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Abstract. In experimental nephrosis, a decrease in plasma albumin resulting from
proteinuria causes a decreased in the plasma oncotic pressure. The existence of an
osmoreceptor, which responds to the low oncotic pressure and produces a factor(s)
that signals the liver to increase the secretion of plasma proteins, is postulated. The
hyperlipidemia characteristic of the nephrotic syndrome results primarily from in-
creased hepatic secretion of apolipoproteins and lipoproteins representing the entire
density spectrum from VLDL, IDL, and LDL to HDL. Not all plasma proteins and apo-
lipoproteins are affected to the same extent. Increased mRNA levels due to increased
transcription have been shown for albumin and apolipoprotein A-l (apoA-I). The in-
creased secretion of VLDL, the major vehicle for triglyceride transport from the liver,
appears to be due mainly to posttranscriptional events possibly related to increased
lipogenesis. Once proteinuria begins, the demand for amino acids for albumin and
apolipoprotein synthesis by the liver is increased. To meet this demand, protein ca-
tabolism in the peripheral tissues is increased. One manifestation of this process is a
decrease in lipoprotein lipase which reduces VLDL catabolism, contributing to the
sustained elevation of plasma VLDL. The spectacular overproduction of apoA-l in
nephrosis in the rat is accompanied by a decreased fractional catabolic rate (FCR),
contributing to the maintenance of high levels of HDL. Urinary loss of HDL and its
renal catabolism does not account for the decreased FCR. The reason for the de-
creased FCR is not known. Work with nephrotic rats overexpressing transgenic hu-
man apoA-l has shown that human A-l forms smaller HDL ;-sized particles, rather than
the larger HDL,, of the rat. This may contribute to the failure of HDL levels to increase
in the human nephrotic syndrome. High plasma VLDL and LDL with normal or low HDL
probably account for the increased incidence of coronary artery disease in the ne-

phrotic syndrome.

[P.S.E.B.M. 1996, Vol 213]

he nephrotic syndrome is characterized by pro-
teinuria, hypoalbuminemia, edema, and hyper-
lipidemia. In humans, several different diseases
are associated with proteinuria, although most in-
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stances of the nephrotic syndrome appear to be au-
toimmune disorders (1). The development of animal
models by Masugi (2) and by Heymann (3) using het-
erologous antibodies (the antigen is megalin, a mem-
ber of the low-density lipoprotein (LDL)-receptor
family [4]), and by Metcoff et al. (5) using puromycin
aminonucleoside (PAN), laid the foundation for sub-
sequent laboratory investigations of the pathophysiol-
ogy of this disorder. The importance of understanding
these events is underscored by the accumulating evi-
dence that elevated plasma lipid levels from any pri-
mary cause exacerbate renal damage (6). There is also
compelling evidence that long-standing nephrotic syn-
drome is associated with an increased incidence of
coronary heart disease (7). For these reasons, the rat



model of experimental nephrosis continues to provide
a sound basis for clinical investigation. The recent de-
velopment of transgenic and gene knock-out animal
models in rats and mice (8, 9) has added a new dimen-
sion to the field.

This review focuses on recent research relating to
the hyperlipidemia of rats with experimental nephro-
sis, as well as on some of the unanswered questions
and hypotheses which may warrant further investiga-
tion. Both antibody- and drug-induced nephrotic syn-
drome will be considered. Work prior to 1984 has been
reviewed (10), as have aspects of the human nephrotic
syndrome (11, 12).

Hypoalbuminemia

Hypoalbuminemia, which follows proteinuria, de-
creases the plasma colloid osmotic (oncotic) pressure.
This in turn is related to the expansion of the extra-
cellular fluid volume seen as edema. The regulation of
the extracellular fluid volume in nephrosis, particu-
larly with respect to sodium retention, is complex, and
it appears that hypoalbuminemia alone does not ac-
count for nephrotic edema in human nephrosis (13).
One factor that has been shown to be increased in
nephrotic rat plasma is the level of the atrial natriuretic
peptide (ANP) which is secreted in response to pres-
sure changes in the atrium of the heart (14). In ne-
phrotic rats infused with ANP (15), no increase in so-
dium excretion took place and there was an increase in
proteinuria accompanied by a rise in plasma LDL and
a fall in plasma high-density lipoprotein (HDL). These
findings involving a known hormonal response make it
reasonable to suggest that an osmoreceptor exists
which responds to changes in oncotic pressure by se-
creting a factor resembling the ANP. This factor then
acts on hepatocytes, resulting in increased transcrip-
tion of most of the genes responsible for the synthesis
of the plasma proteins, including the apolipoproteins,
resulting in hyperlipidemia.

The osmoreceptor hypothesis is not new (16), but
recent studies in genetically analbuminemic rats sup-
port this concept (17, 18). Analbuminemic rats have no
proteinuria, but they are hypercholesterolemic and
have elevated plasma levels of apolipoprotein A-I
(apoA-I). Though they are able to compensate for the
lack of plasma albumin, they have a low oncotic pres-
sure. In nephrotic rats, infusion of an oncotically ac-
tive polymer such as ficoll or with albumin itself for 4
days, which restored oncotic pressure, returned cho-
lesterol and apoA-I levels to normal (19). There was no
effect on the urinary excretion of rat albumin. In these
experiments, it would have been interesting to have
determined the time course of the decline in plasma
lipids since there is a theoretical possibility that the
infusions increased capillary permeability, allowing
the escape of lipoproteins from the plasma. However,

it can be concluded from these studies in analbumin-
emic or nephrotic rats that neither proteinuria nor hy-
poalbuminemia per se is required for the maintenance
of the hyperlipoprotinemia in nephrosis. The inference
is strong that a low plasma oncotic pressure leads to
hyperlipidemia.

Though the factors that might be involved as a
consequence of the stimulation of a putative osmore-
ceptor remain to be discovered, one can ask whether
or not this stimulus is general for all plasma proteins
secreted by the liver, as originally proposed (16), or
does it affect only certain classes of proteins? The fact
that liver hyperplasia and hypertrophy occurs in ne-
phrosis (20, 21) suggests that all secretory proteins
would be increased. However, in Heymann nephritis,
Sun er al. (22) reported that hepatic albumin and fi-
brinogen mRNA levels, and their transcription rates,
were doubled and synthesis rates were increased
4-fold, while the synthesis of a,-acid glycoprotein, an
acute-phase protein like fibrinogen, was only in-
creased by 50%. No changes were found in the mRNA
level or transcription rate for this protein. Results sim-
ilar to these have also been found in PAN nephrosis
(23). Therefore, nephrosis does not increase the he-
patic synthesis of all secretory proteins to the same
extent, and the acute phase response, if involved at all,
is not operative after the establishment of proteinuria.
Reduction of proteinuria, by decreasing dietary pro-
tein intake (20, 24) or by administration of certain
drugs (25, 26), is accompanied by a reduction in the
hyperlipidemia. With decreased albuminuria, a rise in
plasma albumin and therefore a rise in oncotic pres-
sure would be expected to lessen the primary hepatic
stimulus.

Lipoprotein Overproduction: Very Low
Density Lipoprotein

The lipoprotein overproduction hypothesis, first
formulated in 1960 (16), has been amply supported
since that time (27, 28). The secretion of lipoproteins,
as studied in the perfused liver, encompasses a wide
spectrum of density classes including very low density
lipoprotein (VLDL), intermediate density lipoprotein
(IDL), LDL, and HDL. (29). The hepatic secretion of
apoB-100, the basic structural apoprotein of VLDL, is
increased in nephrosis (27). The intestine, which se-
cretes chylomicrons containing a truncated version of
apoB-100 (apoB-48) and apoA-I, does not respond by
increasing apoprotein secretion (30) although an in-
crease in the intestinal mRNA for apoA-I has been
reported in one laboratory (31). The mRNA for rat
apoB-100 is edited in the intestine in all species, pro-
ducing apoB-48. It is also edited in rat and mouse liver,
resulting in the production of VLDL containing both
B-100 and B-48 (32). Increased hepatic production of
both forms occurs in nephrosis and no difference in the
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extent of apoB-100 mRNA editing has been found in
the nephrotic rat liver (33).

The supply of free fatty acids to the liver is a major
determinant of VLDL secretion. Plasma levels of free
fatty acids have been measured and are not increased
in nephrosis (34). The plasma free fatty acid/albumin
molar ratio does not rise in spite of hypoalbuminemia
because the fatty acids redistribute into the circulating
lipoproteins (35). Since there is no increase in the
plasma free fatty acid concentration, this cannot be the
driving force for increased VLDL secretion (36). In-
creased endogenous triglyceride synthesis (37, 38) or
hepatic triglyceride stores must either be the main
source of the fatty acids in the secreted VLDL, or else
spare free fatty acids derived from the plasma which
would otherwise be oxidized or stored within the liver.
The cholesterol contained in the nascent VLDL, at
least in the early stages of nephrosis, may be newly
synthesized, and it has been suggested by Golper et al.
(39) that one mechanism might be an impaired metab-
olism of circulating mevalonate by the nephrotic kid-
ney. This would result in increased mevalonate deliv-
ery to the liver and incorporation into cholesterol. In-
creased activity of hepatic HMGCoA reductase was
also found in this study, which supports earlier work
indicating increased cholesterogenesis by the nephrot-
ic liver (38, 40). However, Thabet er al. (41) did not
find increased hepatic reductase activity, although
they reported that the diurnal cycle of its activity was
not demonstrable. Marsh et al. (33) also did not find
changes in HMGCoA reductase mRNA in transgenic-
nephrotic rats. These differences may be related to the
use of PAN to induce nephrosis, which requires con-
version to active metabolites before it is active (ac-
counting for species differences in response) and
which can be toxic at doses not much higher than
those required to produce proteinuria. Differences ex-
ist in the toxicity of batches of PAN used to produce
nephrosis. Liver hypertrophy, noted in Heymann ne-
phritis (20) and in PAN-nephrosis by Golper et al. (39),
was not found in a group of 35 PAN-nephrotic rats in
our laboratory. When appropriate, studies of nephro-
sis induced by antibodies as well as by PAN ought to
be carried out to minimize the possibility that the
effects observed could be related to the agents used
rather than to nephrosis itself.

Increased VLDL, as well as IDL and LDL pro-
duction, in nephrosis appears to be driven in the early
stages of nephrosis by increased apoB synthesis and
secretion. Under most circumstances, the apoB-100
gene in the liver and its edited product in the liver and
intestine, apoB-48, is expressed constitutively so that
one might expect any increased secretion in nephrosis
to be derived from posttranscriptional secretory
events. However, Marshall et al. (42) reported 2.5-fold
increases in the hepatic levels of apoB mRNA in PAN-
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nephrotic rats, as well as for albumin, apoA-I, apoA-
II, and apoE. These increases were found on day 4
after the injection of PAN, a time when there is no
measurable increase in proteinuria and no increase in
plasma cholesterol levels. This supports the view that
proteinuria per se is not the triggering mechanism for
the increased apoB mRN A and that the initial increase
in mRNA is not immediately followed by increased
VLDL secretion. On Day 9, when proteinuria was at
its height, though the mRNA levels were still elevated,
no significant further increases in hepatic mRNAs
were noted for most of the apoproteins, with the ex-
ception of apoA-I mRNA, which increased 5-fold. We
have no evidence yet concerning mRNA stability for
any of the apolipoproteins in nephrosis. It would ap-
pear that, in rats, the development of proteinuria
causes continued increased transcription of the apoA-I1
and albumin genes. Continued increased VLDL apoB
secretion after the initial burst of increased synthesis
may therefore be mainly related to posttranslational
processes, as we will discuss. Decreased VLDL ca-
tabolism promotes sustained elevation of VLDL
levels.

One mechanism for increased VLDL secretion en-
tails a decrease in the intracellular degradation of apo
B, a process which has been demonstrated in cultured
hepatocytes and hepatoma cell lines (43). Hirano et al.
(44) found that intracellular degradation of apoB was
diminished by lowering the albumin concentration in
the medium of cultured HepG2 cells. Addition of fatty
acids (complexed to albumin) such as oleic acid de-
creases the extent of intracellular apoB degradation in
HepG?2 cells, thereby enhancing apoB secretion (43).
Increased hepatic lipogenesis in nephrosis could have
the same effect. A two-step model for VLDL synthesis
and secretion has been proposed in which an initial
apoB particle containing only a small amount of lipid is
formed, producing a molecule in the HDL density
range (for reviews, see Refs. 45 and 46). This is fol-
lowed by the addition of triglyceride possibly by fusion
with triglyceride droplets within the cell. The initial
lipidation step requires the participation of the mi-
crosomal lipid transport protein (MTP), whose ab-
sence results in failure of VLDL or chylomicron syn-
thesis, as seen in human abetalipoproteinemia (47). No
studies of the details of this process, nor of the MTP
levels in nephrotic liver, have yet been reported.

Another theoretical mechanism for increased he-
patic secretion of VLDL in nephrosis exists which has
not been adequately explored. Decreased local re-
uptake of newly secreted particles within the space of
Disse in the liver is possible. In cultured hepatoma
cells, the HepG2 line, Williams et al. (48) have shown
that decreasing the number of LDL receptors or the
thickness of the unstirred water layer around the cells
increased net apoB secretion. Their concept is that



owing to the unstirred water layer, newly secreted
molecules are transiently trapped and exposed to cell
surface receptors before they can enter the circulation.
This phenomenon may explain the observations of
Yedgar et al. (49), who demonstrated that apoB secre-
tion was inhibited by addition of polymers such as
dextrans or albumin which increase the viscosity of
the incubation medium. This increases the thickness of
the unstirred water layer, thereby restricting outward
diffusion and increasing the re-uptake of particles con-
taining apoB. Re-uptake of newly secreted VLDL
might also explain the observations of Cianflone et al.
(50), who found that reduction of the extracellular al-
bumin concentration increased the concentration of
apoB, but not of apoA-I, in the medium of HepG2
cells. This effect was greater in the presence of chy-
lomicron remnants. Though native VLLDL is not well
recognized by the LDL receptor, exposure to lipopro-
tein and hepatic lipase in the space of Disse probably
occurs and the smaller particles formed would allow
the apoE and/or the apoB-100 which is present in the
secreted VLDL to be in a conformation which now has
high affinity for the LDL receptor. A second receptor
system, the LDL-receptor-related protein (LRP, or
the LRP/a, macroglobulin receptor) also recognizes
apoE (51) and could also participate in the re-uptake of
newly secreted VLDL. There is evidence that lipopro-
teins interacting with lipoprotein lipase may form com-
plexes with cell surface heparan sulfate proteoglycans
which are subsequently taken up by hepatocytes (52).
The elevation of the apoB-containing lipoproteins
could result in downregulation of hepatic LDL-
receptors which would further diminish lipoprotein re-
uptake. At present, however, neither decreased re-
uptake nor decreased hepatic LDL receptor numbers
in nephrosis has been demonstrated.

Lipoprotein Overproduction: HDL and Apo A-I

The increase in apoA-I production in experimental
nephrosis is particularly striking, resulting in very high
plasma levels of HDL in the rat despite urinary losses
of HDL (53). Earlier work had shown that apoA-I syn-
thesis and secretion by the liver was increased (27),
and it was later shown, as mentioned above, that he-
patic A-I mRNA levels were increased (54). Increased
transcriptional activity of the apoA-I gene has been
shown (22).

The availability of transgenic rats overexpressing
human apoA-I in the liver (8) allowed a study of the
effects of PAN-induced nephrosis in these animals
(55). The human A-I gene responded strongly to the
induction of nephrosis with PAN resulting in plasma
levels of human apoA-I in the transgenic rats which
exceeded 10 mg/ml (normal rat HDL apoA-I levels are
approximately 0.6 mg/ml). The DNA construct in-
cluded the human A-I promoter region from — 256 to

—41 bp upstream from the (+1) transcription site.
This region contains the regulatory elements which are
necessary and sufficient for hepatic expression and
contains at least three nuclear protein binding sites
(56). It should be possible in the near future, therefore,
to identify the transcription factors involved in the
gene induction.

The high plasma levels of apoA-I in the transgenic-
nephrotic rats followed a greater than 10-fold increase
in human mRNA in the liver along with a 5-fold in-
crease in endogenous rat A-I mRNA. The S-fold in-
crease was only slightly less than the 6-fold increase
seen in nontransgenic nephrotic rats. Most of the
apoA-I, both human and endogenous rat A-I, was
present in the d > 1.21 fraction and not in HDL, con-
trasting sharply with the situation in nontransgenic
rats in which almost all of the rat plasma apoA-I is in
HDL. In fact, in the transgenic-nephrotic rats, the
plasma HDL levels were below those in non-nephrotic
transgenic rats and the average particle size was larger
(55). This surprising observation has now been ex-
plained (33) by the size of the HDL particles excreted
in the urine. The transgenic-nephrotic rats excreted
four times as much HDL. These particles contained
almost exclusively human A-I and were much smaller
than the normal rat HDL which is mainly HDL, (8.2 vs
11 nm in diameter). Thus, the lower HDL levels and
their larger size in the plasma of the transgenic-
nephrotic rats reflected the urinary loss of the popu-
lation of smaller human HDL.

An important conclusion can be drawn from these
studies and from the studies of non-nephrotic A-I
transgenic mice (9, 57)—namely, that the primary
structure of apoA-I, as reflected in species differences
in amino acid sequence, is a major determinant of
HDL particle size. When the livers of transgenic-
nephrotic rats were perfused, most of the apoA-I (hu-
man plus rat) was secreted as free A-I, not HDL. This
also is true in normal rat liver as well as in cultured
hepatocytes (58). However, HDL secretion was also
increased in the transgenic-nephrotic rats and it con-
tained only human A-I (33), indicating that human apo
A-I competed successfully with rat A-I in the forma-
tion of an HDL particle. It is probable that these na-
scent HDL particles were formed in the space of Disse
after secretion from the hepatocytes. It was found that
the perfusate nascent HDL containing human A-I
were smaller than those from nontransgenic nephrot-
ics rats, averaging 20 nm in diameter versus 30 nm in
the nontransgenic rats. Nascent HDL emerging from
the liver contains more triglyceride and less cho-
lesteryl ester than mature plasma HDL, which be-
comes smaller following lipolysis in the circulation
(59). Even after filtration through the glomerulus and
passage through the renal tubules, HDL is readily iso-
lated by ultracentrifugation, though some alterations
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of the apoproteins, possibly due to proteolysis, have
been reported (60-62). In the human A-I transgenic-
nephrotic rats, as well as in nontransgenic nephrotic
rats, an additional 40% of the amount of urinary HDL
(1.063 < d < 1.21) was recovered by ultracentrifuga-
tion at a density of 1.25, indicating the presence of
even smaller, very high density (VHDL) particles.
This agrees with the observation of Gherardi et al. (63)
that only half of the urinary lipids in PAN nephrosis
could be recovered by ultracentrifugation at a den-
sity of 1.21. These observations in the transgenic-
nephrotic rats support the view that free human apo
A-I forms small HDL particles, of about 5 nm in di-
ameter, as well as particles of the size of HDL; (7-9
nm). Size selectivity in relation to plasma levels deter-
mines the extent of urinary loss. Pre-3 HDL, which
appears to be due to small amounts of lipid bound to
only apo A-I, has been implicated as the first acceptor
of free cholesterol during efflux from cells (64). Ne-
phrotic rat plasma, however, does not appear to con-
tain large amounts of pre-g HDL.

Catabolic Defects in Lipoprotein
Metabolism: VLDL

Strong evidence has been obtained in several lab-
oratories for a clearance defect in VLDL, using ['*’I]-
labeled VLDL (34) or [*H]-glycerol labeling (65). In
the latter experiments, VLDL from the nephrotic rats
had a half-life when injected into normal rats which
was twice as long as that for VLDL from normal rats.
Furthermore, the in vitro rate of lipolysis of nephrotic
VLDL was half that for normal VLDL. Preincubation
of nephrotic VLDL with HDL from normal, but not
from nephrotic rats, significantly increased the in vitro
lipolysis rate. Since nephrotic HDL differs consider-
ably in apoprotein composition from that of normal rat
HDL, having much less apoE, apoA-1V, and the C
apoproteins, it is possible that the catabolic defect was
related to an abnormal apoprotein composition of ne-
phrotic VLDL, which was partially corrected by incu-
bation with normal rat HDL. However, no VLDL
apoprotein analysis before and after incubation with
HDL was reported. Since nascent hepatic VLDL from
nephrotic rats does not appear to be very different
from that of normal animals (27), it is hard to escape
the conclusion that the resistance to lipolysis of ma-
ture VLDL taken from nephrotic rat plasma, as well as
its decreased clearance in both nephrotic and normal
rats, is a consequence of decreased in vitro exposure
to lipoprotein lipase and hepatic lipase. This would
produce a series of intact and remnant VLDL particles
in which the conformation of the apoE was such that
there would be little clearance by the liver. Reduced
lipolysis would also prevent apoE from moving to
HDL., accounting for much of the decreased apoE in
nephrotic HDL. Another factor favoring decreased li-
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polysis is the partitioning of free fatty acids into
VLDL, related to the hypoalbuminemia, which en-
riches VLDL in fatty acids and could theoretically
slow the rate of lipolysis (34). Also, there may be
changes in the apoC-III/C-II ratio in the nephrotic
VLDL remnants, which ought to be further explored,
especially since transgenic mice overexpressing apoC-
III have very high triglyceride levels and have delayed
clearance of VDL (66).

Though there are some negative reports in the lit-
erature concerning reductions in heparin-releasable li-
poprotein lipase and hepatic lipase, most investigators
have found decreased levels. Furukawa et al. (65) did
not find significant decreases in either lipoprotein li-
pase or hepatic lipase at one time point (4 min) after
heparin injection, though Garber et al. (34) reported
50% decreases in lipoprotein and hepatic lipase activ-
ity both in plasma at 10 min after heparin and in hep-
arin-containing liver perfusates from PAN-nephrotic
rats. The control rats in this study were pair-fed,
which may partially explain the difference in results
between the two laboratories.

Why should the levels of lipoprotein lipase be de-
creased? One possible reason might be that protein
synthesis by peripheral tissues is decreased, owing to
the mobilization of amino acids to the liver as origi-
nally suggested by Marsh and Drabkin (16) and sup-
ported by the recent work of Kaysen et al. (67). Fur-
ther evidence for decreased lipolysis in vivo in ne-
phrosis has come from the work of Levy et al. (68),
who found both decreased VLDL and chylomicron
catabolism. Kaysen et al. (69) have reported that both
peripheral chylomicron catabolism and hepatic uptake
of chylomicron remnants was impaired in Heymann
nephrotic rats. They also found decreased heparin-
releasable lipoprotein and hepatic lipase activity. The
recent discovery of the VLDL receptor (70), which is
present in peripheral tissues such as adipose tissue and
muscle, but not in liver, represents another possible
pathway by which the triglycerides of chylomicrons
and VLDL can be made available to cells without the
necessity for extracellular lipolysis. If its expression
should prove to be low in nephrosis, it might explain
why Levy et al. (68) found decreased triglyceride up-
take by the heart in nephrotic rats even though they
could not demonstrate a decrease in lipoprotein lipase
in this tissue.

Catabolism of HDL

In contrast to the wealth of information about the
catabolism of apoB-containing lipoproteins in normal
animals and humans, relatively little is known about
the catabolism of the apoA-I—containing lipoproteins.
The residence time of apoA-I in plasma is relatively
long (expressed at a t,,, it is about 10 hr in the rat and
120 hr in humans). When labeled with ['**I]-tyramine-



cellobiose which stays in lysosomes, apoA-I is taken
up by many tissues and the kidney accounts for about
25% of its total catabolism (71). Though many cell
types show specific HDL binding, internalization and
degradation of the ligand is at least 10 times less than
that of the LDL family of receptors (72). A putative
HDL receptor has recently been described (73), but it
appears to function mainly in steroid-producing
tissues.

Increased synthesis and secretion of apoA-I and
HDL is the primary reason for the elevation of plasma
HDL levels in experimental nephrosis. Nevertheless,
the question can be asked whether or not HDL, or
apoA-I, catabolism is affected. In earlier work, Sparks
et al. reported a sharp decline in the fractional cata-
bolic rate of HDL (74), or of apoA-I (75), in PAN
nephrosis. It was postulated that apoA-I catabolism
was near its maximum in normal animals and that even
small increases in synthesis would expand the plasma
pool of HDL. Kaysen et al. (71) have reexamined this
question in both Heymann nephritic and adriamycin
nephrotic rats and confirmed the decrease in FCR.
Their nephrotic rats had plasma levels of apoA-I av-
eraging 1.3 mg apoA-I/ml (vs 0.46 mg/ml in controls)
and in these rats they studied apoA-I kinetics after the
injection of radiolabeled apoA-I incorporated into
HDL. They estimated a synthesis rate for A-I of 2.2
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Figure 1. Sequence of events leading to the hyperlipidemia of
experimental nephrosis.

times normal and a 33% decline in the FCR in the
nephrotic rats and calculated that about 75% of the
increase in plasma apo A-I concentration was due to
increased synthesis. The decreased FCR contributed
the remainder. In this study, by using ['*°I]-tyramine
cellobiose-apo A-I, the marker for tissue catabolic
sites, they estimated that the kidney and the urine ac-
counted for no more than one-fourth of the label. The
decreased renal catabolism of apoA-I in the nephrotic
rats was balanced by the urinary loss (presumably in
HDL), and the urinary loss of apoA-I accounted for
only 10% of the total apoA-l disappearance from
plasma.

The question is, what accounts for the decreased
FCR? The experiments quoted above provide no clue.
Indeed, if dissociation of apoA-I from HDL and sub-
sequent filtration at the glomerulus accounts for the
25% of catabolism attributable to the kidney, the
added urinary loss of HDL in nephrosis would predict
an increase, not a decrease, in FCR and as we have
just seen, no change in renal catabolism has been
found. Our original view that catabolic sites may be
close to saturation at normal levels of HDL may still
hold. Perhaps HDL or apo A-I binding proteins are
downregulated by HDL in nephrosis.

HDL in Experimental Nephrosis and the
Nephrotic Syndrome in Humans

The most striking difference between the nephrot-
ic syndrome in humans and experimental nephrosis in
rats is that humans do not show high plasma levels of
HDL. Rat HDL is mainly HDL, (9-12 nm in diameter)
whereas human HDL is mainly HDL; (5-9 nm). It is
possible that the difference in size allows more HDIL,
to be excreted in the urine in humans. But if renal
losses in humans account for only a small fraction of
HDL turnover as appears to be the case in rats, this
simple explanation may be incorrect. If humans do not
increase apoA-I synthesis to the same extent as rats,
then urinary loss of HDL; could be critical even
though most of the A-I catabolism may be extrarenal.
Though our work with the human apoA-I transgenic
rats shows that the human apoA-I gene has the ele-
ments necessary to respond to the stimulus of protein-
uria, the magnitude of the stimulus might be much
less. There has been one report (76) of an increased
FCR for apoA-I in two cases of human nephrotic syn-
drome, so that humans may not show the decreased
FCR seen in the rat. Humans have a plasma neutral
lipid transfer protein (cholesteryl ester transfer pro-
tein, or CETP) which is absent in rats. CETP can
transfer cholesteryl esters in HDL, to VLDL in ex-
change for triglyceride, thereby ensuring that the
smaller HDL; molecules dominate, assuming that li-
pase rapidly hydrolyzes much of the triglyceride in the
HDL. CETP levels are elevated in the nephrotic syn-
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drome (77). If, then, HDL, particles are preferentially
lost in the urine, and if the stimulus to apoA-I produc-
tion is not as great in humans as it is in rats, the urinary
loss of HDL; could explain the normal HDL levels in
human nephrosis. If dissociation of A-I from HDL ac-
counts for its catabolism, at least in the kidney, the
smaller size of human HDL; would be important since
dissociation from the smaller particles with a higher
surface curvature is favored (78).

Figure 1 presents a concept of the sequence of

events affecting lipoprotein metabolism in experimen-
tal nephrosis.
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