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High-calorie diet partially ameliorates dysregulation of intrarenal
lipid metabolism in remnant kidney
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Abstract

Chronic renal failure (CRF) is associated with malnutrition and renal tissue accumulation of lipids, which can contribute to progression of renal disease. This
study was designed to explore the effect of a high-calorie diet on pathways involved in lipid metabolism in the remnant kidney of rats with CRF. 5/6
nephrectomized rats were randomized to receive a regular diet (3.0 kcal/g) or a high-calorie diet (4.5 kcal/g) for 12 weeks. Renal lipid contents and abundance of
molecules involved in cholesterol and fatty acid metabolism were studied. The CRF group consuming a regular diet exhibited growth retardation; azotemia;
proteinuria; glomerulosclerosis; tubulointerstitial injury; heavy lipid accumulation in the remnant kidney; up-regulation of lectin-like oxidized low-density
lipoprotein receptor-1 (LOX-1), ATP-binding cassette transporter-1 (ABCA1), liver X receptor (LXR) α/β, carbohydrate-responsive element binding protein
(ChREBP) and acyl-CoA carboxylase (ACC); and down-regulation of peroxisome proliferator-activated receptor-α (PPAR-α), carnitine palmitoyltransferase-1
(CPT1) and liver-type fatty acid binding protein (L-FABP). The high-calorie diet restored growth; reduced the severity of tubulointerstitial injury, proteinuria and
azotemia; partially lowered renal tissue lipid contents; attenuated the up-regulation of mediators of lipid influx (LOX-1), lipid efflux (LXR-α/β and ABCA1) and
fatty acid biosynthesis (ChREBP and ACC); and reversed the down-regulation of factors involved in fatty acid oxidation (PPAR-α, CPT1 and L-FABP). In conclusion,
a high-calorie diet restores growth, improves renal function and structure, and lowers lipid burden in the remnant kidney. The latter is associated with and most
likely due to reduction in lipid influx and enhancement of fatty acid oxidation.
© 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Malnutrition is a common feature of advanced chronic kidney
disease (CKD) and a strong predictor of morbidity and mortality in
patients with end-stage renal disease (ESRD) [1–3]. In fact,
observational studies have shown that markers of overnutrition
are strongly associated with decreased morbidity and mortality,
including a high risk of cardiovascular events and death in ESRD
patients [4–6]. Malnutrition in CKD patients is associated with
accelerated whole-body and skeletal muscle proteolysis and in-
creased energy expenditure, resulting in a net negative protein–
energy balance [7–9]. Parenteral intradialytic calorie and amino acid
supplementation has been shown to acutely reverse the net negative
whole body–forearm muscle protein balance [10], increasing body
weight, serum albumin and ApoA-I levels without altering plasma
lipid concentration in ESRD patients maintained on hemodialysis.
Moreover, trial of energy supplementation via addition of the
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glucose polymer Polycose to the usual diet for 6 months has been
shown to significantly increase total and lean body mass, with no
significant effect on plasma triglyceride level [11], in hemodialysis
patients. Observational studies have shown that in patients with
CKD Stages 3–5, the rate of decline in glomerular filtration rate is
higher in patients with low energy intake than in patients with
moderate or high energy intake [12]. While high protein intake is
known to accelerate the progression of renal disease in experimen-
tal animals [13,14], the effect of a high-calorie diet on the
progression of nondiabetic renal disease is uncertain.

Malnutrition syndrome in CKD is almost invariably associated
with oxidative stress and inflammation [15–17]. The associated
oxidative stress and inflammation lead to oxidation of lipids and
lipoproteins, uptake of oxidized lipoproteins by macrophages and
resident cells, and formation of foam cells — events that promote
atherosclerosis, glomerulosclerosis and tubulointerstitial injury [18].
Accumulation of excess lipids in nonadipose tissues can lead to
lipotoxicity and cellular dysfunction, which is caused by the direct
toxic effects of fatty acids or byproducts of their interaction with
reactive oxygen species, ATP depletion and fatty-acid-induced
apoptosis [19]. Cellular lipid homeostasis is regulated by the influx,
synthesis, catabolism and efflux of lipids. An imbalance in these
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processes can result in the conversion of macrophages, mesangial
cells and vascular smooth muscle cells into foam cells. The influx of
lipid intomacrophages is mediated by several independent pathways,
including scavenger receptors, whereas cholesterol efflux is primarily
mediated by liver X receptor (LXR) α/β, which serves as an
intracellular cholesterol sensor and regulates the expression of its
target genes ATP-binding cassette transporter-1 (ABCA1) and the
scavenger receptor class B type I (SR-BI), among others [18,20,21].
Sterol-responsive element binding proteins (SREBPs) and carbohy-
drate-responsive element binding protein (ChREBP) serve as master
regulators of cellular lipid synthesis [22,23], whereas peroxisome
proliferator-activated receptor-α (PPAR-α) regulates the expression
of genes involved in the uptake, binding, transport, cellular retention
and catabolism of fatty acids [24–26].

There is mounting evidence pointing to accumulation of lipids in
the renal tissue and its contribution to the progression of glomerular
and tubulointerstitial lesions in metabolic syndrome [18,27], chronic
glomerulopathy [28,29], nephrotic syndrome [30], chronic renal
insufficiency [31], diabetic nephropathy [32–34], obesity-associated
renal disease [35], aging nephrosclerosis [36,37] and acute kidney
injury in animals with experimental rhabdomyolysis [38].

In a recent study, we found heavy lipid accumulation and marked
dysregulation of lipid regulatory proteins, enzymes, receptors and
transcription factors in the remnant kidney of 5/6 nephrectomized
animals [31]. The present study was undertaken to determine the
effect of the long-term consumption of a high-calorie diet on renal
tissue lipid contents and lipid regulatory proteins in rats with CKD
induced by 5/6 nephrectomy.

2. Materials and methods

2.1. Animals and diet

Male Sprague–Dawley rats weighing 225–250 g were purchased from Harlan
Sprague Dawley (Indianapolis, IN). They were housed in a climate-controlled light-
regulated facility with 12:12-h day–night cycles. The animals were fed regular rat
chow (Purina Mills, Brentwood, MO) and water ad libitum and randomly assigned to
the chronic renal failure (CRF) group and the normal control group. The animals
assigned to the CRF group were subjected to 5/6 nephrectomy by surgical resection
using dorsal incision, as described previously [39]. The animals assigned to the
control group were subjected to sham operation. All surgical procedures were carried
out under general anesthesia (Nembutal, 50 mg/kg ip). Strict hemostasis and aseptic
techniques were observed. After a 1-week observation period, the animals in the CRF
group were randomized to receive a regular diet (3.0 kcal/g; Purina Mills) or a high-
calorie diet (4.5 kcal/g; Harlan Teklad, Madison, WI) for 12 weeks. The sham-
operated control group was fed a regular diet. The composition of the diets is shown
in Table 1. At the conclusion of the 12-week observation period, the animals were
placed in metabolic cages for a 24-h urine collection. They were then anesthetized
(pentobarbital, 50 mg/kg ip) and euthanized by exsanguination using cardiac
Table 1
Chow and high-calorie diet composition

Composition Chowa High-calorie dietb

Energy as carbohydrate (%) 59.1 42.7
Energy as fat (%) 12.1 42.0
Energy as protein (%) 28.8 15.2
Carbohydrate (g/100 g) 49.3 49.1
Starch 21.5 15
Sucrose 3.4 34.1
Protein (g/100 g) 24 19.5
Fat (g/100 g) 10.5 21.0
Vitamins (g/100 g) 4 1
Minerals (g/100 g) 6.9 3.9
Fiber (g/100 g) 5.3 5
Digestible energy (kcal/g) 3.04 4.5

a Standard laboratory rat chow (Prolab RMH 2500).
b Adjusted high-calorie diet: protein is casein, vitamin mixture is Teklad no.

40060, mineral mixture is AIN-76 (170915) and fat is supplied in the form of
anhydrous milk fat.
puncture. The kidneys were immediately removed, frozen in liquid nitrogen and
stored at −70°C until processed. All experiments were approved by the Institutional
Committee for the Use and Care of Experimental Animals at University of California,
Irvine. The concentrations of serum creatinine, total cholesterol, triglyceride, high-
density lipoprotein (HDL) cholesterol and low-density lipoprotein (LDL) cholesterol,
as well as urinary protein excretion, were measured as described in our previous
studies [39].

2.2. Tissue lipid contents

Total lipids were extracted from 100 mg of tissue by the method of Folch et al.
[40]. Briefly, samples were homogenized in 6 ml of chloroform–methanol (2:1). The
mixture stood for 1 h, after which 1.5 ml of water was added, and the mixture was
centrifuged for 10 min at 2000×g. The organic phase was evaporated to dryness
under nitrogen stream and taken up in chloroform. Fifty-microliter aliquots of this
organic phase were solubilized by adding a drop of Triton X-100, and total
cholesterol and triglyceride contents were determined using enzymatic kits from
Stanbio Laboratories (Boerne, TX). Data were expressed as the amount of the given
lipids per gram of original kidney mass.

2.3. Lipid staining

After euthanasia of the animals, the kidneys were rapidly removed, sliced
longitudinally and immersed in 4% paraformaldehyde/phosphate-buffered saline (at
4°C) overnight. Subsequently, the tissue was cryoprotected in 30% sucrose at 4°C and
then frozen using liquid nitrogen. Frozen sections were then cut using Leica CM 1900
UV (Leica, Germany) at 10 μm. Each section was air dried for 1 h and fixed in 10%
formalin for 10 min. Subsequently, the tissue was rinsed with distilled water, and the
sections were stained with Oil Red O (Sigma Aldrich, St. Louis, MO) in accordance with
the manufacturer's protocol.

2.4. Preparation of kidney homogenates and nuclear extracts

All solutions, tubes and centrifuges were maintained at 0–4°C. Nuclear extract
was prepared as described previously [41]. Briefly, 100 mg of kidney cortex was
homogenized in 0.5 ml of buffer A containing 10 mM HEPES (pH 7.8), 10 mM KCl, 2
mM MgCl2, 1 mM dithiothreitol (DTT), 0.1 mM EDTA, 0.1 mM phenylmethanesul-
phonylfluoride (PMSF), 1 μM pepstatin and 1 mM P-aminobenzamidine using a
tissue homogenizer for 20 s. Homogenates were kept on ice for 15 min, 125 μl of a
10% Nonidet P40 (NP-40) solution was added and mixed for 15 s, and the mixture
was centrifuged for 2 min at 12,000 rpm. The supernatant containing cytosolic
proteins was collected. Pelleted nuclei were washed once with 200 μl of buffer A
plus 25 μl of 10% NP-40, centrifuged, suspended in 50 μl of buffer B [50 mM HEPES
(pH 7.8), 50 mM KCl, 300 mM NaCl, 0.1 mM EDTA, 1 mM DTT, 0.1 mM PMSF and
10% (vol/vol) glycerol], mixed for 20 min and centrifuged for 5 min at 12,000 rpm.
The supernatant containing nuclear proteins was stored at −80°C. The protein
concentration in tissue homogenates and nuclear extracts was determined by Bio-
Rad protein assay (Bio-Rad Laboratories, Hercules, CA).

2.5. Western blot analyses

Target proteins in the cytoplasmic and/or nuclear fractions of the kidney tissue
were measured by Western blot analysis using the following antibodies. Rabbit
antibodies against rat SREBP-1, SREBP-2, SREBP cleavage-activating protein (SCAP),
insulin-induced gene-1 (Insig-1) and insulin-induced gene-2 (Insig-2), PPAR-α, liver-
type fatty acid binding protein (L-FABP) and LXR-α/β antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies against ChREBP, ABCA1 and
carnitine palmitoyltransferase-1 (CPT1) were obtained from Novus Biologicals
(Littleton, CO). Antibodies against acyl-CoA:cholesterol acyltransferase (ACAT)-1
were obtained from GenScript (Piscataway, NJ). Antibodies against 3-hydroxy-3-
methylglutaryl coenzyme A reductase (HMG-CoA reductase) were purchased from
Upstate (Billerica, MA). Anti-low-density lipoprotein receptor-1 (LOX-1) was pur-
chased from Abcam (Cambridge, MA). These antibodies were used in Western blot
analyses for the corresponding proteins. Antibodies to histone H1 (Santa Cruz
Table 2
Food and energy intakes

Group Control CRF CRF+high-calorie diet

Food intake (g/day) 14.6±2.8 15.8±4.9 15.3±1.6
Carbohydrate intake (g/day) 5.7±0.9 6.8±2.1 7.4±0.7
Protein intake (g/day) 3.4±0.7 3.8±1.2 2.9±0.3
Fat intake (g/day) 0.5±0.1 0.8±0.3 3.2±0.3###

Energy intake (kcal/day) 43.8±8.5 47.4±14.8 67.7±7.2#

Values are given as mean±S.D.
# Pb.05 versus 5/6 nephrectomized CRF groups.
### Pb.001 versus 5/6 nephrectomized CRF groups.



Table 3
Biochemical parameters in CRF rats fed a regular diet or a high-calorie diet

Group Control CRF CRF+high-calorie diet

Total cholesterol (mg/dl) 71.2±9.8 221.2±20.5 ⁎⁎⁎ 186.4±29.9 ⁎⁎⁎

LDL cholesterol (mg/dl) 19.1±6.0 95.9±14.1 ⁎⁎⁎ 66.7±10.7⁎⁎⁎,#

HDL cholesterol (mg/dl) 45.3±8.6 100.9±10.4 ⁎⁎⁎ 61.6±19.0⁎,#

Triglycerides (mg/dl) 45.8±18.3 99.7±3.6 ⁎ 192.8±63.6⁎⁎⁎,#

Free fatty acid (mEq/L) 0.192±0.074 0.220±0.068 0.382±0.052⁎⁎⁎,##

Epididymal fat weight (g) 4.6±0.6 3.6±0.6 ⁎ 6.2±1.7⁎,##

Abdominal fat weight (g) 2.6±0.7 1.8±0.7 5.6±1.1⁎⁎⁎,###

Urine protein (mg/24 h) 6.7±1.3 80.3±7.3 ⁎⁎⁎ 31.1±12.8⁎⁎⁎,###

Creatinine clearance
(ml/min)

5.62±1.18 1.74±0.38 ⁎⁎⁎ 1.44±0.33 ⁎⁎⁎

Blood urea nitrogen (mg/dl) 25.4±2.1 53.6±5.0 ⁎⁎⁎ 42.1±9.9⁎⁎,#

Serum creatinine (mg/dl) 0.50±0.1 1.56±0.5 ⁎⁎⁎ 1.43±0.2 ⁎⁎⁎

Systolic blood pressure
(mmHg)

123.5±13.4 161.4±10.0 ⁎⁎ 150.6±14.2 ⁎⁎

Diastolic blood pressure
(mmHg)

87.5±7.4 117.0±4.5 111.0±13.1

Weight gain (g) 146.0±13.4 119.3±12.0 ⁎ 148.7±14.6##

Left kidney weight (g) 1.45±0.16 2.38±0.38 ⁎⁎⁎ 1.65±0.13⁎,##

Values are given as mean±S.D.
⁎ Pb.05 versus control groups.
⁎⁎ Pb.01 versus control groups.
⁎⁎⁎ Pb.001 versus control groups.
# Pb.05 versus 5/6 nephrectomized CRF groups.
## Pb.01 versus 5/6 nephrectomized CRF groups.
### Pb.001 versus 5/6 nephrectomized CRF groups.
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Biotechnology) and β-actin (Sigma, St. Louis, MO) were used for measurements of
histone and β-actin, which served as the housekeeping proteins for nuclear and
cytosolic target proteins, respectively.
Fig. 1. Top: Representative photomicrographs of the Oil-Red-O-stained glomerular and tubulo
groups fed the high-calorie diet (CRF+HC; C and F). Bottom: Bar graphs depicting tissue choles
groups fed the high-calorie diet. ***Pb.001 versus control groups; ##Pb.01 versus 5/6 nephrec
Briefly, aliquots containing 50 μg of proteins were fractionated on 8% and 4–20%
Tris–glycine gel (Novex, San Diego, CA) at 120 V for 2 h and transferred to Hybond-
ECL membrane (Amersham Life Science, Arlington Heights, IL). The membrane was
incubated for 1 h in blocking buffer [1× Tris-buffered saline (TBS), 0.05% Tween-20
and 5% nonfat milk] and then overnight in the same buffer containing the given
antibodies. The membrane was washed three times for 5 min in 1× TBS and 0.05%
Tween-20 prior to 2-h incubation in a buffer (1× TBS, 0.05% Tween-20 and 3%
nonfat milk) containing horseradish-peroxidase-linked anti-rabbit IgG and anti-
mouse IgG (Amersham Life Science) at 1:1000 dilution. The membrane was washed
four times and developed by autoluminography using ECL chemiluminescent agents
(Amersham Life Science).

2.6. Statistics

Analysis of variance, multiple range test and regression analysis were used in
statistical analysis of the data. Data are presented as mean±S.D. P values less than .05
were considered significant.

3. Results

3.1. General data

Data are shown in Tables 2 and 3. As expected, caloric intake
was significantly higher in the CRF group fed a high-calorie diet
than in the CRF group fed a regular diet. However, there was no
significant difference in protein intake among the study groups
(Table 2). The CRF group exhibited azotemia; proteinuria; hyper-
tension; marked elevation of plasma total cholesterol, LDL
cholesterol and triglycerides; growth retardation; reduced visceral
fat mass; and marked remnant kidney hypertrophy. Consumption
interstitial regions of the kidney in the control (CTL; A and D), CRF (B and E) and CRF
terol and triglyceride contents expressed per gram of the original kidneymass in the CRF
tomized CRF groups.



Fig. 2. Representative Western blot analyses and group data depicting the protein
abundance of LOX-1 in the renal tissues of CRF groups fed the high-calorie diet. *Pb.05
versus control groups; #Pb.05 versus 5/6 nephrectomized CRF groups.
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of the high-calorie diet resulted in attenuation of azotemia,
hypercholesterolemia, proteinuria and remnant kidney hypertro-
phy; prevented growth retardation; and increased visceral fat mass,
but did not significantly change arterial pressure.
Fig. 3. Representative Western blot analyses and group data depicting the protein abun
HMG-CoA reductase in the renal tissues of CRF groups fed the high-calorie diet. *Pb.05, **P
CRF groups.
3.2. Tissue lipid contents

Data are shown in Fig. 1. Oil Red O staining of the frozen kidney
tissue revealed a marked accumulation of neutral lipids in the
glomerular and tubulointerstitial regions of the remnant kidney in the
CRF groups compared with that found in the kidneys of normal
control rats. Consumption of the high-calorie diet reduced, but did not
prevent, lipid accumulation in the remnant kidney. Similarly, the total
cholesterol and triglyceride contents of the kidney tissue were
markedly increased in the CRF rats consuming the regular diet and
were partially reduced in rats fed the high-calorie diet.

3.3. LOX-1 data

Data are shown in Fig. 2. Compared to the control group, the CRF
group exhibited a marked increase in LOX-1 protein abundance in the
remnant kidney. Consumption of the high-calorie diet attenuated
CRF-induced up-regulation of LOX-1 in the remnant kidney.

3.4. SREBP-2, ACAT1 and HMG-CoA reductase data

Data are illustrated in Fig. 3. The 68-kDa active SREBP-2 fragment
was significantly reduced in the nuclear fraction of the renal tissue in
the CRF rats fed the regular diet as compared to that found in the control
group. This was associated with a significant reduction in HMG-CoA
reductase and amarked increase in ACAT1 abundance. Consumption of
dance of precursor SREBP-2 (pSREBP-2), mature SREBP-2 (nSREBP-2), ACAT1 and
b.01, ***Pb.001 versus control groups; #Pb.05, ###Pb.001 versus 5/6 nephrectomized



Fig. 4. Representative Western blot analyses and group data depicting SCAP, Insig-1 and Insig-2 protein abundance in the renal tissues of CRF groups fed the high-calorie diet. *Pb.05,
**Pb.01 versus control groups; #Pb.05 versus 5/6 nephrectomized CRF groups.
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the high-calorie diet partially reversed the down-regulation of HMG-
CoA reductase and the up-regulation of ACAT1 in the renal tissues
without significantly affecting nuclear SREBP-2 abundance.
3.5. SCAP, Insig-1 and Insig-2 data

Data are depicted in Fig. 4. SCAP and Insig-2 protein abundance
was significantly lower in the remnant kidney of the CRF group fed
Fig. 5. Representative Western blot analyses and group data depicting the protein abundance
renal tissues of CRF groups fed the high-calorie diet. *Pb.05, **Pb.01 versus control groups; #P
the regular diet than in the control kidneys. Consumption of the high-
calorie diet partially reversed the down-regulation of SCAP, but did
not significantly affect Insig-1 or Insig-2 abundance.

3.6. ChREBP, SREBP-1, and acyl-CoA carboxylase (ACC) data

Data are shown in Fig. 5. ChREBP and ACC protein abundance was
significantly higher and SREBP-1 protein abundance was significantly
lower in the kidney of the CRF rats fed the regular diet as compared
of precursor SREBP-1 (pSREBP-1), mature SREBP-1 (nSREBP-1), ChREBP and ACC in the
b.05, ##Pb.01 versus 5/6 nephrectomized CRF groups.



Fig. 6. Representative Western blot analyses and group data depicting renal PPAR-α, CPT1 and L-FABP protein abundance in CRF groups fed the high-calorie diet. *Pb.05, ***Pb.001
versus control groups; #Pb.05, ##Pb.01 versus 5/6 nephrectomized CRF groups.
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with the values found in the control group. Consumption of the high-
calorie diet reversed CRF-induced up-regulation of ChREBP and ACC,
but did not alter SREBP-1 abundance in the remnant kidney.

3.7. PPAR-α, CPT1 and L-FABP data

Data are illustrated in Fig. 6. PPAR-α, CPT1 and L-FABP abundance
was significantly reduced in the remnant kidneys of the CRF group
consuming the regular diet when compared with those found in the
control group. Consumption of the high-calorie diet partially reversed
these abnormalities.

3.8. LXR-α/β and ABCA1 data

Data are shown in Fig. 7. LXR-α/β and ABCA1 abundance was
significantly increased in the kidney tissues of the CRF group fed the
regular diet. Consumption of the high-calorie diet partially reversed
the CRF-induced up-regulation of ABCA1 and LXR-α/β in the
remnant kidney.

4. Discussion

Malnutrition is highly prevalent among patients with advanced
CKD, and indices of malnutrition are powerful predictors of morbidity
and mortality in this population [14]. Inflammation, oxidative stress,
Fig. 7. Representative Western blot analyses and group data depicting the protein abundanc
***Pb.001 versus control groups; ##Pb.01 versus 5/6 nephrectomized CRF groups.
uremic toxins, metabolic and hormonal derangements, and comorbid
conditions work in concert to raise catabolic rate and to promote
anorexia in patients with advanced CRF [42]. The prevailing anorexia
and catabolic state, in turn, lead to malnutrition, proteolysis, muscle
atrophy and depletion of body fat stores in patients with advanced
CRF. However, the effect of malnutrition on the progression of renal
disease is not known.

Despite a similar daily food intake, body weight and visceral fat
masswere significantly lower in our CRF rats consuming a regular diet
when compared with the control group. These findings point to a
catabolic state marked by heightened energy expenditure in the CRF
animals. Increased delivery of energy with the high-calorie diet
reversed CRF-induced growth retardation, prevented depletion of fat
stores and appeared to have attenuated whole-body and skeletal
muscle protein catabolism, as evidenced by a lower urea nitrogen
concentration. Retrospective studies have shown that the rate of
decline in glomerular filtration rate in patients with CKD Stages 3–5 is
higher in those with low energy intake than in those with moderate
or high energy intake [43]. However, prospective studies of the effect
of a high-calorie diet on the progression of renal disease are lacking,
and its potential impact on the cellular and molecular mechanisms
involved in the progressive deterioration of renal function and
structure are unknown.

Accumulation of lipids in the renal tissue plays an important part
in the progression of renal disease in metabolic syndrome [18,27],
e of renal tissue ABCA1 and nuclear LXR-α/β in CRF groups fed the high-calorie diet.
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chronic glomerulopathy [28,29], nephrotic syndrome [30], chronic
renal insufficiency [31], diabetic nephropathy [32–34], obesity-
associated renal disease [35], aging nephrosclerosis [36,37] and
acute kidney injury in experimental rhabdomyolysis [38]. Cellular
lipid homeostasis is regulated by the influx, synthesis, catabolism and
efflux of lipids. An imbalance in these processes can result in the
conversion of macrophages, mesangial cells and vascular smooth
muscle cells into foam cells. Influx of lipid into macrophages is
mediated by several independent pathways, including scavenger
receptors, whereas cholesterol efflux is primarily mediated by LXR-α/
β, which serves as an intracellular cholesterol sensor and regulates
the expression of its target genes ABCA1 and SR-BI, among others
[18,20,21]. SREBPs and ChREBP serve as master regulators of cellular
lipid synthesis. For instance, SREBP-1c and ChREBP independently
regulate fatty acid synthesis, whereas SREBP-2 regulates cholesterol
synthesis [22,23]. Proteolytic activation of SREBPs is inhibited by
elevated intracellular free cholesterol concentration, thereby limiting
the production of cholesterol through feedback repression [44,45].
Sterols induce the binding of SCAP, which has an escort function and a
sterol-sensing function, to Insig-1 and facilitates retention of the
SCAP–SREBP complex in the endoplasmic reticulum (ER). In sterol-
depleted cells, SCAP escorts SREBPs from the ER to the Golgi apparatus
for proteolytic processing, thereby allowing SREBP-2 to stimulate
cholesterol synthesis [46]. There is growing evidence that dysregula-
tion of SREBP contributes to the pathogenesis of nephropathy in
diabetes and obesity, aging nephrosclerosis, nephrotic syndrome and
CRF [28–37]. PPAR-α regulates the expression of genes involved in
the uptake, binding, transport, cellular retention and catabolism of
fatty acids [24–26]. In fact, PPAR-α deficiency has been shown to
accelerate dyslipidemia and to cause glomerular matrix expansion,
inflammatory cell infiltration and proteinuria in animals with
experimental diabetic nephropathy [47,48]. The present study was
undertaken to determine the effect of the long-term consumption of a
high-calorie diet on renal tissue lipid content and lipid regulatory
proteins in rats with CKD induced by 5/6 nephrectomy.

In a recent study [31], we found heavy lipid accumulation in the
remnant kidney of 5/6 nephrectomized animals fed a regular diet.
This was associated with a marked up-regulation of proteins involved
in lipid influx, lipid efflux and fatty acid synthesis, and a down-
regulation of factors involved in cholesterol synthesis and fatty acid
catabolism. In confirmation of the above study [31], the CRF rats fed
the regular diet exhibited heavy lipid accumulation in the glomeruli
and tubulointerstitial regions of the remnant kidney. Consumption of
the high-calorie diet significantly reduced, but did not normalize, the
kidney tissue lipid burden in the study animals.

CRF is associated with oxidative stress, inflammation, elevation of
proinflammatory cytokines and formation of oxidized lipids and
lipoproteins [15,17,49], which can collectively stimulate the expres-
sion of scavenger receptors, heighten lipid influx in macrophages and
mesangial cells, and contribute to interstitial injury and glomerulo-
sclerosis [50–52]. In fact, in confirmation of earlier studies [31,53],
LOX-1 was up-regulated in the remnant kidneys of our CRF rats
consuming the regular diet. Consumption of the high-calorie diet
reversed the CRF-induced up-regulation of LOX-1 in the remnant
kidney. This phenomenon can, in part, contribute to the observed
reduction in lipid burden in the remnant kidneys of CRF animals fed
the high-calorie diet.

In confirmation of our previous findings [31], HMG-CoA reductase,
the rate-limiting enzyme in cholesterol biosynthesis, and the nuclear
content of its master regulator SREBP-2 were significantly reduced in
the CRF rats fed the regular diet. This was associated with significant
down-regulations of SCAP and Insig-2 and a mild reduction in Insig-1.
In the presence of an elevated cellular sterol level, SREBP–SCAP
complexes are anchored by Insigs to the ER membrane as transcrip-
tionally inactive precursor proteins. This process prevents the
migration of SREBP to the Golgi apparatus for proteolytic activation
and eventual translocation to the nucleus [54]. In addition to blocking
the activation of SREBPs, Insigs bind and facilitate the ubiquitination
of HMG-CoA reductase in response to elevated cellular sterols
concentrations [55]. Down-regulation of SCAP, Insig-1 and Insig-2 in
the remnant kidney is consistent with general suppression of the
sterol-regulated lipogenic pathway occasioned by heavy lipid influx
from the extracellular compartment in the CRF animals. Consumption
of a high-calorie diet did not alter SREBP abundance or activity in the
remnant kidney of the CRF rats.

The remnant kidneys of the CRF rats fed the regular diet showed a
marked up-regulation of ACAT1, which catalyzes the esterification of
cholesterol for sequestration in intracellular vesicles — events that
play a central role in foam cell formation [56]. Together, down-
regulation of HMG-CoA reductase and up-regulation of ACAT1 in the
remnant kidney represent a coordinated response to a heightened
influx of cholesterol. The observed up-regulation of ACAT expression
in the remnant kidney is also found in the liver in this model [57]. The
contribution of elevated ACAT to the pathogenesis of lipid disorders
and the progression of renal disease in this model is supported by
amelioration of proteinuria and preservation of residual renal
function in response to pharmacological inhibition of ACAT in this
model [58]. Consumption of a high-calorie diet partially reversed
these changes, reflecting a lower influx of cholesterol occasioned by
partial reduction in plasma LDL and LOX-1 in the remnant kidney.

Genes involved in fatty acid synthesis are independently regulated
by SREBP-1c and ChREBP, which are activated by reduced cellular
sterol and increased cellular glucose loads, respectively [23,45].
Expression of ACC, the key enzyme in fatty acid synthesis, was
significantly higher in the kidneys of the CRF rats fed the regular diet
than that in the kidneys of the rats in the control group. This was
associated with a marked increase in the nuclear abundance of
ChREBP and a significant reduction in SREBP-1 in the remnant kidney
tissue of the CRF rats fed the regular diet. The observed up-regulation
of the lipogenic enzyme ACC in the face of divergent regulatory
pathways that are independently driven by cellular sterol and glucose
loads points to the dominant influence of the latter in the diseased
kidney. We believe that the observed up-regulation of ChREBP and
the consequent up-regulation of ACC in the remnant kidney are
driven by increased filtered glucose load in the remaining nephrons
undergoing compensatory hypertrophy and hyperfiltration. Con-
sumption of the high-calorie diet attenuated CRF-induced remnant
kidney hypertrophy and reversed the up-regulation of ChREBP and
ACC in the remnant kidney.

PPAR-α, CPT1 and L-FABP abundance was significantly reduced in
the remnant kidneys of the CRF group consuming the regular diet
when comparedwith that found in the control group. Consumption of
the high-calorie diet partially reversed these abnormalities. PPAR-α is
predominantly expressed in tissues with high fatty acid catabolic
rates such as the liver, kidney, heart and muscle. In the kidney, PPAR-
α is highly abundant in the proximal tubules and medullary thick
ascending limb of loop of Henle, withmuch lower levels in glomerular
mesangial cells [26]. PPAR-α promotes fatty acid catabolism via up-
regulation of L-FABP and CPT1. L-FABP and CPT1 serve as vehicles for
the intracellular transport of long-chain acyl-CoAs for mitochondrial
and peroxisomal β-oxidation [59] and, as such, promote a shift in fatty
acid metabolism from reesterification and storage to oxidation. The
CRF animals consuming a regular diet exhibited a significant down-
regulation of PPAR-α, L-FABP and CPT1 in the remnant kidneys.
Consumption of the high-calorie diet reversed the down-regulation of
PPAR-α and its target genes and reduced fat storage in the remnant/
diseased kidney. In addition to causing lipotoxicity, impaired fatty
acid oxidation can contribute to cellular injury and dysfunction by
limiting lipid-derived energy production in the remnant kidney,
which faces increased energy demand by the remaining nephrons
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occasioned by compensatory hypertrophy and hyperfiltration. Thus,
restoration of fatty acid utilization by the high-calorie diet may have,
in part, contributed to the observed attenuation of tubulointerstitial
injury in these animals.

ABCA1 transporter is the gatekeeper of the reverse cholesterol
transport pathway, whichmediates the transfer of cellular cholesterol
and phospholipids to lipid-poor HDL for disposal in the liver [60].
Expression of ABCA1 and a number of other genes involved in
cholesterol absorption, efflux, transport and excretion is regulated by
LXR-α/β, which serves as a cholesterol sensor [61]. The CRF rats
employed in the present study exhibited a marked up-regulation of
ABCA1 in the remnant kidney. This was associated with an increased
nuclear translocation of LXR-α/β. Up-regulation of ABCA1, which is
the primary pathway of cellular cholesterol and phospholipid efflux,
and activation of its master regulator LXR point to the cellular
response to increased cholesterol burden in the remnant kidney.
Activation of LXR in macrophages leads to the coordinate induction of
multiple genes potentially involved in cholesterol efflux, including
ABCA1, ABCG1 and ApoE. Induction of these genes in response to lipid
loading may serve to limit the accumulation of lipid and thus protect
against the development of fatty lesions and atherosclerosis [62,63].
The CRF rats fed the high-calorie diet exhibited a significant reversal
of the CRF-induced up-regulation of ABCA1 in the remnant kidney.
This was associated with a decreased nuclear translocation of LXR-α/
β in the remnant kidney. It should be noted, however, that despite the
up-regulation of cellular efflux pathways, HDL-mediated reverse
cholesterol and phospholipid transport may be impaired in CRF.
Several factors can contribute to defective reverse cholesterol
transport in CRF. First, CRF significantly lowers the hepatic production
of ApoA-I, which is the principal constituent of HDL [64]. Second, CRF
significantly lowers hepatic production and reduces the plasma
concentration of lecithin:cholesterol acyltransferase [57], which is
essential for efficient HDL-mediated cholesterol uptake and matura-
tion of HDL. Finally, CRF results in oxidative modification of HDL [65],
impairs the anti-inflammatory properties of HDL [66] and can thereby
interfere with HDL binding to ABCA1 transporter [60].

In conclusion, CRF results in heavy lipid accumulation in the
remnant kidney, which is mediated by increased cellular influx of
oxidized lipoproteins, heightened fatty acid synthesis pathway and
down-regulation of fatty acid oxidation system. Consumption of a
high-calorie diet attenuates lipid accumulation by lowering key
molecules involved in lipid influx and fatty acid synthesis and
by restoring pathways involved in fatty acid oxidation in the
diseased kidney.
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