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chylomicrons and VLDLs, are limited in distribution to 
blood and metabolized at the luminal surface of vascular 
endothelium by lipoprotein lipase. By contrast, the LDLs 
and HDLs move between plasma and interstitial fl uid as 
they transport lipids to and from different cell types. Each 
LDL particle contains a single molecule of apoB100 (apo 
B) ( 1, 2 ). The principal protein component of all HDL 
particles is apo AI, which usually accounts for about 70% 
of total HDL protein mass. Some HDLs also contain apo 
AII as the second most abundant protein ( 3 ). Studies of 
human afferent peripheral lymph have shown that the 
concentrations of apo AI and apo AII in normal human 
interstitial fl uid average about one-fi fth of those in plasma 
( 4–6 ), while lymph apo B concentration averages only 
one-tenth ( 4, 7 ). The ratio of HDL to LDL particles in in-
terstitial fl uid has been estimated to average about 50:1 in 
healthy humans ( 4, 8 ). 

 The striking differences in lipoprotein concentrations 
between plasma and interstitial fl uid, combined with their 
roles in atherosclerosis, highlight the importance of un-
derstanding the mechanisms by which they move into and 
out of the extravascular compartment. By analyzing data 
on adipokines of different molecular size, Miller et al. ( 9 ) 
showed that the principal pathway by which a macromol-
ecule leaves the interstitium of peripheral tissues in hu-
mans is determined by its size, the proportion leaving via 
capillaries decreasing and that via the lymphatic system 
increasing, as molecular radius rises. As proteins of radius 
 � 3.2 nm were found to leave entirely in lymph, it is rea-
sonable to assume that this applies also to LDL and HDL, 
given that their radii greatly exceed this fi gure ( 10, 11 ). 
This interpretation agrees with recent studies of HDL 
transport via the lymphatic system in mice ( 12 ). 

 The mechanisms by which HDL and LDL are transported 
from plasma into interstitial fl uid are not understood. Two 
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 Plasma lipoproteins transport lipids between different 
tissues of the body. Mature particles have a central core of 
neutral lipids enclosed within a bilayer of phospholipids in 
association with cholesterol and apos. The largest particles, 
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later, a prenodal (afferent) lymph vessel in the lower leg was 
cannulated in a surgical theater under local anesthesia and ster-
ile conditions, as described elsewhere ( 4 ). A sterile siliconized 
polyethylene cannula was left in place, draining into a 2 ml 
polypropylene vial strapped to the leg, and the volunteer re-
turned to the ward. The samples for study were collected during 
2–4 h between 6:00 and 10:00 AM before breakfast, after the 
subjects had been supine and fasting since 10:00 PM or earlier 
the previous night. The volume of lymph was measured, the 
sample was centrifuged (30 min, 1,500  g , 4°C), and aliquots 
were dispensed into cryovials for storage at  � 80°C. Antecubital 
venous blood was drawn at the midpoint of the lymph collec-
tion. Ambient air temperature was controlled by air condition-
ing. No cannula became blocked, and no local wound infection 
occurred. When the collection was complete, the cannula was 
withdrawn and a dressing applied. 

 Analytical methods 
 Plasma cholesterol and triglycerides were assayed enzymati-

cally ( 25 ). Pairs of plasma and lymph samples from each subject 
were analyzed together for apo AI, apo AII, and apo B, comple-
ment C3, and seven proteins covering a wide range of molecular 
radii (albumin,  � 1-acid glycoprotein,  � 1-antitrypsin, transferrin, 
immunoglobulin G, antithrombin III, and  � 2-macroglobulin). 
None of the globular proteins are known to be secreted by the 
endothelia of adipose tissue, skin, or connective tissue, and all 
are thought to be transported from plasma to interstitial fl uid 
by passive ultrafi ltration ( 23, 24 ). Plasma proteins were quanti-
fi ed by rocket immunoelectrophoresis using polyclonal anti-
sera (International Immunology Corp., Murrieta, CA), and 
apos by liquid phase double antibody radio-immunoassays ( 4 ). 
Samples and standards were assayed in duplicate with intra-
assay coeffi cients of variation of <6.0% for proteins and <2.5% 
for apos. 

 Calculations   
 We fi rst tested the hypothesis that the plasma-to-lymph clear-

ances of the seven globular proteins fi tted the two-pore model 
of trans-endothelial transport described by others ( 14, 23 ), in 
which most fl uid is fi ltered through a large number small chan-
nels and a small fraction through a smaller number of large 
channels, and estimated the model parameters. We then exam-
ined the accuracy with which the same model predicted the ob-
served clearances of LDL and HDL, using the apo concentrations 
as markers of particle number and published data on mean par-
ticle radii. Finally, as a positive control, we tested the hypothesis 
that the apparent clearance rate of complement C3 exceeds 
that predicted by the model, given that it is known to be se-
creted by cultured endothelium ( 26 ). The molecular masses 
and molecular (Stokes-Einstein) radii of the proteins and the 
mean particle radii of HDL and LDL are given in   Table 2  .  The 
molecular radii of the proteins were calculated from their mo-
lecular masses using the expression of Rippe and Stelin   ( 27 ). 
The mean radii of the lipoproteins were those obtained by 
other investigators by NMR in very large samples of healthy sub-
jects ( 10, 11 ). 

processes are possible: an active transport mechanism such 
as receptor-mediated transcytosis ( 13 ) or ultrafi ltration 
through intercellular pores in the endothelium, a pathway 
that is thought to be available to all macromolecules below 
a critical size ( 14 ). Evidence for receptor-mediated LDL 
transport across the endothelium of the blood-brain barrier 
has been obtained in vitro ( 15 ). However, there is no pub-
lished evidence for a similar process in other vessels. 
Vlodavsky et al. ( 16 ) reported that cultured bovine endo-
thelial cells bound, internalized, and degraded LDL during 
logarithmic growth, while confl uent cells bound but did not 
internalize the particles. Measurements of LDL transport 
across microvascular endothelia in the peripheral circula-
tion of animals in vivo have yielded results consistent with 
ultrafi ltration ( 17–19 ), but there have been no similar 
studies in humans. Transcytosis of HDL through endothe-
lial cells has been described in tissue culture, apparently 
by mechanisms involving the same ABCG1 and SR-B1 re-
ceptors implicated in the movement of cholesterol into 
and out of other cell types ( 20–22 ). 

 To study the mechanisms of trans-endothelial transport 
of LDL and HDL in humans in vivo, we collected afferent 
peripheral lymph from healthy subjects, and compared 
the concentrations of apo B, apo AI, apo AII, and seven 
globular proteins of differing sizes with those in plasma. 
The plasma-to-lymph clearances of the seven proteins con-
formed to those predicted by the theory ( 23, 24 ) of ultra-
fi ltration and diffusion through two populations of pores. 
The same model parameters were then found to accu-
rately predict the observed clearance rates of both LDL 
and HDL, supporting the hypothesis that their transport is 
also limited to passive ultrafi ltration. 

 METHODS 

 Subjects 
 Studies were carried out in 30 healthy males not taking medi-

cation or alcohol (  Table 1  ).  A medical history was taken from all 
subjects, and each was given a clinical examination. Blood samples 
were examined by routine clinical chemistry for renal, hepatic, 
and endocrine dysfunction, and for recreational drugs. The study 
conformed to the principles of the Declaration of Helsinki, and 
was approved by the ethics committees of St. Bartholomew’s Hos-
pital and London Bridge Hospital, London, UK. All subjects gave 
informed consent. 

 Clinical procedures 
 Subjects were admitted to a metabolic ward in London 

Bridge Hospital, London, UK and placed on a normal solid diet 
designed to maintain constant body weight. Twenty-four or 48 h 

 TABLE 1. Clinical characteristics of the subjects and lymph fl ow rates         

Age (years) Weight (kg) BMI (kg/m 2 )
Cholesterol 
(mmol/l)

Triglycerides 
(mmol/l)

HDL Cholesterol 
(mmol/l)

Lymph 
Flow (ml/h)

Mean ± SD 31.3 ± 11.5 77.3 ± 12.5 23.5 ± 3.1 4.8 ± 0.9 1.10 ± 0.32 1.08 ± 0.27 0.82 ± 0.87  a  
Range 21–69 50–105 18.5–31.0 3.3–7.1 0.40–1.75 0.71–1.61 0.05–4.10

Data are from 30 healthy men. In all subjects fasting blood glucose was within the reference range, 4–8 mmol/l.
  a   Median, 0.60 ml/h.
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also by the fl ow through the pore. The latter can be calculated 
from the pore radius, the solvent viscosity (  �  ) and the net hy-
draulic pressure difference ( �  P ) driving fl uid through the pore: 
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  D  is the free diffusion coeffi cient of the molecule, and can be 
calculated from the Stokes-Einstein relation and �ɑ�. The function 
 f ( a/R L   (   S   ) ) is given by: 
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 The evaluation of the parameters of the curve relating plasma-to-
lymph clearance to molecular radius started with the assumption 
that the largest particles can pass through the large pores only. 
Thus, their clearance indicates the fraction of the lymph fl ow 
that derives from passage through the large pores (  �  L  ). Further-
more, as large molecules in large pores (radii, 18–40 nm) are 
transported almost entirely by convection,  Pe  is considerably 
greater than one, so that  e  � Pe   approaches zero (second term on 
the right hand side of equation 2). The clearance of these large 
particles then simplifi es to: 

   −Totalclearance largeporeclearance 1L L LJ   ( Eq. 6 ) 

 Assuming  R L   lies between 18 and 40 nm, the decline of the clear-
ances of the two largest particles (  �   2 -macroglobulin and LDL) 
with increasing radius and the initial estimate of   �  L   can be iter-
ated to obtain better estimates of   �  L ,  �  L  , and  R L   using equations 
3 and 6. With values for these parameters, the relation between 
clearance of all molecules and particles through the large pores 
can be calculated. This is the fi rst term on the right hand side of 
equation 2. Clearance through the small pores (second term on 
the right hand side of equation 2) can now be estimated by sub-
tracting the large pore clearance from the total clearance of the 
smaller plasma proteins to obtain the fraction of the clearance of 
these molecules that is through the small pores. Equations 3–5 
are then used to fi nd the value of  R S   that offers the best fi t to 
these values of small pore clearance. 

 In estimating the Peclét number through the large pores,  �  P  
was assumed to equal the mean microvascular pressure, which 
has been measured in the feet of supine humans ( � 30–40 

 The plasma-to-lymph clearances of the molecules were esti-
mated from lymph fl ow,  J L  , and their concentrations in lymph 
and plasma ( C L   and  C P  ): 
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 The ratio of the concentration of a spherical molecule or particle 
in plasma to that in interstitial fl uid was calculated on the as-
sumption that it passes by ultrafi ltration and diffusion through 
two populations of water-fi lled channels in the endothelium, 
modeled as cylindrical pores with radii of molecular dimensions, 
one consisting of numerous channels with radii in the range 4.0–
5.5 nm (small pores), and the second consisting of relatively few 
channels with radii in the range 18–40 nm (large pores). Know-
ing the radii of the molecules or particles, the radii of the pores, 
and the rate of fl uid fi ltration through them, the ratio  C L  / C P   in 
equation 1 can be replaced by a ratio of membrane coeffi cients. 
Thus, the overall clearance of a molecule of radius  ɑ  is given by  : 
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 where   �  L   is the fraction of lymph formed by ultrafi ltration 
through large pores;   �  L   and   �   S  are the refl ection coeffi cients of 
the molecule at the large and small pores respectively; and  Pe ( L ) 
and  Pe ( S ) are the Peclét numbers of transport for the molecule 
in the large and small pores, respectively. 

 The refl ection coeffi cients are determined by the radii of the 
molecules and the radii of the large pores ( R L  ) and small pores 
( R S  ): 

   

22

( )
( )

1 1L S
L S

a
R

   
( Eq. 3 ) 

 where   �  L   (   S   )  is either   �  L   or   �  S  , and  R L   (   S   )  is either  R L   or  R S   ( 28 ). 
 The Peclét numbers can be thought of as the ratio of the con-

vective velocity of the molecule within a pore to its diffusive veloc-
ity. Thus, they are determined not only by a function of  ɑ/R , but 

 TABLE 2. Molecular masses, molecular radii, and concentrations of the seven globular plasma proteins, LDL, 
HDL, and complement C3 in thirty healthy men      

Molecular Mass (kDa) Molecular Radius  a   (nm)

Concentration (mg/dl) 
(mean ± SEM)

Plasma Lymph

 � 1-Acid glycoprotein 40 2.89 94.6 ± 3.0 38.7 ± 1.9
 � 1-Antitrypsin 55 3.26 131.0 ± 3.9 49.5 ± 2.7
Antithrombin III 58 3.33 5.7 ± 0.1 2.0 ± 0.1
Albumin 66 3.50 4722 ± 64 1665 ± 83
Transferrin 77 3.72 216.3 ± 8.4 75.4 ± 4.8
Immunoglobulin G 150 4.81 1158 ± 40 215 ± 24
 � 2-Macroglobulin 750 8.95 304 ± 35 34.7 ± 3.5
LDL — 10.7 — —
Apo B — — 82.4 ± 4.1 7.7 ± 0.47
HDL — 4.5 — —
Apo AI — — 130 ± 6.1 26.7 ± 1.5
Apo AII — — 33.1 ± 1.2 6.8 ± 0.43
Complement C3 180 5.16 34.8 ± 1.4 8.3 ± 0.7

  a   Molecular radii of the plasma proteins were calculated using the Stokes-Einstein equation. Lipoprotein 
particle radii are those obtained by NMR, and were taken from the literature, as described under Methods.
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again provided in the legend. It is evident that the clear-
ances of both LDL and HDL were accurately predicted by 
the same two-pore model that gave the best fi t for the 
seven proteins. It is also seen that the mean clearance of 
HDL obtained using apo AII was essentially identical to 
that obtained using apo AI.  Figure 2  additionally shows 
that the clearance rate of complement C3, known to be 
secreted by cultured endothelium ( 26 ), was much greater 
than that predicted by the curve for a molecule of its size. 

cmH 2 O) ( 29, 30 ), on the grounds that the effective osmotic pres-
sure exerted by plasma macromolecules across the large pores 
would be negligible, because the refl ection coeffi cients of pro-
teins contributing most to this would be very low. This assump-
tion cannot be made for the osmotic pressures exerted across the 
small pores. Here, the effective colloidal osmotic pressure differ-
ence opposing fi ltration is comparable with the mean hydrostatic 
pressure difference that drives it. For an initial estimate of the 
colloid osmotic pressure difference across the small pores, the 
plasma colloid osmotic pressure was calculated from the total 
protein concentration using the expression of Landis and Pap-
penheimer ( 31 ) and multiplied by 0.75, which was taken as an 
estimate of the square of the mean refl ection coeffi cient of the 
plasma proteins ( 32 ). Once a rough estimate of  R S   had been 
made, the values of   �  S   of the plasma proteins could be calcu-
lated for the proteins of different molecular radii (equation 3), 
and these used to estimate the steady state osmotic pressure dif-
ferences across the small pores for each molecule. With  �   P   indi-
cating the plasma colloid osmotic pressure of the major plasma 
proteins, the effective colloid osmotic pressure difference ex-
erted by all plasma proteins across the small pores under steady-
state conditions (  �  S   �  �   S  ) was calculated from the expression 
( 33, 34 ): 
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 This value of   �  S   �  �   S   was subtracted from the initial estimate of 
the mean hydrostatic pressure difference, and the calculation of 
 Pe ( S ) repeated. Only a couple of iterations were needed for a 
constant value of  R S   to be reached. A similar iterative procedure 
was initially used to assess the infl uence of the estimated value of 
 �  P  across the large pores upon the fi nal estimate of  R L  , but found 
to be unnecessary. 

 Statistical analysis 
 The best nonlinear curve relating clearance to molecular ra-

dius (equation 2) was obtained by adjusting the values of   �  L  ,  R L  , 
and  R S   to minimize the sum of the squares of the differences be-
tween measured and predicted values of clearance. First, values 
of   �  L   and  R L   were adjusted to fi t the curve to proteins with the 
largest molecular radii. Subsequently, values of  R S   were adjusted 
to obtain the best fi t for the entire curve. Changes in  R L   and  R S   
were made in successive 2, 1, and 0.5 nm steps to establish the 
minimum. Changes in   �  L   were made in steps of 0.02 and 0.01. 

 RESULTS 

 The concentrations in plasma and lymph of the seven 
globular proteins, three apos and complement C3 are 
given in  Table 2 .   Figure 1   shows the curvilinear relation 
between clearance and molecular radius predicted by 
the two-pore theory of microvascular permeability when 
  �  L   = 0.20,  R L   = 20.1 nm, and  R S   = 4.95 nm, the parameters 
that gave the best fi t for the seven globular proteins. The 
mean observed clearance rates of the proteins are repre-
sented by the symbols, and the means and SEMs are pro-
vided in the legend.    Figure 2   shows the same curve, on 
which are now superimposed the mean observed clear-
ance rates of LDL (apo B) and HDL (two values, based on 
the apo AI or apo AII data).  The means and SEMs are 

  Fig.   1.  Relation of plasma-to-lymph clearance rates of seven glob-
ular plasma proteins to their molecular radii. The continuous line 
is the curve predicted by the two-pore model of ultrafi ltration with 
the following parameters: small pore radius, 4.95 nm; large pore 
radius, 20.1 nm; numerical ratio of small to large pores, 7,700 to 
one. The symbols represent the mean measured clearances of the 
proteins. Mean clearances and SEMs (ml/h) were as follows:  � 1-
glycoprotein, 0.345 ± 0.060;  � 1-antitrypsin, 0.306 ± 0.060; anti-
thrombin III, 0.270 ± 0.058; albumin, 0.271 ± 0.055; transferrin, 
0.228 ± 0.055; immunoglobulin G, 0.135 ± 0.020;  � 2-macroglobulin, 
0.086 ± 0.013.   

  Fig.   2.  Plasma-to-lymph clearance rates of LDL, HDL, and com-
plement C3 shown relative to the curve of clearance versus molecu-
lar radius previously obtained using the data on globular plasma 
proteins. Mean clearances and SEMs (ml/h) were as follows: LDL 
as apo B, 0.056 ± 0.009; HDL as apo AI, 0.116 ± 0.016; HDL as apo 
AII, 0.119 ± 0.018; complement C3, 0.190 ± 0.044.   
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of the macromolecules being excluded from the region of 
fl uid close to the internal surface of the vesicle. As larger 
molecules would have a greater volume of exclusion than 
smaller ones, the effect would convey a degree of size se-
lectivity to any transcytosis resulting from nonspecifi c pi-
nocytosis. However, this consideration does not apply to 
receptor-mediated transcytosis. 

 Our calculations assumed that no synthesis or catabo-
lism of LDL or HDL occurs while the lipoproteins are in 
the extracellular matrix of the tissues drained by the lymph 
vessel (adipose tissue, connective tissue, and skin). This is 
in line with current knowledge of their metabolism. In hu-
mans, all three measured apos are exclusively splanchnic 
in origin ( 1, 36 ), while studies using LDL and HDL tagged 
with nondegradable markers in animals have shown there 
is little endocytosis of either lipoprotein in peripheral tis-
sues ( 37–39 ). A second assumption was that any binding of 
lipoproteins to the extracellular matrix is in equilibrium 
with the corresponding lipoproteins in interstitial fl uid. 

 For the calculation of LDL clearance, we used apo B 
concentration as a marker of LDL particle number in the 
knowledge that each particle contains a single molecule of 
apo B ( 1 ). Although VLDL particles also contain one apo 
B molecule, they are present only in extremely low con-
centration in normal human lymph ( 4 ). As all subjects had 
normal plasma triglyceride concentrations, VLDL will also 
have accounted for only a trace of apo B in plasma ( 2 ), 
removal of which, prior to immunoassay, would have in-
curred unavoidable losses of LDL. Our primary measure 
of HDL particle number was apo AI concentration. As apo 
AI is present in all HDLs and is unique to this lipoprotein 
class in fasted healthy humans, its concentration in plasma 
refl ects HDL particle number ( 10, 40 ). As the number of 
apo AI molecules per particle varies, most containing 
three or four ( 41 ), and the relative proportions of differ-
ent particles varies between subjects, the correlation be-
tween plasma apo AI concentration and HDL particle 
number in populations is nonlinear ( 42 ). However, this 
does not undermine our use of apo AI as a marker of the 
relative concentrations of HDL in plasma and lymph 
within subjects for calculating clearance rate, unless there 
is a preferential transfer of a specifi c HDL subclass across 
the endothelium. Although this possibility cannot be com-
pletely excluded, an absence of selective transport is sup-
ported by the fact that the apo AI/apo AII ratio in lymph 
was essentially identical to that in plasma ( Table 2 ). Our 
earlier evidence that HDLs undergo remodeling in inter-
stitial fl uid ( 43 ) also does not affect the validity of our cal-
culations. Unless signifi cant remodeling occurs while the 
particles are in transit through intercellular pores, the to-
tal concentration of apo AI in lymph will refl ect the rate at 
which HDL particles are entering interstitial fl uid, what-
ever remodeling occurs after the event. 

 We used published data on the mean radii of LDL and 
HDL particles. Although both lipoprotein classes are dis-
crete populations in healthy subjects, each is nevertheless 
also heterogeneous with respect to size owing to variations 
in core lipid content. The radii of 10.7 nm for LDL and 
4.5 nm for HDL are the mean peak values recorded by NMR 

When the clearance data from the subjects were analyzed 
individually, they conformed to the same pattern with 
some variation between subjects in the values of the 
parameters. 

 DISCUSSION 

 This is the fi rst study of the trans-endothelial transport 
of either LDL or HDL in humans. It was carried out in two 
stages. In the fi rst stage, we examined the clearance rates 
from plasma to interstitial fl uid of seven plasma proteins 
that are considered ( 31 ) to cross the endothelium in pe-
ripheral tissues exclusively by passive ultrafi ltration through 
intercellular pores. We found that the relation of clear-
ance to molecular size, measured as Stokes-Einstein ra-
dius, was consistent with a two-pore model of ultrafi ltration 
similar to that described by others ( 14, 23, 24 ), in which 
water and water-soluble molecules are carried through the 
endothelium by ultrafi ltration and diffusion through a 
large number of small pores in parallel with a much 
smaller number of larger pores. Our analysis indicated 
that in the human leg, the small pores have a mean radius 
of 4.95 nm, and the large pores one of 20.1 nm. With 20% 
of lymph being derived by passage of water through the 
larger pores, these fi gures suggest that, on average, there 
are 7,700 small pores for each large pore in this site. In 
the second stage, we studied the precision with which the 
same model parameters predicted the clearance rates of 
HDL and LDL in the same subjects. We found that the 
observed clearance rates of both lipoproteins agreed well 
with those predicted by the model. By contrast, the clear-
ance of complement C3 exceeded that predicted by the 
model, consistent with the observation that this protein is 
actively secreted by cultured endothelial cells ( 26 ). 

 Our fi ndings indicate that the plasma-to-lymph trans-
port of both LDL and HDL is limited to the same process 
of passive ultrafi ltration that mediates the transport of the 
seven globular proteins, as any additional contributions 
from active processes would have raised the observed 
clearance rates to values exceeding those predicted by the 
model. Our conclusion with respect to LDL is in agree-
ment with those of animal experiments in vivo ( 17–19 ). 
There have been no similar studies of trans-endothelial 
HDL transport in animals. In cell culture, HDL has been 
reported to be transported through endothelial cells by 
transcytosis after binding to one or another of several 
types of cell surface receptor ( 20–22 ). Our fi ndings do not 
exclude this possibility, but suggest that if transcytosis oc-
curs at all in healthy humans in vivo, it is not quantitatively 
signifi cant. Our results are also consistent with the ex-
tremely low concentrations in human peripheral lymph of 
VLDLs ( 4 ), whose average radius is more than twice that of 
LDLs ( 11 ). 

 Renkin ( 35 ) has pointed out that if fl uid within a cave-
ola at the luminal surface of the endothelium were to 
equilibrate with plasma before budding off to form a vesi-
cle, the concentrations of macromolecules in the vesicular 
fl uid would be lower than in plasma. This is a consequence 
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occur in response to disease, lifestyle change, drugs, and 
genetic factors, could have major effects. A decrease in the 
radius of an HDL particle from 4.5 to 4.0 nm, for example, 
would be expected to increase its transport rate by 38%, 
while an increase to 6.0 nm, a size seen in many subjects 
with familial cholesteryl ester transfer protein defi ciency 
( 58 ), would lower it by 12%. Such changes might have sig-
nifi cant impacts on reverse cholesterol transport.  

 The authors thank the nursing staff of London Bridge Hospital 
for assistance with the lymph vessel cannulations. 
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