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Proteinuria, hypoalbuminemia, edema, and hyperli- 
pemia are the main features of the nephrotic syndrome. 
The proteinuria, which leads to the other characteristics 
of the syndrome, is caused by increased permeability of 
the glomerular capillary to plasma proteins. The glo- 
merular filtration apparatus is a complex barrier formed 
by the surface glycoproteins of endothelial and epithelial 
cells which enclose the glomerular basement membrane 
(1). Damage to the filtration apparatus occurs in several 
human diseases, such as disseminated lupus erythema- 
tosus, interstitial glomerulosclerosis (seen in diabetes), 
idiopathic lipoid nephrosis, and others (2). It can also 
be produced experimentally by the intravenous injection 
of heterologous and homologous antibodies to glomer- 
ular glycoprotein antigens (3) or by administration of 
puromycin aminonucleoside (PAN) (4). The glomerular 
filtration apparatus is ordinarily more permeable to 
uncharged macromolecules than it is to proteins of the 
same size carrying a negative charge at pH 7.4. The 
loss of this charge selectivity, as well as the change in 
the size-selective barrier, is responsible for the proteinuria 
in nephrosis (5). Because it is much smaller than most 
plasma globulins, and because it comprises more than 
half of the total plasma proteins, plasma albumin is the 
main urinary protein found in nephrosis. 

The hyperlipemia in the rat is a reflection of a 4- to 
8-fold increase in the plasma concentration of all of the 
lipoprotein density classes (6). With the exception of 
HDLs , all of the other plasma lipoproteins are too large 
to escape the damaged glomerular capillary. Human 
HDL,, with an average diameter of about 70 A is found 
in the urine of patients with nephrotic syndrome in 
appreciable amounts, so that human subjects with ne- 
phrosis may have normal plasma levels of HDL as a 
result of increased synthesis (7). In rats, however, most 
of the HDL is HDL2 with a diameter of about 110 A 
and its urinary loss is only 1.8 mg of cholesterol, or 
10% of the plasma HDL cholesterol pool, per day (8). 

Gherardi and co-workers (9) reported that in a group 
of seven children averaging 10 yr of age, and total 
serum cholesterols of about 580 mg/dl, the plasma 
concentrations of VLDL, IDL (1.006 < d < 1.019 

g/ml), and LDL were, respectively, 6.3, 5.3, and 3.0 
times normal. In contrast, HDL2 and HDLs were 0.6 
and 0.8 of normal. There were changes in lipid com- 
position in all density fractions; perhaps the most striking 
changes were in the d < 1.063 g/ml fractions where 
the phospholipid and esterified cholesterol were increased 
and the free cholesterol and protein were decreased. In 
VLDL, cholesteryl esters tended to replace triglyceride. 
In nephrotic rats, similar but less striking changes have 
been observed (6, IO). As we shall point out later on, 
these changes in lipid composition may be related to a 
decreased lipoprotein lipase and hepatic lipase activity. 

At about the time the Journal of Lipid Research was 
born, David L. Drabkin and I put forth the hypothesis 
(1 1) that the hyperlipemia of the nephrotic syndrome 
was due to hepatic overproduction of plasma lipoproteins, 
which were too large to be lost readily in the urine. 
The evidence in support of hepatic overproduction of 
lipoproteins was obtained in the isolated perfused rat 
liver (11). Studies by Radding and Steinberg (12) with 
liver slices reached the same conclusion. The increased 
synthesis of the protein moiety drives the hepatocyte to 
increase de novo lipid synthesis. Increased hepatic syn- 
thesis of total fatty acids, cholesterol, and triglycerides 
(13, 14) has been reported, but not phospholipids (15). 

In collaboration with Dr. Charles E. Sparks, we have 
confirmed the findings of increased hepatic synthesis of 
lipoproteins in nephrosis and extended them to include 
the individual apolipoproteins (16). Table 1 summarizes 
these results and compares them to those obtained two 
decades earlier with a different method of induction of 
nephrosis (anti-kidney serum) and a different method- 
ology. Perhaps the theory of cancelling errors applies, 
but it is nevertheless gratifying to note the agreement 
between the two studies. The studies shown in Table 1, 
and similar observations reported by Calandra et al. 
(1 7), point to a far greater percentage increase in apoA- 
I synthesis by nephrotic liver than for the other apoli- 

Abbreviations: AKS, anti-kidney serum; PAN, puromycin amine 
nucleoside; VLDL, IDL, LDL, and HDL, very low, intermediate, 
low, and high density lipoproteins, respectively. 
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TABLE 1. Lipoprotein and apolipoprotein secretion by perfused liver of normal control (C) and nephrotic rats (N) 

Lipoprotein Output, pg Protein per g Liver per hr 

Total Protein ApoA-I ApoB ApoC ApoE 

Ref. Conditions of Study C N C N C N C N C N 

1 1  AKS nephrosis, 108 230 
immunoprecipitin 
measurement (1 960) 

ultracentrifugal isolation, 
16 PAN nephrosis, 92 172 3 25 18 41 37 38 35 69 

SDS-PAGE ( 1  979) 

poproteins. Ordinarily, the rat liver is responsible for 
less than half of the total synthesis of apoA-I per day, 
the remainder coming from the intestine (18). The 
question, however, is why is there an increase in synthesis 
of any apolipoproteins? No answer has been given to 
this question, though of course there has been specula- 
tion. The liver appears to be responding to a general 
signal to increase the synthesis of all of the plasma 
proteins, especially albumin (1 1). What is the putative 
Sensor responding to-decreased plasma oncotic pressure 
resulting from the hypoalbuminemia, or some change 
in plasma viscosity as suggested by Yedgar et al. (19)? Is 
some plasma substance that normally inhibits hepatic 
protein synthesis lost in the urine? The across-the-board 
nature of the hepatic response naturally suggests a 
hormonal effect, possibly originating in the hypothala- 
mus. In nephrosis produced by anti-kidney Serum (AKS), 
there is a precisely timed hyperplasia of the hepatocytes 
which begins 18 hr after AKS treatment and results in 
about a 30% increase in liver weight (20). This hyper- 
trophy is not seen after PAN' possibly because the 
active metabolites of the compound are inhibitors of 
RNA synthesis (2 1). Nevertheless, increased hepatic 
plasma protein synthesis occurs in nephrosis, regardless 
of how it is induced. In plasmapheresis, where plasma 
proteins but not red cells are simply removed after 
bleeding, hyperlipemia and increased lipoprotein syn- 
thesis also occurs (22). This observation strengthens the 
conclusion that it is the loss of some plasma constituent, 
rather than something related to glomerular damage 
per se, which is involved. The fact that apolipoprotein 
synthesis is not increased to the same extent for each 
apolipoprotein suggests that feedback regulatory mech- 
anisms exist which are superimposed on the overall 
stimulation of hepatic synthesis of secretory proteins. 

The demand for plasma protein synthesis by the liver 
results in amino acid mobilization from muscle and 

' No significant differences in the liver weight as a percentage of 
body weight were found in a series of 32 rats rendered nephrotic 
with PAN, as compared with controls, in the author's laboratory. 

possibly other tissues as well. Consequently, the free 
amino acid concentration in muscle and plasma is low 
(23) and the animal is in negative nitrogen balance. 
This is not surprising considering the fact that a ne- 
phrotic rat can lose as much albumin in the urine per 
day as its normal total plasma pool (24). When precise 
measurements were made, it tumed out that the animal's 
dietary intake of protein could compensate for urinary 
losses were it not for the fact that urea production was 
not appreciably reduced (2 1). 

Returning to the problem of nephrotic hyperlipemia, 
while our laboratory was busy polishing the hepatic 
overproduction model, turnover studies in human ne- 
phrosis were conducted by Gitlin and co-workers (25) 
which concluded that the conversion of Sf 10-200 
lipoproteins (VLDL) to Sf 3-9 (LDL) was impaired. 
These pioneering studies were among the very first in 
which radioiodinated plasma proteins were used to 
measure metabolic rates in the steady state. Delayed 
triglyceride clearance from plasma has also been re- 
ported (26). 

A few years ago, our laboratory began a series of 
investigations designed to explore further the question 
of why a decreased fractional catabolic rate should exist 
for any of the lipoprotein classes. We began with a 
study of HDL catabolism. As shown in Table 2, nephrotic 
rat HDL (1.063 < d < 1.21 g/ml) is abnormal, having 
very little apoE or apoA-IV and a reduced amount of 
apoC. We carried out a crossover study in which labeled 

TABLE 2. Apolipoprotein composition of plasma HDL from 
control and nephrotic rats" 

~~ 

Apoprotein Control Nephrotic 

prrrrirl o j  told npoprotriil 

A-I 45 -+ 2.50 75 -+ 1.12 
1.0 f 0.49 A-IV 

C 32 & 1.03 21 -+ 0.87 
E 13 f 1.02 1.0 f 0.61 

11 t 0.80 

" From the data in ref. 6. The values shown are means f SEM and 
there were 16 control and 10 nephrotic rats used in the study. 
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TABLE 3. Fractional catabolic rate of normal and nephrotic lP51-HDL in normal rat9 

Fractional Catabolic Rate of Apolipoprotcin 

Type of 'PsI-HDL apoHDL apoA-I apoA-IV apoE apoc 

Normal 0.098 0.098 0.108 0.098 0.105 
Nephrotic 0.098 0.099 0.106 0.074 0.105 

* From the data in ref. 28. In nephrotic rats, the fractional catabolic rate of normal HDL 
was 0.053. The values shown are the means of four experiments. 

HDL from either normal or nephrotic rats was injected 
into both normal and nephrotic rats (27). The main 
conclusion from this study was that the catabolism of 
labeled HDL in rat plasma was not related to its content 
of apoA-IV, apoE, or apoC since normal or nephrotic 
HDL had the same residence time in normal rats. A 
summary of these data is given in Table 3. From these 
results, it is likely that apoA-I determines the rate of 
catabolism of the other apoproteins of the particle. The 
observations also suggest that the apoE-rich HDL species, 
which can be separated from the HDL mixture by 
heparin-Sepharose chromatography (28), must behave 
in a fashion quite different from'apoE-rich VLDL or 
chylomicron remnants, which are rapidly metabolized. 
Severely nephrotic rats were found to have plasma 
apoA-I concentrations 7-times normal but the absolute 
catabolic rate increased only 2.7-fold (29). There was a 
direct relationship between the plasma HDL concentra- 
tion and the biological half-life: that is, the higher the 
plasma level, the longer the tIl2. The implication is 
that, if there are receptors for HDL uptake and degra- 
dation, as work from several laboratories has indicated 
(30-32), they are saturated at plasma levels of HDL 
that are not very much higher than normal. Thus, 
increased hepatic synthesis of HDL begins to expand 
the pool size and there may be no compensatory increase 
in the number of catabolic receptors. The HDL lost in 
the urine probably increases as the plasma concentration 
rises. HDL is altered during passage through the tubules 
(33) and work from Steinberg's laboratory suggests that 
the kidney may be an important organ for apoA-I 
catabolism (34). 

The catabolism of VLDL in nephrotic rats was also 
examined after injecting '*'I-labeled VLDL. All of the 
results pointed to a decrease in the rate of catabolism. 
There was very little decrease in the amount of labeled 
apoB remaining in the plasma, especially in the case of 
apoBL (E-48) which is present in large amounts in rat 
VLDL and which has a higher catabolic rate than apoBH 
(B-100) in normal rats (35, 36). In addition, Garber et 
al. (37) found decreased levels of heparin-releasable 
lipoprotein lipase and hepatic lipase. The decreased 
hepatic lipase activity, in particular, would be expected 
to result in an increased phospholipid content of the 

circulating lipoproteins, since this enzyme has a consid- 
erable phospholipase activity. Such increases in phospho- 
lipids have been reported in human and rat nephrotic 
plasma, though the degree of change was modest, av- 
eraging 10% for all lipid classes in humans (9) and 12- 
14% in rats (6, IO). An important piece of evidence 
pointing to decreased intravascular VLDL catabolism in 
nephrosis was the fact that the abnormal apoprotein 
composition of HDL could be explained on this basis, 
since much of the apoE in HDL arises from VLDL 
catabolism (38). Other possible explanations for de- 
creased VLDL catabolism, apart from low lipase levels, 
include the urinary loss of a lipoprotein lipase activator 
such as that described by Kashyap et al. (39) or by 
Staprans et al. (40). At present, it is difficult to evaluate 
these observations. ApoC-11, the accepted co-factor for 
lipoprotein lipase, is abundantly present in nephrotic rat 
plasma (6, 10, 41). Albumin itself when injected intra- 
venously does not correct the catabolic defect.* Further 
work needs to be done to explore the possible saturation 
of VLDL remnant receptors in nephrosis. Increased 
hepatic synthesis of VLDL rapidly raises the plasma 
concentration, and if there were no increase in remnant 
receptors, there would be a decreased fractional catabolic 
rate even if lipase levels were normal. The reason for 
the low lipase levels is not apparent. It is not due to 
decreased dietary caloric intake, since pair-feeding did 
not eliminate the difference between nephrotics and 
controls (37). It is possible that amino acid mobilization 
from peripheral tissues, and utilization of amino acids 
for albumin synthesis by the liver, accounts for low 
tissue enzyme levels simply because of low concentrations 
of free amino acids, but there is no evidence for this at 
present. It is more likely that changes in hormones 
controlling tissue synthesis and degradation of intracel- 
lular enzymes occur. For example, circulating insulin 
levels have been reported to be low in nephrotic rats 
(42). The nephrotic syndrome, then, is characterized by 
hepatic overproduction of plasma lipoproteins unaccom- 
panied by comparably increased catabolism. In fact, 

'Unpublished experiments of D. W. Garber in the author's 
laboratory. 
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catabolism of triglyceride-rich lipoproteins not lost in 
the urine is actually decreased. The result is extreme 
hyperlipemia. There is evidence that this is accompanied 
by an increased severity of atherosclerosis (43). Certainly 
the risk must be greatly increased in humans since LDL 
levels are high and HDL levels are normal or low. 
Fortunately, steroid therapy of the nephrotic syndrome 
in humans has reduced the exposure time of individuals 
to such high plasma lipoprotein levels. 

The fundamental mechanisms by which the liver is 
encouraged to increase its synthesis of plasma lipoproteins 
remain unknown. It would seem that we have a long 
way to go before we understand the metabolic events 
in the nephrotic syndrome. For example, only a brief 
report of an increased level of mRNA for apoA-I in 
nephrotic liver has so far appeared (44). 1 am confident 
that further explorations will lead not only to progress 
in understanding nephrosis, but in understanding the 
regulation of plasma lipoprotein synthesis in the physi- 
ological setting.8 
Much of the work described in this review was supported by 
grants from the NIH, the more recent work by grant HL- 
22633 and by the W. W. Smith Charitable Trust. 
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