
ABSTRACT: Dyslipoproteinemia of the Nagase analbuminemic
rat (NAR) is characterized by elevated concentrations of VLDL
and LDL attributed to increased rates of liver lipoprotein synthe-
sis. Increased lysophosphatidylcholine (LPC) in NAR HDL has
been attributed to high plasma LCAT activity. We show here that,
as compared with Sprague-Dawley rats (SDR), NAR plasma tri-
acylglycerol (TAG), total cholesterol (TC), HDL TAG, protein,
total phospholipids (PL), LPC, and PS are increased. These alter-
ations rendered the NAR HDL particle more susceptible to the
activity of the enzyme hepatic lipoprotein lipase (HL), which oth-
erwise was unaltered in our study. Fractional catabolic rates in
blood of the autologous 125I-apoHDL (median and lower quartile
values), were, respectively, 0.231 and 1.645 (n = 10) in NAR as
compared with 0.140 and 0.109 (n = 10) in SDR (P = 0.012), cor-
responding to synthesis rates of HDL protein of 89.8 ± 33.7 mg/d
in NAR and 17.4 ± 6.5 mg/d in SDR (P = 0.0122). Furthermore,
Swiss mouse macrophage free-cholesterol (FC) efflux rates, mea-
sured as the percent [14C]-cholesterol efflux/6 h, were 8.2 ± 2.3
(n = 9) in NAR HDL and 11.2 ± 3.2 (n = 10) in SDR HDL (P =
0.03). Therefore, in NAR the modification of the HDL composi-
tion slows down the cell FC efflux rate, and together with the in-
creased rate of plasma HDL metabolism influences the reverse
cholesterol transport system.
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Hypoalbuminemia, proteinuria, hypercoagulability, edema, and
dyslipoproteinemia that includes alterations of HDL composi-
tion and metabolism are common features of nephrotic syn-
drome (NS) (1). Understanding the mechanisms involved in
this hyperlipidemia is critical to explain the increased cardio-
vascular risk in NS (2,3). Nephrotic syndrome animal models

and the Nagase analbuminemic rat (NAR) share several alter-
ations in the metabolism of lipoproteins (4). 

From a stock of Sprague-Dawley rats (SDR), Nagase et al.
(5) produced a strain of hyperlipidemic rats, NAR, completely
deficient in serum albumin. The serum albumin deficiency is
inherited as an autosomal recessive trait. Similar to NS, NAR
hyperlipidemia has been characterized by increased total cho-
lesterol (TC), TAG, free FA (FFA), and phospholipid (PL)
plasma concentrations. Plasma apolipoproteins (apo) A-I, B,
and E, as well as HDL lysophosphatidylcholine (LPC) are also
significantly increased in NAR (6,7).

NAR total serum protein concentration is normal (5) but the
plasma oncotic pressure is reduced (8). Although the relation-
ship between low oncotic pressure and hyperlipidemia is not
completely understood, previous studies have shown increased
plasma TAG and VLDL synthesis rates in NAR that explain
the pathogenesis of hyperlipidemia in NS (9,10). 

In analbuminemia, substantial amounts of FFA and LPC
(6,7) are bound to lipoprotein (LP) fractions, whereas in nor-
mal animals albumin is the main carrier of these components
(11,12). Higher LPC concentration in NAR erythrocytes is nor-
malized after albumin addition to blood (13), and monolayer
cell permeability of human coronary artery endothelial cells is
increased in a time- and dose dependent manner with LPC
treatments (14). Furthermore, albumin protects endothelium-
dependent relaxation against the inhibitory effect of LPC (15)
and reduces LPC uptake by cultured endothelial cells (16).
Thus, the role of albumin as a reservoir for LPC may be impor-
tant to maintain the integrity of the monolayer endothelial cell.
Injury or dysfunction of the monolayer endothelial cell is con-
sidered one of the critical events in the development of athero-
sclerosis (14). 

Although rats are not suitable models for studies of athero-
sclerosis (17), NAR and human analbuminemia (5) are useful
tools for understanding whether alterations in the metabolism
of HDL play a role in the regulation of the body cholesterol
homeostasis that may explain the mechanisms of premature
atherosclerosis in humans. Thus, the current study aims at in-
vestigating whether the anti-atherogenic role of HDL is im-
paired by modifications of the HDL composition due to alter-
ations of HDL metabolism in NAR.
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EXPERIMENTAL PROCEDURES

Animals. Breeding NAR and SDR colonies were kindly sup-
plied by Professors Roberto Zatz and Clarice K Fujihara (Renal
Division of University of São Paulo Medical School). Animals
were raised and fed ad libitum a pelleted commercial chow
(Nuvilab-Nuvital, São Paulo, Brazil) in conventional housing
at 22 ± 2°C with a light-dark cycle of 12 h. Animal experiments
were performed in accordance with protocols approved by the
Institutional Animal Care and Research Advisory Committee
(nos. 582/01 and 029/02). In order to avoid the interference of
chylomicron TAG on plasma total measurements, all experi-
ments were carried out in the morning after a 12-h overnight
fasting period. Under ketamine (60 mg/kg body weight, i.p.)
and xylazine (10 mg/kg body weight, i.p.) anesthesia, the right
carotid and abdominal aorta arteries of 3-mon-old male NAR
and SDR were cannulated with indwelling polyethylene
catheters PE-50 and PE-100 (Intramedic, Clay Adams, Parsip-
pany, NJ), respectively, previously rinsed with liquid silicon
(Silicone Prontosil, Rio de Janeiro, Brazil). The right carotid
artery isolation was carried out by a small incision in the ven-
tral median line of the neck, and the abdominal aorta artery was
cannulated after a median abdominal laparotomy. All experi-
ments started after the animals had completely recovered from
surgery. At the end of metabolic studies rats were sacrificed in
a CO2 chamber.

Isolation and labeling of HDL. Blood was drawn over hep-
arin (20 IU, 5µL) by exsanguination from the rat abdominal
aorta (NAR, n = 12; SDR, n = 9). HDL (d = 1.063–1.21 g/mL)
was separated from plasma by sequential ultracentrifugation
(L-80 ultracentrifuge, Beckman Instruments, Palo Alto, CA) in
a 50Ti rotor after spinning at d > 1.21 g/mL, 200 000 × g, for
40 h at 4°C as previously described (18). HDL purification was
performed by discontinuous gradient ultracentrifugation (19)
utilizing an SW 41 rotor spinning at 200 000 × g for 24 h at
4°C. LP was dialyzed against EDTA-PBS. The protein content
was determined according to Lowry et al. (20). HDL LPC,
sphingomyelin (SM), PC, PS, and PE fractions were separated
by TLC (21) and measured by the modified micro-procedure
of Bartlett (22). TC and TAG were determined using commer-
cially available kits (Roche Diagnostics, Mannheim, Ger-
many). Fresh NAR (n = 12) or SDR (n = 9) HDL (500 µL) was
incubated with 17 µl of L-dipalmitoyl [choline-methyl-14C] PC
(14C-PC) (Dupont-New England Nuclear, Boston, MA) and
their respective infranatants (3 mL; d > 1.21 g/mL) in a shak-
ing water bath for 18 h at 37°C (23). The purity of the isotope
was checked by silica gel TLC and shown to be higher than
98%. NAR and SDR 14C-PC-HDL were then re-isolated by se-
quential ultracentrifugation as described above.

Hepatic post-heparin plasma lipolytic activity. Four minutes
after intra-carotid heparin injection (100 IU/kg body weight),
NAR (n = 3) and SDR (n = 3) post-heparin plasma lipases were
obtained from the abdominal aorta. This time was selected based
upon the time-course of appearance of lipolytic activities (24),
and the hepatic lipase (HL) activity was determined after inhibi-
tion of the peripheral lipoprotein lipase activity as previously de-

scribed (25). Nonetheless, the measurement of HL at a single
time point does not reflect the HDL TAG hydrolysis rate over
time. Briefly, NAR and SDR HDL were incubated with Tris-HCl
(2 M NaCl, pH 8.0; Sigma Chemical Co., St Louis, MO) using
autologous and heterologous post-heparin plasma in a shaking
bath for 1 h at 37°C. Folch (3 mL chloroform/methanol, 2:1,
vol/vol; E. Merck, Darmstadt, Germany) was added to the sam-
ples at the end of incubation. Following an overnight period at
4°C, the infranatant was then evaporated under N2 flow. After
separation by TLC, radioactivity counts in PC and LPC bands
were determined in a beta scintillation counter (LS 6000-TA8,
Beckman Instruments). HL activity was estimated as the percent-
age conversion of PC to LPC.

Iodination and kinetics of HDL. After dialysis, NAR HDL
(3.69 mg/dL) and SDR HDL (1.61 mg/dL) protein pools were
iodinated with iodine monochloride (Sigma Chemical Co.) and
sodium iodide I-125 (Na-125I) (MDS Nordion, Kanata, On-
tario, Canada) (26). Radioactive HDL (125I-apoHDL) pools
were exhaustively dialyzed against PBS (pH 7.4), and an
aliquot precipitated by TCA (E. Merck). More than 95% of
125I-apoHDL was precipitated by TCA.

Four days before as well as during the 125I-apoHDL kinetic
study, animals had free access to drinking water containing
potassium iodide and iodine (1.5 mg in each 500 mL) to avoid
125I uptake by the thyroid. Before and after the experiment,
blood samples (70 µL) were drawn for hematocrit, TAG, and
TC measurements. Blood samples (100 µL) were sequentially
drawn from the tail vein over a period of 48 h (at 3 min, 10 min,
6 h, 10 h, 24 h, 32 h, and 48 h) after an intra-carotid autologous
infusion of NAR or of SDR 125I-apoHDL. For this purpose rats
were lightly restrained but not anesthetized. Radioactivity was
measured in 40-µL plasma aliquots in a gamma counter (Cobra
Model, Packard Instruments, Meriden, CT). Rats were nor-
mally fed 3 h after the 125I-apoHDL infusion. Plasma 125I-apo-
HDL clearance curves were analyzed as the fractional catabolic
rate (FCR), according to a compartmental analysis of the
plasma protein radioactivity vs. time. The system is based on a
two-pool model that assumes the existence of an intravascular
pool in dynamic equilibrium with an extravascular pool and
that new input or exit of radiolabeled HDL occurs from the in-
travascular pool only (27). FCR values were derived directly
from the kinetic model as the clearance rate from the intravas-
cular pool. Biexponential 125I-apoHDL decay curves for rats
were individually modeled using a modified SAAM (simula-
tion, analysis, and modeling) program, Compartmental Analy-
sis Program (Institute of Nuclear Research IPEN, São Paulo,
Brazil) (28) as summarized in Figure 1. 

Cellular cholesterol efflux. Swiss mouse macrophages were
harvested from peritoneal cavity in sterile PBS (0.8% NaCl,
0.006% Na2HPO4, 0.02% KCl, and 0.04% KH2PO4), with
added penicillin (100 U/mL), streptomycin (100 U/mL), and
fungizone (2.5 µg/mL) (Gibco BRL, Life Technologies,
Rockville, MD). Pelleted cells after centrifugation at 90 × g for 2
min, at 4°C were suspended in the tissue culture medium (RPMI
1640; Gibco BRL, Life Technologies) including 10% FBS
(Gibco BRL, Life Technologies), attaining final concentration of
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1.5 × 106 cells/well. Cell solution were dispersed into 24-well
plastic dishes and kept in a humidified incubator with a 5% CO2
atmosphere at 37°C, for 24 h. Adherent cells were washed twice
in PBS containing antibiotics and 0.1% FA-free albumin
(FAFA; Sigma Chemical Co.). Macrophage cholesterol loading
was carried out on 24-h incubation in Dulbecco’s modified
Eagle`s medium (DMEM; Gibco BRL, Life Technologies) con-
taining 0.1% FAFA, 0.5 µCi/mL [4-14C]-free cholesterol ([4-
14C]-FC; Dupont-New England Nuclear), and acetylated LDL
(50 µg of protein/mL). The purity of the isotope was checked
by silica gel TLC and shown to be higher than 98%. Cellular
cholesterol pools were equilibrated for 24 h in DMEM/FAFA
prior to the incubation with HDL. Cholesterol-enriched cells
were next washed twice in PBS-FAFA, and thereafter incubated
with NAR and SDR HDL (100 µg of HDL protein/mL) for 6 h.
Control incubations were done with DMEM/FAFA only. The
medium was drawn into tubes and centrifuged at 125 × g for 10
min to remove cell debris, and the radioactivity was measured
in a beta scintillation counter. Cells were rinsed twice with cold
PBS/FAFA and twice with cold PBS and extracted with hex-
ane/isopropanol (3:2, vol/vol) (E. Merck). Solvent was evapo-
rated and radioactivity measured. The percentage of 14C-FC ef-
flux was calculated as (14C-FC in the medium/14C-FC in cells
plus medium) × 100. The difference between the efflux elicited
by HDL plus albumin and that by the albumin-enriched media
expresses the HDL-mediated efflux. Protein measurement was
done after cell lysis in 0.2 N NaOH (29,30).

Statistical analyses. Data were expressed as mean ± SD.
The student’s t-test was used for statistical comparison of the
data, except in the study of 125I-apoHDL kinetics, where the
Mann-Whitney rank sum test was used and data expressed as
median and lower quartile. Data evaluation was calculated
using GraphPad Prism version 2.01 (GraphPad Software Inc.,
San Diego, CA). Results of the statistical tests were considered
significant at the 95% confidence level (P < 0.05).

RESULTS

Similarity of body weight was attained in both experimental
groups; however, plasma TAG and TC (Table 1) as well as
HDL TAG, TC, PL, and protein concentrations were higher in
NAR than in SDR. HDL LPC and PS concentrations were also
higher in NAR, but HDL SM, PC, and PE concentrations did
not differ between the two groups (Table 2).

We have investigated whether the differences in the HDL
composition could be ascribed to differences in post-heparin li-
pase activity. SDR and NAR HDL particles labeled with L-di-
palmitoyl [choline-methyl-14C] were incubated with plasma
containing HL according to several combinations possible. In
autologous as well as in heterologous incubations HDL-PL hy-
drolysis in vitro was significantly higher when NAR HDL was
used as substrate (Table 3). The higher PL hydrolysis of NAR
HDL was solely attributed to alteration of the HDL composi-
tion and not to differences in intrinsic HL activities between
NAR and SDR.

Autologous 125I-apoHDL was infused intra-arterially to fur-
ther explore whether altered NAR HDL composition brings on
modifications in the kinetics of HDL. Total plasma HDL from
pools of donor NAR and SDR were labeled with 125I and pulse-
infused into the carotid of NAR and SDR rats. Thereafter, ra-
dioactivity was measured over the course of 48 h and expressed
per mL of plasma. Data derived from the FCR curves ex-
pressed as median and lower quartile were, respectively, 0.231
and 1.645 (n = 10) in NAR, as compared with 0.140 and 0.109
(n = 10) in SDR (P = 0.012), indicating a faster rate of HDL
metabolism in NAR that can only be explained by a higher
HDL synthesis rate in this animal (Fig. 2).

As HDL is the main LP fraction involved in the reverse cho-
lesterol transport system, that is, in the FC removal mechanism
from extra-hepatic tissues and its transport to the liver, it was
then investigated whether the HDL-mediated cell cholesterol ef-
flux of [14C]-cholesterol enriched macrophages from donor mice
was altered in the presence of HDL drawn from NAR. Indeed,
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FIG. 1. Schematic model of the HDL kinetics. The model consists of
two compartments, or pools, the intravascular and the extravascular
compartments. It is assumed that the compartments are in dynamic
equilibrium. The ki,j (min−1) values represent the transfer rate of HDL
among the compartments. The constants ki,j are associated with the half-
life time (min) according to t1/2 = 0.693/ki,j. In addition, the same quan-
tity of synthesized HDL (mg/time) that is introduced in compartment 1
is removed from the system; thus, synthesis rate of HDL can be esti-
mated using the following formula: HDL synthesis (mg/d) = plasma HDL
(mg/mL) × plasma volume (mL) x FCR (h−1) × 24 h/d. This model also
assumes that 125I-HDL is injected instantaneously in the intravascular
compartment (arrow with asterisk). From compartment 1 a fraction k1,2
of HDL is transferred to compartment 2 at each time unit. On the other
hand, a fraction k2,1 of HDL contained in the extravascular compart-
ment returns to the intravascular compartment in each time unit. The
tracer sampling was made in compartment 1 (line with a triangle).

TABLE 1 
Characteristics of NAR and SDR Used in This Study 

NAR SDR
(n = 40) (n = 30)

Body weight (g) 377 ± 26 386 ± 33
Plasma TAG (mg/dL) 116 ± 32a 56 ± 18a

Plasma TC (mg/dL) 141 ± 30a 73 ± 14a

Data are expressed as mean ± SD. 
aP < 0.0001, NAR vs. SDR, statistical comparison by student's t test.



the percent [14C]-cholesterol macrophage efflux was 8.2 ± 2.3 (n
= 9) utilizing NAR HDL and 11.2 ± 3.2 (n = 10) utilizing SDR
HDL, a difference significant at P = 0.03.

DISCUSSION

Albumin plays an important role on the transport of FFA,
bilirubin, ions, heavy metals, drugs, hormones, enzymes, and
bile acids (31–33). NAR are characterized by analbuminemia,
hypercholesterolemia, hypertriacylglycerolemia, and high
plasma PL levels (5). These are also characteristics of human
analbuminemia (1,2). In addition, several of these features are
present in the hypoalbuminemia of NS. The absence of albu-
min presents potential problems regarding plasma FFA and
LPC transport. For instance, LPC and FFA are mainly bound
to LP and not to albumin in NAR plasma (7). 

The two- to threefold elevated LPC concentration in NAR
HDL can be explained by synergistic processes. A faster rate
of HDL catabolism in NAR reflects an increased production of
HDL, and, consequently, a greater HDL particle number expo-
sure to the action of the HL, which otherwise is normal in these
animals. Although Kaysen et al. (34) had reported a reduced

apo-AI fractional catabolic rate in NAR, their apo-AI kinetics
had been carried out utilizing apo-AI HDL drawn from normal
SDR, and not from NAR. The enhanced conversion of PC to
LPC (35) should be accounted for by the HL-induced modifi-
cation of the LP. In this regard, the HL activity provides the
major (~55%) route for PC removal from plasma, which is con-
sistent with the elevated plasma PC concentration observed in
humans with HL deficiency (36). The faster plasma clearance
of 125I-apoHDL in NAR compared with SDR reflects an in-
creased synthesis rate and plasma HDL concentration simulta-
neous with an elevated concentration of NAR HDL TAG, PL,
and apo-AI. The latter is likely the outcome of the metabolism
of TAG-rich particles; a previous study from our laboratory has
shown faster plasma TAG and VLDL synthesis rates in NAR
than in SDR (10). Our data are compatible with an increased
rate of hepatic cholesterol synthesis in NAR as reported by oth-
ers (37,38). 

Hepatic scavenger receptor B type I (SR-BI) protein is not
altered in NAR (38). SR-BI internalizes HDL cholesteryl ester
but little HDL protein. Thus, the faster turnover rate of HDL
protein means that specific receptors, such as kidney cubilin
and megalin, must be involved in HDL protein metabolism in
NAR (39). 

The higher rate of LCAT activity in NAR (7) prevents the
concentration of HDL PC from further rising. In other words, an
elevated concentration of PC must have occurred early on due to
the increased HDL production rate. On the other hand, the higher
HDL PS concentration in NAR may have rendered the HDL par-
ticle more susceptible to the action of HL, as previously reported
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TABLE 2 
HDL Composition in TAG, TC, Protein, Total PL, and Phospholipid
Fractions in NAR and in SDR 

NAR SDR
(n = 8) (n = 7)

mg/dL
HDL-TAG 3.94 ± 0.78 2.30 ± 0.41a

HDL-TC 99 ± 28 55 ± 7a

HDL-protein (10) 119 ± 30 37 ± 13a

µmol/mL
HDL-PL 1.56 ± 0.17 0.78 ± 0.17a

HDL-LPC 0.064 ± 0.012 0.023 ± 0.013a

HDL-SM 0.035 ± 0.023 0.034 ± 0.028
HDL-PC 0.102 ± 0.047 0.104 ± 0.044
HDL-PS 0.102 ± 0.048 0.044 ± 0.038b

HDL-PE 0.029 ± 0.034 0.026 ± 0.033

Data are expressed as mean ± SD. aP < 0.001, NAR vs. SDR; bP < 0.05, NAR
vs. SDR, statistical comparison by student's t test.

TABLE 3 
Post-Heparin Hepatic Lipase Activity on HDL Particles 

HDL NAR + HL NAR vs. HDL SDR + HL SDR Pa

92 ± 7 (14) 4.6 ± 2.1(14) 0.0001
HDL NAR + HL SDR  vs. HDL SDR + HL SDR
89 ± 10  (12) 4.6 ± 2.1  (14) 0.0001
HDL NAR + HL SDR  vs. HDL SDR + HL NAR
89 ± 10  (12) 3.7 ± 1.4 (9) 0.0001
HDL NAR + HL SDR vs. HDL NAR + HL NAR
89 ± 10 (12) 92 ± 7 (14) 0.37
HDL SDR + HL NAR  vs. HDL SDR + HL SDR
3.7 ± 1.4 (9) 4.6 ± 2.1  (14) 0.25

L-Dipalmitoyl [choline-methyl-14C] HDL particles were incubated with he-
patic lipase (HL). HDL particles and HL were drawn from SDR and from
NAR, and experiments were designed in a crossover fashion.
Data are expressed as mean ± SD. Values express percent hydrolysis of the
radioactive phospholipids; figures in parentheses represent n for the mea-
surement.
aStatistical comparison by student's t test

FIG. 2. Plasma radioactivity curves (in 40 µL aliquots) from tail vein
blood sequentially drawn over a period of 48 h (3 min, 10 min, 6 h, 10
h, 24 h, 32 h, and 48 h) after an intracarotid autologous infusion of NAR
(circles) or of SDR 125I-apoHDL (triangles). Each experimental point rep-
resents the mean ± SEM (n = 10) relative to t = 0. Median FCR values
(h−1) were derived directly from the kinetic model as the clearance rate
from the intravascular pool. NAR FCR 0.231 vs SDR FCR 0.140, differ-
ence significant at P = 0.012. FCR and the HDL-protein concentration
in plasma allowed for the calculation of the absolute HDL-protein syn-
thesis rates as mg/d ± SEM, which were 89.8 ± 33.7 mg/d in NAR and
17.4 ± 6.5 mg/d in SDR (difference significant at P = 0.0122).



(40). Furthermore, greater plasma apoE and apo-AI concentra-
tions in NAR, attributed mostly to the apoE-loaded HDL (7),
may also activate the HDL PC hydrolysis by HL (7,35,41–45).
Finally, LPC is known to modulate the metabolism of lipopro-
teins upon modifying their clearance in vivo and in vitro (46,47). 

Considering that HDL is a critical protecting factor against
premature atherosclerosis (48,49), we investigated the role of
this particle on the removal of unesterified cholesterol from
mouse peritoneal macrophages. This is the first step in the re-
verse cholesterol transport system (RCT) that ultimately deliv-
ers peripheral cholesterol to the liver (43,50). As compared
with SDR the NAR HDL capacity for FC efflux from the lipid-
loaded macrophages is significantly impaired. In this regard, it
is known that the PL content and composition are important
factors determining the HDL capacity for FC efflux from pe-
ripheral cell plasma membranes (51–53). For instance, HDL
PC hydrolysis by phospholipase A2 slows down the rate of the
SR-BI-mediated cholesterol efflux (53). Thus, the increased
LPC content in NAR HDL may have contributed simultane-
ously to the impaired cell FC efflux rate and to the faster he-
patic HDL uptake. Increased formation of HDL LPC and de-
creased HDL-dependent FC efflux from lipid-loaded mouse
macrophages have also been reported in the human HDL pre-
treated with human secretory phospholipase (54). However, an
impaired adenosine triphosphate-binding cassette transporter
A1 receptor expression in NAR could not be ruled out and
needs further investigation.

In summary, this study indicates that in NAR, plasma con-
centrations of TAG, PL, and TC are elevated largely due to the
HDL fraction reflecting higher rate of HDL protein synthesis.
The increased HDL lipid content renders the particle more sus-
ceptible to the otherwise unaltered intrinsic HL activity. More-
over, the efficiency of the NAR HDL to remove cell choles-
terol is impaired. Therefore, alterations in the HDL metabolic
profile described in NAR help explain disturbances of the RCT. 
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