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A B S T RA C T Wehave compared the ability of hu-
man serum and peripheral lymph to suppress the
activity of 3-hydroxy-3-methylglutaryl-coenzyme A re-
ductase (HMG-CoA reductase), to activate cholesteryl
ester synthesis, and to compete with 125I-labeled low
density lipoprotein (LDL) for binding to LDL recep-
tors in cultured human fibroblasts. Whole lymph
was active in all three tests and the activity per
unit volume in lymph was -1/10th that in serum. All
three biologic activities in lymph were confined to
the d < 1.063 g/ml fraction. Whole lymph had no sig-
nificant effect on HMG-CoAreductase activity in fibro-
blasts from a patient with homozygous familial hyper-
cholesterolemia, whose cells lack LDL receptors.
The LDL-like biologic activity per unit mass of im-
munologically active apoprotein B was approximately
the same in lymph as in serum. The current data indicate
that functionally active LDL is present in lymph
and that the concentration of this lipoprotein is

1/lOth that in serum.

INTRODUCTION

A class of plasma proteins, including transcobalamin
II, transferrin, and low density lipoprotein (LDL),'
transport nutrient molecules (i.e. vitamin B12, iron,
and cholesterol, respectively) from their tissues of
origin to their tissues of utilization. In delivering these
nutrient molecules to cells, the protein carriers bind
to specific receptors on cell surfaces (1-5). To reach
these cellular receptors from the plasma, the proteins
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taryl-coenzyme A reductase; LDL, low density lipoprotein;
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must first pass through the capillary wall and enter
the interstitial fluid that is in contact with the cells.
Extensive studies indicate that the capillary endo-
thelium forms a permeability barrier to the passage
of such macromolecules (6, 7). In lymph, whose com-
position is believed to reflect the composition of inter-
stitial fluid (6), the concentration of a given macro-
molecule relative to its concentration in plasma is re-
duced in all cases thus far investigated (8, 9).

Studies have shown that a capillary permeability
barrier exists for human plasma LDL (10-12), a lipo-
protein whose molecular weight approaches 3 x 106
(13). In human lymph obtained from the dorsum of
the foot, the concentration of apoprotein B, the major
protein component of LDL (13), is -10% of that in
plasma when measured by immunologic techniques
(12). Moreover, 14 h after an intravenous infusion of
31I-labeled LDL to human subjects, the concentration

of radioactivity present as LDL-protein in the lymph
was found to be -l/lOth that in the plasma (11).
The existence of this concentration gradient for plasma
LDL implies that body cells must possess a
mechanism that is capable of interacting with LDL
when the lipoprotein is present in a concentration
1/10th that in plasma.

At the same time that the measurements of LDL
levels in human lymph were performed, studies in
cultured human fibroblasts revealed that these cells
do in fact possess a high affinity cell surface recep-
tor that allows them to bind LDL when the lipo-
protein is present at low concentrations (14, 15).
Binding of LDL to the receptor is followed by uptake
of the lipoprotein through adsorptive endocytosis,
hydrolysis of both its protein and cholesteryl ester
components in lysosomes, and transfer of the hydro-
lyzed cholesterol into the cellular compartment where
it exerts three regulatory actions: (a) it suppresses
the activity of 3-hydroxy-3-methylglutaryl-coenzyme
A reductase (HMG-CoA reductase), thereby reducing
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TABLE I
Clinical Characteristics of Subjects Providing Lymph

Lymph

Serum Cholesterol Apoprotein B

Sub-
ject Age Sex Cholesterol Apoprotein B Free esterified Total d < 1.063 g/ml

yr mg/dl mgamlMgIrl algIml

1 23 F 217 1,100 92 166 70 *
2 24 M 221 910 85 78
3 23 F 194 720 120 180
4 26 M 237 850 89 190 { {40t
5 51 F 294 710 94 171 70 -
6 23 M 271 840 100 170 95
7 21 F 178 750 57 117 115

* No measurement made.
t The lymph samples from the two subjects were pooled before assay of apo LDL.

cellular cholesterol synthesis; (b) it activates a fatty-
acyl coenzyme A: cholesterol acyltransferase, thereby
facilitating the esterification of excess cholesterol for
storage; and (c) it suppresses the synthesis of LDL
receptors, thereby preventing excessive accumulation
of cholesterol (reviewed in references 4 and 5). In
addition to its presence in human fibroblasts, the LDL
receptor has been identified in a variety of other cul-
ture cell types (5) as well as in freshly isolated hu-
man lymphocytes that have been incubated in the ab-
sence of lipoproteins (16).

In all of the above cell types, saturation of the LDL
receptor at 37°C is achieved at an LDL concentra-
tion of -50 ug protein/ml (17), a value that is much
lower than the concentration of LDL-protein normally
found in plasma of Western man (-800 ,tg/ml)
(12, 13). This finding has suggested that the LDL
receptor is adapted to function at the low levels of
LDL present in interstitial fluid rather than at the
higher levels present in plasma (17). In the current
studies we have tested this hypothesis directly. Using
the fibroblast system, we have compared the ability
of whole serum, whole lymph, and lymph lipopro-
tein fractions to bind to the LDL receptor, to sup-
press HMG-CoAreductase activity, and to stimulate
the esterification of cholesterol. The results indicate
that lymph from the dorsum of the human foot con-
tains biologic activity resembling that of plasma LDL
and that the concentration of this activity is _lO<%
of that in plasma.

METHODS

Materials. Sodium '251-iodide (carrier-free in 0.05 N
NaOH) and [1-14C]oleic acid (58 mCi/mmol) were obtained
from Amersham/Searle Corp. (Arlington Heights, Ill.). D,L-
3-hydroxy-3-[methyl-3-14C]Glutaryl-CoA (26.2 mCi/mmol)

was purchased from New England Nuclear, Boston, Mass.
Sodium dextran sulfate (mol wt -500,000) was obtained
from Pharmacia (Fine Chemicals, Div. of Pharmacia Inc.,
Piscataway, N. J.). Tissue culture supplies, thin-layer
chromatographic materials, and reagents for assays were ob-
tained from sources as reported (14, 15). Materials used
for the radioimmunoassay of apoprotein B in lymph and
serum were those described (12). The rabbit antiserum to
human LDL was obtained from Behring-Werke AG(Marburg/
Lahn, West Germany).

Human subjects. Lymph was obtained from seven sub-
jects by retrograde cannulation of a lymph duct in the dor-
sum of the foot as described (10). All except subject 5
were healthy young adults. Subject 5, a Vietnamese woman,
was suffering from chronic filariasis, with lymphedema of
both legs. Other features of these subjects are listed in
Table I. None of the subjects was taking any drugs known
to influence lipid or lipoprotein metabolism. Informed con-
sent to the cannulation was obtained from each subject.

Preparation of lipoproteins from subjects providing
lymph. Lipoprotein fractions from serum and lymph ob-
tained from the subjects listed in Table I were prepared
by differential ultracentrifugation (18) in London and mailed
to Dallas for biologic testing.2 Before shipment to Dallas,
aliquots of the serum and lymph samples were removed
for measurement of apoprotein B and cholesterol content.
When sufficient lymph was available, free and esterified
cholesterol concentrations were measured separately.

To eliminate the possibility of dilution of the growth
medium constituents by the large volumes of lymph that
had to be added to the culture dishes (see following text),
some of the specimens of whole lymph, whole serum, and
isolated lymph and serum fractions were dialyzed at 40C
for 24 h against a 500-fold excess of medium A (Eagle's
minimal essential medium supplemented with penicillin
[100 U/ml], streptomycin [100 ,ag/ml]; 20 mM Tricine
(California Biochemical Corp., Los Angeles, Calif.), pH 7.4;
24 mM NaHCO3; and 1% [vol/vol]nonessential amino

2 Samples of serum and lymph were packed in a thermos
bottle containing wet ice and were sent by air freight from
London to Dallas. Four different shipments were made during
the course of this study, and in each case the temperature of
the samples upon arrival in Dallas was 2-4°C.
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acids). Before dialysis, a tracer amount of 125I-LDL (800
cpm, 2.5 ng) was added to each lymph and serum sample
to correct for losses of LDL during dialysis. In addition,
each of these samples received human lipoprotein-
deficient serum to a final concentration of 10% (5 mg pro-
tein/ml) before dialysis. The recovery of 125I-LDL from the
dialysis step averaged 71% for the lymph and 84% for the
serum samples, and the data were corrected for this recovery.
In the experiments shown in Figs. 1 and 2, the whole
lymph and whole serum specimens were used without
dialysis into medium A, and the results were comparable
to those obtained with the dialyzed samples.

Measurement of apoprotein B. Apoprotein B in whole
serum, whole lymph, and isolated lymph fractions was
assayed by quantitative immunoelectrophoresis with rabbit
antiserum to human LDL as described (12). The concen-
tration of apoprotein B in the sample was estimated from
the ratio of the height of the "rocket" formed by the sample
to that of the rocket formed by a solution of serum LDL
(d 1.020-1.050 g/ml) containing a known amount of
protein assayed by the Lowry method with bovine serum
albumin as standard.

Preparation of lipoprotein-deficient sera and standard
LDL. Human (19) and fetal calf (20) lipoprotein-deficient
sera (d > 1.215 g/ml) were prepared by ultracentrifugation
and dialyzed as described in the referenced articles. Stand-
ard preparations of human LDL (d 1.019-1.063 g/ml) were
obtained from the plasma of individual healthy subjects
and prepared by differential ultracentrifugation in Dallas
(19). l25-Labeled LDL was prepared as described (21).

Cells. Cultured fibroblasts were derived from skin
biopsies obtained from normal subjects and a patient with
the receptor-negative form of homozygous familial hyper-
cholesterolemia (FH) (22). Cells were grown in monolayer
and used between the 5th and 20th passage. Stock cul-
tures were maintained in a humidified (5% C02) incubator
at 37°C in 250-ml flasks containing 10 ml of medium A and
10% (vol/vol) fetal calf serum. All experiments were per-
formed in a similar format. On day 0, confluent monolayers
of cells from stock flasks were dissociated with 0.05%
trypsin-0.02% EDTAsolution, and 6 x 104 cells were seeded
into each 35 x 10 mmPetri dish containing 2 ml of medium
A with 10% fetal calf serum. On days 1 and 2, the medium
was replaced with 2 ml of fresh medium A containing 10%
fetal calf lipoprotein-deficient serum. Experiments were per-
formed on day 3 after the cells had been incubated for 48 h
in the presence of lipoprotein-deficient serum.

Receptor-binding of 125I-LDL by intact fibroblast mono-
layers at 4°C. On day 3, cell monolayers were cooled to
4°C for 30 min. The medium was removed and each dish
received a total of 0.6 ml of ice-cold medium A containing
10% human lipoprotein-deficient serum, 2 ,ug protein/ml
of 125I-LDL (270-370 cpm/ng), and the indicated amounts of
unlabeled lipoproteins, serum, or lymph. Cell monolayers
were incubated for 2 h at 4°C on a rotary shaker (60
oscillations/min). Each monolayer was then washed six times
at 4°C with an albumin-containing buffer (15), after which
a 1-ml solution containing sodium dextran sulfate (4 mg/ml)
was added to each dish (15). The dishes were incubated
at 4°C for 1 h; the dextran sulfate-containing solution was
removed; and an (0.8-ml) aliquot was placed in a well-
type gammacounter to determine the total amount of 1251.
LDL that had bound to the cell surface and was hence re-
leased by dextran sulfate into the supematant solution (15).
After the dextran sulfate wash, the cells were dissolved in
0.1 N NaOHand an aliquot was used to determine the con-
tent of total cell protein (15). In all experiments, the aver-
age content of total cell protein was 75-100 ,ug/dish.

Because of the limited amounts of lymph available, all
detailed binding studies were performed at 4°C. As re-
ported (15), the affinity of the LDL receptor for LDL is
-10-fold higher at 4°C than at 37°C. This 10-fold higher
affinity at 4°C permits competition studies to be performed
with smaller volumes of lymph than would be required at
370C.

Assay of HMG-CoAreductase activity. On day 3, each
monolayer received a total of 0.6 ml of medium A con-
taining 10%human lipoprotein-deficient serum and the indi-
cated amounts of lipoproteins, serum, or lymph. After incuba-
tion at 370C in a CO2 incubator for 16 h, the cells
were harvested, detergent-solubilized extracts were pre-
pared, and the rate of conversion of 3-hydroxy-3-[methyl-
3-14C]glutaryl-CoA (10,000 cpm/nmol) to [14C]mevalonate was
determined as described (19).

Incorporation of [1-14C]oleate into cholesteryl esters by
intact fibroblast monolayers. On day 3, each monolayer
received a total of 0.6 ml of medium A containing 10%
human lipoprotein-deficient serum, 0.1 mM [14C]oleate-
albumin (11,000 cpm/nmol), and the indicated amounts of
lipoproteins, serum, or lymph. After incubation at 37°C
in a CO2 incubator for 16 h, the cells were harvested,
extracted with chloroform/methanol, and the cholesteryl
[14C]oleate was isolated by thin-layer chromatography and
quantified as described (23).

Other assays. The protein content of serum, lymph,
and plasma LDL was determined by the method of Lowry
et al. (24) with bovine serum albumin as standard. The pro-
tein content of fibroblast extracts was determined by the
Lowry method after precipitation in 10% trichloroacetic
acid. Cholesterol was assayed by the gas-liquid chromato-
graphic method of Blomhoff (25) with 5a-cholestane as
standard. Free and esterified cholesterol were separated by
thin-layer chromatography before assay.

RESULTS

Fig. 1 compares the ability of varying volumes of
whole serum and whole lymph (obtained from sub-
ject 1) to suppress HMG-CoA reductase in human
fibroblasts. To perform these studies, the fibroblasts
were first incubated for 48 h in the absence of lipo-
proteins so as to induce high levels of HMG-CoAre-
ductase activity (19). For whole serum and whole
lymph, the degree of suppression of HMG-CoA re-
ductase activity was proportional to the logarithm of
the volume added over a wide range. When lines
were fitted to the data points by the method of least
squares, the slopes were similar (-66.7 for whole
serum and -59.6 for whole lymph). However, the sup-
pression line for whole lymph was displaced to the
right of that for whole serum, indicating that a 10-fold
higher volume of whole lymph was required to
achieve the same degree of suppression as that
achieved by a given volume of whole serum.

These data suggested that whole lymph contained
material capable of binding to the LDL receptor of
fibroblasts and delivering cholesterol to the cells so
as to suppress HMG-CoAreductase activity. To demon-
strate the presence of material that bound to the LDL
receptor, fibroblasts were incubated with 125I-LDL
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FIGURE 1 Comparison of the ability of whole serum (0) and
whole lymph (A) to suppress HMG-CoAreductase activity in
normal fibroblast monolayers. The serum and lymph were ob-
tained from subject 1 and incubated with the cells for 16 h at
37'C as described under Methods except that the serum and
lymph specimens were not dialyzed into medium A. All sam-
ples were diluted to a 100 ,ul volume in buffer A (0.15 MNaCl
and 0.3 mMEDTA, pH 7) before being added to the 0.5 ml of
growth medium in the culture dish. HMG-CoAreductase ac-
tivity was determined as described under Methods. Each
point represents the average of duplicate dishes except for the
100-,ul whole lymph point, which was a single dish. The 100%
of control value for HMG-CoAreductase (mean of triplicate
dishes) was 175 pmol/min per mg protein.

at 4°C in the presence of increasing volumes of either
whole serum or whole lymph obtained from subject
2. The data in Fig. 2 demonstrate that both whole
serum and whole lymph contained material that
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FIGuRE 2 Comparison of the ability of whole serum (0) and
whole lymph (A) to inhibit competitively the binding of 1251_
LDL to the cell surface of normal fibroblast monolayers. The
serum and lymph were obtained from subject 2. Fibroblasts
were incubated with 2 ,ug/ml of 125I-LDL and the indicated
amount of serum or lymph for 2 h at 4'C as described under
Methods except that the serum and lymph specimens were
not dialyzed into medium A. All samples were diluted to
a 100-I1I volume in buffer A before being added to the 0.5 ml
of growth medium in the culture dish. The amount of 1251_
LDL bound to the cells was determined as described under
Methods. Each point for lymph was a single dish and each
point for serum represents the average of duplicate dishes.
The 100%of control value (mean of triplicate dishes) was 66 ng
of 125I-LDL bound per mg protein.

competed with '251-LDL for binding to the LDL re-
ceptor. The slopes of the competition lines were similar
(-35.6 for whole serum and -37.9 for whole lymph).
However, a 15-fold higher volume of whole lymph
was required to achieve the same degree of competi-
tion as was obtained with a given volume of whole
serum.

To determine whether the factor in whole lymph
that suppressed HMG-CoA reductase activity was
contained within the lipoprotein fraction, lymph
samples from two subjects (3 and 4) were pooled
and subjected to ultracentrifugation at a density of
1.063 g/ml. The lymph fraction of d < 1.063 has been
shown to contain nearly all of the apoprotein B
immunoreactivity in whole lymph (12). The data in
Fig. 3 demonstrate that the whole lymph sup-
pressed enzyme activity by 90% when added to the
culture medium at a concentration of 6 mgprotein/ml.
The d < 1.063 fraction was more than 500-fold more
potent than whole lymph, 90% suppression of enzyme
activity occurring at a 6-,ug protein/ml concentration.
In contrast, the lymph fraction of d > 1.063, which
contains high density lipoprotein as well as all other
lymph proteins (10-12), did not suppress enzyme
activity significantly when added to the culture me-
dium at a concentration as high as 10 mg protein/ml.

A sensitive index of the uptake of plasma LDL
through the receptor mechanism in fibroblasts is the
stimulation of cholesteryl ester formation as moni-
tored by an increase in the rate of incorporation of
[14C]oleate into cholesteryl ['4C]oleate (23). Fig. 4
shows that whole lymph (pooled from subjects 3 and 4)
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FIGURE 3 Ability of whole lymph and fractionated lymph to
suppress HMG-CoAreductase activity in normal fibroblast
monolayers. Lymph from subjects 3 and 4 was pooled and
fractionated as described under Methods. Plasma LDL was
obtained from a healthy subject and prepared in Dallas. The
cells were incubated with the indicated amount of lipoprotein
for 16 h at 37°C. HMG-CoAreductase activity was determined
as described under Methods. Each point represents a single
dish. HMG-CoAreductase activity in the absence of any addi-
tions (-) was 220 pmol/min per mgprotein (mean of triplicate
dishes).
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FIGURE 4 Ability of whole lymph and fractionated lymph to
stimulate the incorporation of [14C]oleate into cholesteryl
[I4C]oleate in normal fibroblast monolayers. Lymph from sub-
jects 3 and 4 was pooled and fractionated as described under
Methods. Plasma LDL was obtained from a healthy subject
and prepared in Dallas. The cells were incubated with the
indicated amount of lipoprotein for 16 h at 37'C in the pres-
ence of 0.1 mM["4C]oleate. The cellular content of cholesteryl
[14C]oleate was then determined as described under Methods.
Each point represents a single dish. The cellular content of
cholesteryl ["4C]oleate in the absence of any additions (U) was
0.34 nmol/mg protein (mean of triplicate dishes).

markedly stimulated cholesteryl [14C]oleate formation
in fibroblasts. When this lymph was fractionated by
ultracentrifugation, all of the stimulatory activity was
found in the fraction of d < 1.063 and no activity was
detected in the fraction of d > 1.063.

To quantify the ability of the d < 1.063 fraction of
lymph to suppress HMG-CoAreductase and to com-
pete with 1251-LDL for binding to the LDL receptor,
lymph from individual subjects was fractionated and
the volume of the d < 1.063 fraction was readjusted
to equal the volume of the original whole lymph
sample. The results showed that the d < 1.063 frac-
tion of lymph from subject 5 suppressed HMG-CoA
reductase activity in a manner parallel to that of
whole serum. Moreover, the slope of the suppres-
sion line for the d < 1.063 fraction of lymph (-51.1)
was similar to that obtained for whole lymph in Fig.
1 (-59.6). As with whole lymph, the suppression
line for the d < 1.063 fraction was displaced to the
right by a factor of 10 as compared with the sup-
pression line for whole serum from the same subject.
A similar 10-fold volume difference was observed
when the whole serum and d < 1.063 fraction of
lymph were tested in the competitive '25I-LDL bind-
ing assay (data not shown). These quantitative data
confirmed that at least 90% of the LDL-like activity
of lymph was localized to the d < 1.063 fraction.

To confirm that the suppression of HMG-CoA re-
ductase activity by whole lymph required binding of

the lipoprotein to the LDL receptor, we compared
the ability of whole lymph to suppress HMG-CoA
reductase in cells from a normal subject and in cells
from a patient with homozygous FH which lack LDL
receptors (22). Table II shows that whole lymph,
when added to the normal cells at an apoprotein B
concentration of 15 ,ug/ml (as determined by immuno-
electrophoresis), suppressed HMG-CoAreductase ac-
tivity in the normal cells to 18% of the control value.
On the other hand, in the FH homozygote cells,
the same concentration of whole lymph produced
an insignificant suppression of enzyme activity. In
the same experiment, the addition of a mixture of 25-
hydroxycholesterol plus cholesterol, which suppresses
HMG-CoAreductase activity in a manner independent
of the LDL receptor (4, 5), suppressed enzyme ac-
tivity by 95% in the FH homozygote cells.

Fig. 5 shows the suppression of HMG-CoAreduc-
tase activity by increasing amounts of whole lymph
from two additional subjects (6 and 7). The data are
plotted as a function of the amount of apoprotein
B added to the culture medium as calculated from
the apoprotein B concentration of the lymph specimens
as determined by immunoelectrophoresis. The results
for the two whole lymph samples are compared with
those of isolated serum LDL obtained from the same
two subjects and with a standard plasma LDL prepara-
tion isolated in Dallas. The apoprotein B concentra-
tion of the standard plasma and the two serum LDL

TABLE II
Impaired Ability of Whole Lymph to Suppress HMG-CoA

Reductase Activity in FH Homozygote Fibroblasts

HMG-CoAreductase activity/
(pmol/min per mg protein)

FH
Normal Homozygote

Addition to medium cells cells

None 266 (100)* 369 (100)*
Plasma LDL (15 ,ug protein/ml) 25 (9.4) 312 (85)
Whole lymph (15 jig apoprotein 48 (18) 318 (86)

B/ml)
25-Hydroxycholesterol (1 ug/ml) 20 (5.4)

+ Cholesterol (10 ,ug/ml)

Plasma LDL was obtained from a healthy subject and pre-
pared in Dallas. Whole lymph was obtained from subject 6.
Incubations were carried out for 16 h at 37°C. Enzyme assays
were performed as described under Methods except that all
dishes received 3 ,ul of ethanol. The ethanol was used to
deliver the mixture of 25-hydroxycholesterol plus cholesterol.
Each value represents the average of duplicate dishes except
for the whole lymph values, which were single dishes.
* Numbers in parentheses represent the percent of control
HMG-CoAreductase activity.
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FIGuRE 5 Suppression of HMG-CoAreductase activity in
normal fibroblast monolayers by whole lymph (A,A) and
serum LDL (0,0) as a function of the concentration of apopro-
tein B in the culture medium. The plasma used for the standard
curve (- *) was obtained from a healthy subject and pre-
pared in Dallas. Subject 6 (0,A) and subject 7 (@,A) served as
sources for the whole lymph and serum LDL. The apoprotein
B content of the whole lymph specimens was determined by
immunoelectrophoresis and the apoprotein B content of the
plasma and serum LDL samples was determined by the Lowry
method. The cells were incubated with the lipoproteins for 16
h at 370C as described under Methods. Each value represents
a single dish. HMG-CoAreductase activity in the absence of
any additions was 266 pmol/min per mg protein (mean of
triplicate dishes).

samples was measured using the Lowry method,
assuming that all of the protein was apoprotein B.
In general, both samples of whole lymph and serum
LDL suppressed HMG-CoAreductase within the same
range of apoprotein B concentrations and the slopes
for these curves were similar to that of the standard
plasma LDL. However, the curves for the two whole
lymph specimens were displaced slightly to the right of
the curves for serum LDL, suggesting that a some-
what larger amount of apoprotein B-containing lipo-
proteins were necessary to achieve a given degree of
enzyme suppression when the lipoproteins were added
in whole lymph as compared with serum LDL.
Whether this slight decrease in biological activity of
lymph apoprotein B is related to technical considera-
tions involved in the shipment and dialysis of the
lymph, or whether it represents a true biological
difference, remains to be determined.

In an additional study, we compared the ability of
whole lymph and plasma LDL to compete with 1251_
LDL for total cell binding (receptor-bound plus
internalized) and proteolytic degradation at 37°C
(14). The whole lymph and plasma samples competed
similarly when added at the same apoprotein B con-
centration. For example, when 125I-LDL (20 gg pro-
tein/ml) was incubated with fibroblast monolayers for
6 h at 37°C, the control values for total cell binding
and degradation of 1251-LDL were 1,520 and 7,360

ng/mg cell protein, respectively. The amount of
125I-LDL bound and degraded was reduced to 40%
of the control values when either standard plasma
LDL or whole lymph obtained from subject five was
included in the incubation medium at an apoprotein
B concentration of 70 ,ug/ml.

DISCUSSION

The current studies demonstrate the presence in
lymph from the human foot of a lipoprotein with bio-
logic activity similar to that of plasma LDL. This
activity was detected by functional assays that depend
on the ability of lymph lipoproteins to bind to the LDL
receptor in human fibroblasts (4, 5). Thus, the addition
of whole lymph to fibroblast monolayers that had been
incubated in the absence of lipoproteins led to a
suppression of HMG-CoA reductase activity and a
stimulation of the incorporation of [14C]oleate into
cholesteryl [14C]oleate. In addition, whole lymph
contained material that competitively inhibited the
binding of 125I-LDL to the surface LDL receptor of
fibroblasts.

With these assays, it was possible to show that all
of the detectable LDL-like activity was contained in
the fraction of whole lymph of d < 1.063. Further-
more, significant suppression of HMG-CoAreductase
activity was not observed when whole lymph was
added to fibroblasts from a subject with homozygous
FH, supporting the conclusion that suppression of
enzyme activity by lymph required binding of the
lymph lipoprotein to the LDL receptor.

The concentration of LDL-like activity in whole
lymph or in its d < 1.063 fraction was found to be
=10% of the concentration in whole serum. These

findings are in agreement with previous immuno-
logical data showing that the concentration of apo-
protein B in lymph is -/lOth that in serum and that
nearly all of this activity is present in the d < 1.063
fraction (12). Moreover, the current functional meas-
urements are also consistent with the observations
that the lymph/serum 131I-LDL concentration ratio
reaches a value of- 1/10th at 14 h after an intravenous
injection of 131I-LDL (11) and that in a given subject
the concentration of cholesterol in whole lymph is
=1/lOth that in the serum (10-12).

The data in this paper, considered together with
the previous measurements cited earlier, strongly sug-
gest that the lipoprotein in human lymph that binds
to the LDL receptor and delivers cholesterol to
cells is LDL. Although the triglyceride-rich plasma
lipoprotein very low density lipoprotein (VLDL) also
contains apoprotein B (13) and may interact with the
LDL receptor (14, 21) and suppress HMG-CoA re-
ductase activity in fibroblasts (19), it is unlikely that
the activity measured in the current studies is due to
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VLDL. Studies have shown that the vast bulk of im-
munoreactive apoprotein B in lymph is found in the
d 1.019-1.063 fraction [LDL] and very little is present
in the d < 1.006 fraction [VLDL] (12). Moreover,
the triglyceride concentration in lymph is very low and
is not correlated with the plasma VLDL level (10).
In addition to human LDL and VLDL, animal
lipoproteins (such as HDLC)3 that contain the arginine-
rich protein also bind to the human fibroblast LDL
receptor (26, 27). Normal human plasma, however,
contains only small amounts of the arginine-rich pro-
tein and that which is present is found predominantly
in the triglyceride-rich VLDL fraction (28, 29).

The 10 to 1 concentration gradient between LDL
activity in plasma and dorsal foot lymph for man is con-
sistent with Grotte's data using dextran particles in
which the concentration ratio between plasma and
lymph in the dog paw was 10 to 1 for molecules with
a mol wt > 2 x 104 (8). The finding of a similar 10 to 1
plasma to lymph concentration gradient for human
LDL and inert macromolecules strongly suggests that
the transport of LDL from plasma to lymph occurs as a
result of passive movement across the capillary endo-
thelium and does not require a specific (i.e., receptor-
mediated) transport process. Moreover, in a previous
study it was noted that the plasma to lymph cholesterol
ratio was 10 to 1 (700 vs. 70 mg/dl) in a subject with
homozygous FH (10). This finding suggests that the
LDL receptor described for fibroblasts, smooth muscle
cells, and lymphocytes does not play a role in the trans-
endothelial transport of LDL in capillaries of the foot.
Because this receptor is functionally absent in the cells
of such FH homozygotes, these subjects would be ex-
pected to have a decreased plasma to lymph cholesterol
ratio if the LDL receptor were necessary to transport
LDL across the endothelium.

It should be emphasized that the studies reported
herein were confined to lymph obtained from the dor-
sum of the human foot. From studies in animals, it is
known that lymph from internal organs, such as the
liver and the intestine, exhibits a different composition
from that of peripheral tissues, especially with regard
to the concentration of macromolecules (6). Nonethe-
less, the presence of a 10 to 1 gradient between plasma
and lymph for LDL may provide a partial explanation
for the high affinity of the LDL receptor present on hu-
man fibroblasts and other cell types.
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