation of cholesterol synthesis, does not indicate
the pathway by which cholesterol is returned to the
splanchnic bed for catabolism. It is important to note

that even though the hepatectomy experiments ex-

cluded the liver as a necessary site for B protein
catabolism, they did not exclude a role for LDL as a

carrier of cholesterol to the liver for its catabolism. In-
deed, the plasma half-life of LDL posthepatectomy
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was markedly diminished, and there was suggestive
evidence that this was accompanied by a change in
LDL composition. Specifically, there appeared to be
more cholesterol and less triglyceride in the LDL
particle in the posthepatectomy state (6). Thus, be-
cause cholesterol can only be degraded in the liver
even though the irreversible removal of LDL from
plasma occurs in peripheral tissues, we suggest that
cholesterol ester is returned to the splanchnic bed and
then removed from LDL while the latter is in an
extravascular hepatic space.
The absolute AV differences noted in this study are

small. Because this was anticipated, the study was de-
signed to permit the use of the paired sample
method. Because this method allows intrapatient analy-
sis, it thus eliminates the large interpatient difference
in lipoprotein cholesterol levels.
However, ifthe observed AV differences in this study

are of statistical significance, do they point to events
ofphysiologic importance? It must be remembered that
the differences observed were derived from simul-
taneously drawn samples. Therefore, the absolute flux
is a function of the AV differences and splanchnic
blood flow. The 95% confidence limits for the AV LDL
cholesterol ester difference of8 mg/100 ml are 3.5-12.5
mg/100 ml. Even though splanchnic flow was not meas-
ured in the present study, an assumed value of 1 liter/
min would yield a minimum estimate of LDL choles-
terol ester turnover of 1 g/h. This, of course, far
exceeds the previous estimates of LDL cholesterol
ester turnover of 4 g/day derived from radioisotopic
studies (17). At a minimum, however, the present study
supports a principle conclusion of the radioisotope
method, in that both derive a turnover of LDL choles-
terol ester far in excess of LDL B protein. Both types
of study indicate that the metabolic fate of the core

lipid differs from the surface protein and, thus, that
the components of LDL undergo separate metabolic
fates at different rates. Nevertheless, although the
conclusion remains the same qualitatively, the quanti-
tative discrepancies must be explained. First, the
present study was conducted with restricted sampling
time under specific circumstances. The patients were

not in metabolic steady state, but were fasting and
likely frightened; both conditions would favor VLDL
synthesis. In addition, VLDL production is not con-

stant but phasic. Depending on study conditions,
over a 24-h period from 4 to 20 g cholesterol may be
required just for splanchnic VLDL synthesis (18-20).
The rate of cholesterol incorporation into VLDL at any
time would vary depending on the rate of VLDL syn-
thesis. Second, the radioisotopic studies produce a

minimum estimate ofcholesterol ester turnover in LDL

if the cholesterol removed were to be reused in VLDL

synthesis. This occurs because the labeled molecule
would soon return to LDL as VLDL is catabolized.
The present study suggests that the majority of choles-

terol ester removed from LDL is reused in VLDL and
HDL synthesis. No significant AV difference was ob-
served for plasma total cholesterol and none would be
expected because only 1-2 g cholesterol are catabo-
lized to bile acid over 24 h (17). Not only in the
general sense do the results of the present study sup-
port the concept that cholesterol is reused in splanch-
nic lipoprotein production, but it is important to note
that the size ofthe cholesterol AV gradient was directly
related to simultaneous production ofHDL and VLDL.
This observation agrees with previous work by others
showing that the rate of LDL cholesterol turnover is
directed to VLDL triglyceride production (21). It is
of some interest, however, that net LDL cholesterol
ester uptake across the splanchnic bed exceeds that
of VLDL and HDL output, suggesting that this path-
way may supply cholesterol for catabolism.

Finally, the changes observed in LDL composition
should be explained. The present study indicates that
not only was there a decrease in LDL cholesterol
ester, but there was an apparent reciprocal increase
in LDL triglyceride. Compared to VLDL, relatively
little attention has been paid to possible composi-
tional changes in LDL. However, Lees noted (22) that
the LDL cholesterol to B protein ratio was lower in

type IV hyperlipidemia than normal. Carlson (23) has
suggested that in certain hyperlipidemic states, there
is an inverse relationship between LDL cholesterol
and triglyceride, an observation supported by the work
of Myers et al. (24). As well, in a recent study of changes
in LDL composition after myocardial infarction, it was
shown that the cholesterol ester and triglyceride frac-
tions of LDL varied reciprocally and changed pre-
dictably with differences in absolute concentration
(25). All these observations are consistent with a

pseudomicellar model of LDL in which the surface
components-B protein, free cholesterol, and phos-
pholipids-are present in fixed amounts, but the in-

terior shell of cholesterol ester and triglyceride are

present in an inverse relation. It is generally con-

ceived that cholesterol ester and triglyceride are the
least exchangeable of the major lipid classes in the
lipoprotein fractions. Nichols and Smith (26) have
indicated that cholesterol ester may transfer from
HDL to VLDL in exchange for triglyceride. This
model, however, does not agree with the results of
Zilversmit et al. (27), who have shown that rapid
cholesterol ester exchange can occur between LDL and
VLDL in hyperlipidemic rabbits. The discrepancy is

of some importance in the interpretation of our re-

sults. If the original studies are correct, it is con-

ceivable that our findings could reflect cholesterol ester

transfer from LDL to VLDL in exchange for tri-

glyceride. However, recent work in our laboratory
using human lipoproteins2 supports the concept that

2 Unpublished observations.
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cholesterol ester can exchange rapidly, but no net trans-
fer occurs between lipoproteins.

Thus, the following mechanism for cholesterol trans-

port in plasma might be contemplated. HDL are

thought to accumulate cholesterol from peripheral tis-
sues. The cholesterol ester formed in HDL may be
transferred either to VLDL in exchange for triglyceride
or, in part, directly to LDL. In either case, with VLDL
breakdown, the cholesterol ester would arrive at

LDL. Alternatively, VLDL may be the exclusive
source ofLDL cholesterol. Cholesterol ester is removed
from LDL in the splanchnic bed and LDL particle sta-

bility maintained by addition of triglyceride. This

likely occurs while LDL is present in an extravascu-

lar hepatic bed. However, because in the present study
portal vein blood was not sampled, the phenomenon
we observed can be localized only to the splanchnic
bed, and the relative influence of the liver vs. the
intestine in this process cannot be assessed. Finally,
the cholesterol derived from LDL is reused in the
synthesis of VLDL and HDL. This scheme would de-

scribe the possibilities of cholesterol transport to the
splanchnic bed. It seems clear from the studies of

Brown and Goldstein (5) that LDL is also the major
vehicle for transport of cholesterol to peripheral
tissues.
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