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ABSTRACT. To investigate the effect of the HMG-CoA reductase 
inhibitor lovastatin on the expression of the receptor for hepatic low-
density lipoprotein (LDL) in a rat model with kidney disease, and to 
identify the mechanisms in statin treatment of nephrotic syndrome with 
hyperlipidemia, a rat model with nephrotic syndrome was established. 
Thirty male Sprague-Dawley rats were treated with lovastatin for 2 
weeks using gavage. The expression of protein and mRNA of the LDL 
receptor in the rat liver was detected with Western blot and RT-PCR, 
respectively, and blood-biochemical indices were also recorded for each 
group. Compared with the untreated control group, lovastatin treatment 
significantly decreased the levels of serum total cholesterol, LDL 
cholesterol, triglycerides, and urinary protein. In addition, lovastatin 
treatment significantly increased the levels of serum albumin and hepatic 
LDL receptor proteins, but had no effect on the expression of hepatic 
LDL receptor mRNA. Treatment with lovastatin markedly increased the 
expression of the hepatic LDL receptor in rats with nephrotic syndrome, 
which was accompanied by significantly improved hyperlipidemia.
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INTRODUCTION

Hyperlipidemia is one of the main features of the nephrotic syndrome, which is charac-
terized by elevated total and low-density lipoprotein (LDL) cholesterol in serum. Nephrotic syn-
drome also causes common hypertriglyceridemia and increases the lipoproteins apo-B, apo-C-II, 
and apo-E. However, levels of apo-A and apo-A-II are usually normal in this syndrome, whereas 
the level of high-density lipoproteins (HDL) is normal or decreased (Kronenberg, 2005; Mahmud 
et al., 2011). However, the relationship between nephrotic syndrome and hyperlipidemia remains 
unclear. Recent studies have focused on the role of hyperlipidemia in increased glomerular sclero-
sis (Lee, 2011; Gyebi et al., 2012), a malady of increasing concern. Studies have also shown that 
hyperlipidemia associated with nephrotic syndrome significantly increases the risk of concurrent 
cardiovascular disease, and that it is one of the reasons for the high incidence of complications 
arising from atherosclerosis (Lacquaniti et al., 2010; Burst and Benzing, 2011). Hyperlipidemia 
is also associated with thrombosis (Fervenza et al., 2008). Accordingly, the incidence of venous 
thromboembolism, a common complication in nephrotic syndrome, is decreased by treatment 
with statins (Resh et al., 2011) such as 3-hydroxy-3-methyl coenzyme A (HMG-CoA) reductase 
inhibitors. These statins inhibit HMG-CoA reductase activity, especially in the liver (da Costa et 
al., 2012), which decreases the cholesterol levels in hepatic cells and stimulates the expression 
of hepatic LDL receptor mRNA and protein. Serum LDL cholesterol is then absorbed and me-
tabolized in the liver, resulting in decreased serum cholesterol levels (Ma et al., 1986; Bradford 
et al., 1991). Studies of familial hypercholesterolemia patients who lack the LDL receptor have 
clearly shown that this receptor is important for decreasing serum cholesterol. The LDL receptor 
deficiency in these patients means that even large doses of the HMG-CoA reductase inhibitor 
lovastatin cannot effectively decrease serum cholesterol levels (Uauy et al., 1988).

The usefulness of the application and the mechanisms of action of statins in nephrotic 
syndrome remain unclear. However, several studies have shown that statins are effective in treat-
ments of hyperlipidemia in nephrotic syndrome (Kasiske, 1998; Pyram et al., 2012). This poses 
the following question: Are the mechanisms for lowering lipids in nephrotic syndrome the same 
as those mentioned above?

To address this question, we created a rat model of nephrotic syndrome by administer-
ing doxorubicin. We then treated the animals of this model with lovastatin to test its influence 
on hepatic LDL receptor mRNA and protein expression. This study aimed to partially clarify the 
mechanism of statin treatment of hyperlipidemia in nephrotic syndrome.

MATERIAL AND METHODS

Animal models and delivery method

Thirty male Sprague-Dawley rats weighing 250-300 g (Department of Experimental 
Animal Center) had free access to water and feeding, were observed for 1 week, and randomly 
divided into three groups: 10 animals in the normal control group, 10 in the nephrotic syndrome 
group (N), and 10 in the lovastatin group (L). Production of the N and L groups was performed 
according to nephrotic syndrome model-making methods described by Okuda et al. (1986). On 
the 1st and 14th days, the animals in groups N and L received intravenous injections of 3.5 mg/
kg doxorubicin (Italy Aibo Pharmaceutical Company). The normal control group received saline 
by tail vein injection twice at the same time as the other two groups. After the 2nd doxorubicin 
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injection, the rats were observed for 2 weeks. The 24-h urinary protein was measured in each 
group at the 4th week: the normal control group had 4.08 ± 3.51 mg/24-h urinary protein and the 
model group (comprising the nephrotic syndrome and the lovastatin groups) had 183.27 ± 50.04 
mg/24-h urinary protein, indicating massive proteinuria in the model groups consistent with the 
formation of nephrotic syndrome in these animals. From the 5th week, group L received lovas-
tatin (Hi-sun Pharmaceutical Co., Ltd.) dissolved in saline, with a dose of 20 mg/kg per day by 
gavage treatment. The nephrotic syndrome and normal control group received gavage treatment 
with saline only. The treatment period was 2 weeks.

Material drawn

The 24-h urine of rats in each group was collected after 2 weeks of treatment. After 
anesthesia with 50 mg sodium pentobarbital/kg body weight by intra-peritoneal injection, the 
abdominal cavity was opened. The abdominal aortic serum was separated and stored -20°C; the 
liver tissue was immediately removed, transferred to liquid nitrogen, and then stored at -80°C.

Detection methods

The 24-h urinary protein was measured by Coomassie Brilliant Blue G250, and the 
biochemical analysis of blood was performed with a Hitachi 7060 automatic biochemical ana-
lyzer. LDL receptor protein in liver tissues was determined by Western blot. To extract proteins 
from liver tissue, its volume was measured and 2 volumes of ice-cold cell lysis buffer were 
added on ice. To homogenize the tissue, the tissue-buffer mixture was subjected to ultrasound 
for 30 s, transferred to a boiling water bath for 5 min, immediately placed on ice for 2 min, 
and centrifuged at 12,000 rev/min and 4°C for 5 min. The supernatant was used to determine 
protein concentrations. Total protein (30 µg) from each specimen was loaded onto 10% SDS-
PAGE; after electrophoresis, fractionated proteins were transferred to membranes, which were 
incubated with murine multiple anti-bovine LDL receptor antibody (Chemicon Company) at 
37°C for 2 h and then at 4°C overnight. The membranes were subjected to 3 washes of 10 min 
each with PBS containing 0.05% Tween 20. This was followed by incubation with the second 
antibody [horse radish peroxidase-labeled goat anti-mouse IgG (1:1000)] at room temperature 
for 1 h, and by another 3 washes as described above. The membranes were immersed in Lu-
Mino substrate buffer and gently shaken. After exposure, developing, and fixing, protein bands 
were semi-quantitative analyzed with an image-analysis system.

To extract total RNA, 1 mL Trizol reagent was added to 100 mg liver tissue, followed 
by homogenization and extraction by the chloroform method. To remove contaminating DNA, 
the total RNA was incubated with RNase-free DNase I at 37°C for 10 min, followed by DNaseI 
inactivation at 70°C for 15 min. The RNA obtained was reverse transcribed and taken up in 2 
μL; the cDNA product was then used as template for PCR amplification. The primers for the 
LDL receptor were the following: upstream primer (5'-TTCCTCGAACAAATACTCCG-3') 
and downstream primer (5'-TGCCTCAACCACCCAGAC-3'). PCR thermal cycling conditions 
were the following: 35 cycles of denaturation at 95°C for 1 min, annealing at 56°C for 1 min, 
and elongation at 72°C for 1.5 min. The length of the amplification product was 419 bp. The 
β-actin gene (primers of β-actin were purchased from Clontech) was amplified as an internal 
control. Gel electrophoresis images were uploaded into a Kodak gel analysis system to calculate 
absorbance ratios (as a relative measure of expression) to determine expression of the LDL 
receptor gene relative to that of the β-actin gene.
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Statistical methods

The experimental data are reported as means ± standard deviation. Statistical sig-
nificance of differences between two groups was assessed by using the t-test. A P < 0.05 was 
considered to be statistically significant.

RESULTS

Biochemical indices of blood and results of the urine protein test

As shown in Table 1, the untreated nephrotic syndrome group showed severe pro-
teinuria and significant hypoalbuminemia; in addition, serum total cholesterol, LDL choles-
terol, and triglyceride concentrations were also significantly higher than in the healthy control 
group. Compared with the nephrotic syndrome group, treatment with lovastatin for 2 weeks 
significantly decreased serum total cholesterol, LDL cholesterol, and triglyceride concentra-
tions (P < 0.05). Hypoalbuminemia was also significantly improved in the lovastatin group, 
along with a significant decrease in urinary protein (P < 0.05). Serum creatinine levels did not 
exhibit any significant differences among the groups (P > 0.05).

Groups Total cholesterol LDL-cholesterol Triglyceride Albumin Creatinine Urinary protein
 (mM) (mM) (mM) (g/L) (µM) (mg/24 h)

Control 1.28 ± 0.19 0.59 ± 0.09 0.45 ± 0.07 35.58 ± 3.17 49.36 ± 6.15 5.07 ± 2.38
Nephrotic syndrome   7.28 ± 1.20*   4.77 ± 0.78*   2.01 ± 0.33*   12.06 ± 1.99* 53.15 ± 9.73 307.55 ± 35.89*
Lovastatin    2.26 ± 0.96*Δ    0.89 ± 0.38*Δ    0.93 ± 0.39*Δ    20.16 ± 4.38*Δ 50.76 ± 3.15   148.78 ± 33.42*Δ

*P < 0.05, compared with the control group. ΔP < 0.05, compared with the nephrotic syndrome group.

Table 1. Results from blood chemistry and urinary protein of rats in each group.

Results of the hepatic LDL receptor test

Hepatic LDL receptor expression was significantly lower in group N (P < 0.01), which 
displayed significant improvement after the lovastatin treatment. Although levels of LDL re-
ceptor protein in liver tissues were decreased in group N relative to levels of LDL receptor 
protein measured in the other two groups, levels of LDL receptor mRNA remained unchanged. 
Lovastatin treatment did not significantly change the mRNA expression of LDL receptor in 
liver tissue (Figures 1 and 2).

Figure 1. Expressions of LDL receptor (LDL-R) protein in livers of rats in each group. A. Western blot determination 
of LDL-R in livers of rats in each group. B. Diagram of Western blot analysis. *P < 0.01, compared with the other 
group. L = lovastatin group; C = control group; N = nephrotic syndrome group.
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DISCUSSION

In normal physiological conditions, the hepatic cell-surface LDL receptor plays a very 
important role in the regulation of serum cholesterol. LDL receptor mRNA expression and 
protein synthesis are mainly affected by the concentration of free cholesterol in the hepatic 
cells: an increase in intracellular free cholesterol inhibits both expression of LDL receptor 
mRNA and protein. After synthesis, the LDL receptor expresses on the surface of the hepatic 
cells; these cells then bind to cholesterol-rich LDL particles in the blood perfusing the liver, 
and the receptor-bound LDL particles enter hepatic cellular metabolism through LDL receptor-
mediated endocytosis. Once in the hepatic cells, the LDL receptor dissociates from LDL and 
returns to the cell membrane completing one cycle, and the LDL is degraded in the lysosome, 
resulting in the release of cholesterol. Only small amounts of the LDL receptor protein are 
degraded in the cell in every cycle.

The mechanism of hypercholesterolemia in nephrotic syndrome is unclear. Previous 
studies suggest that hypercholesterolemia in nephrotic syndrome is the result of the following 
events and mechanisms: 1) Activity of hepatic HMG-CoA, the rate-limiting enzyme in choles-
terol biosynthesis, is increased (Vaziri and Liang, 1995; Vaziri et al., 2003); 2) levels of the LDL 
receptor, the main route of eliminating cholesterol-rich LDL particles, are decreased (Vaziri and 
Liang, 1996); 3) expression of acyl-CoA cholesteryl ester acyl transferase (ACAT), an enzyme 
of the endoplasmic reticulum that transfers the acyl-CoA acyl to 3 locations of free choles-
terol and leads to cholesterol esterification and cholesterol storage in the cytosol, is upregulated 
(Vaziri and Liang, 2002); 4) expression of lecithin cholesterol acyl transferase (LCAT), which 
transfers fatty acids from lecithin on HDL to free cholesterol and contributes to the transfer of 
esterified cholesterol from the HDL core to the HDL surface during HDL maturation and reverse 
cholesterol transport (Vaziri et al., 2001), is decreased; 5) a compensatory increase in the activity 
of hepatic cholesterol 7а-hydroxylase, the rate-limiting enzyme for the conversion of cholesterol 
to bile acids, is only limited (Liang et al., 1996); and 6) liver apolipoprotein B100 (Apo-B100), 
which is the major apolipoprotein of LDL and a very LDL (VLDL), is upregulated (Kaysen, 
1991). Therefore, as mentioned above, the LDL receptor plays an important role in the forma-
tion of hypercholesterolemia in nephrotic syndrome.

A study by Vaziri and Liang (1996) of nephrotic syndrome induced by puromycin 
showed that levels of the hepatic LDL receptor protein decreased significantly in rats. This 

Figure 2. mRNA expressions of LDL receptor (LDL-R) in livers of rats in each group. M = marker; L = lovastatin 
group; C = control group; N = nephrotic syndrome group.
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decrease in LDL receptor protein coincided with increased serum total cholesterol and LDL 
cholesterol. However, expression of the mRNA for the hepatic LDL receptor was unchanged. 
The results of our study have shown that the LDL receptor protein decreased significantly in 
lovastatin-untreated nephrotic syndrome rats compared with the normal control group, and, 
similar to the observations by Vaziri and Liang (1996), mRNA levels of the LDL receptor gene 
did not show any significant differences between the two groups. Our study also showed that 2 
weeks after lovastatin treatment, the hepatic LDL receptor protein significantly increased in rats 
with nephrotic syndrome. At the same time, levels of serum total cholesterol, LDL cholesterol, 
and triglycerides decreased. But the hepatic LDL receptor mRNA did not show significant dif-
ference between the lovastatin-treated group and the other two groups. Therefore, we believe 
that the increase of hepatic LDL receptor protein in the lovastatin-treated nephrotic syndrome 
rats could be due to lovastatin-induced inhibition of cholesterol biosynthesis in the liver cells. 
This lovastatin-induced decrease of cholesterol further stimulates LDL receptor protein synthe-
sis. However, expression of hepatic LDL receptor mRNA did not exhibit significant differences 
in any group, even in the groups in which changes in the levels of hepatic LDL receptor protein 
were detected. Thus, in rats with nephrotic syndrome that are untreated or treated with lovas-
tatin, levels of the LDL receptor protein appear to be regulated at the level of protein synthesis/
degradation and not at the level of transcription. However, because of the complexity of the 
metabolism and regulation of the LDL receptor in liver cells, the specific mechanism needs to 
be further determined. In addition, the significant reduction of proteinuria in the rats with ne-
phrotic syndrome appeared to be associated with the improvement of the LDL receptor.
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