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An excess of lipids may accumulate in the kidney in conditions such as diabetes and hypertension, and can
potentially cause renal injury. We previously reported that an infusion of angiotensin Il into a rat induced de-
position of lipids in the renal tubular epithelial cells. Here we have examined the effect of pioglitazone, an
agonist of the peroxisome proliferator-activated receptor-y (PPAR-y), on renal lipid accumulation and
renal injury induced by angiotensin Il infusion. Pioglitazone treatment (2.5 mg/kg/day) reduced the amount
of triglycerides in the kidney of the angiotensin Il-induced hypertensive rat without significantly altering
either blood pressure levels or mRNA expression of lipogenic genes in the kidney. In addition, pioglitazone,
either alone or in conjunction with angiotensin II, increased the expression of phosphorylated, but not
total, AMP-activated protein kinase (AMPK). Proteinuria and kidney weight in the angiotensin Il-infused
rat were significantly decreased by pioglitazone treatment. In addition, pioglitazone suppressed iron deposi-
tion and ferritin protein induction, but did not alter upregulated expression of the antioxidative molecule,
heme oxygenase-1, in the kidney of the angiotensin IlI-infused rat. These findings suggested that pioglitazone
suppressed the angiotensin II-induced increase in renal lipid content by inhibiting its proteinuric action, but
not by direct alteration of the expression or activity of lipid metabolism-related genes. Reduction of lipotoxic
renal damage may represent one of the renoprotective effects provided by pioglitazone in hypertension with

activation of the renin-angiotensin system.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In an insulin resistant state and diabetes, excess lipid may accu-
mulate in non-adipose tissue, such as the heart (Marfella et al.,
2009), liver (Cusi, 2009), and pancreas (van Raalte et al.,, 2010), and
may cause histological and functional injury to these tissues, termed
lipotoxicity. Accumulation of lipids in the kidney is also known to
occur in humans (Katsoulieris et al., 2010; Moorhead et al., 1982)
and in animal models of diabetes (Lemieux et al., 1984), obesity
(Dominguez et al., 2007), and aging (Jiang et al., 2005). Although
the precise mechanism of renal lipid accumulation has not been
completely elucidated, it may be a consequence of the increased reab-
sorption of filtered fatty acids bound to albumin (extracellular
source) and/or increased synthesis or decreased oxidation of fatty
acids in renal cells (intracellular source) (Sun et al., 2002; Thomas
and Schreiner, 1993; Weinberg, 2006). The physiological importance
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of renal lipid accumulation, which is supported by the finding that
transfer of a lipogenic gene into kidney results in an increase in
both proteinuria and expression of transforming growth factor (31
(Sun et al., 2002), may be a consequence of the enhanced generation
of reactive oxygen species (Kamijo et al., 2007), the disruption of
intracellular signaling pathways, or the upregulation of proinflamma-
tory and profibrotic factors (Bobulescu, 2010).

Administration of angiotensin II is reported to enhance insulin
resistance (Ogihara et al., 2002) and to increase urinary protein
excretion in animal models (Aizawa et al., 2000). We have previously
reported that 7-day administration of angiotensin II to rats caused
marked lipid accumulation in the tubular epithelial cells, where
both enhanced superoxide generation and upregulation of fibroproli-
ferative gene expression were observed (Ishizaka et al., 2006; Saito et
al., 2005). Recent studies showed that peroxisome proliferator-
activated receptor-y (PPAR-y) agonists, which may promote
adipogenesis and reduce ectopic lipid deposition, may be effective
in reducing proteinuria by a mechanism independent of their
hypoglycemic property (Benigni et al., 2006; Panchapakesan et al.,
2005; Yotsumoto et al., 2003). To this end, here we have investigated
the effect of the PPAR-y agonist pioglitazone on renal lipid deposi-
tion and proteinuria in a rat model of angiotensin Il-induced
hypertension.
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2. Materials and methods
2.1. Animal models

The experiments were performed in accordance with the guide-
lines for animal experimentation approved by the Animal Center for
Biomedical Research, Faculty of Medicine, University of Tokyo.
Angiotensin Il-induced hypertension was induced in male Sprague-
Dawley rats (250 to 300 g) by subcutaneous implantation of an
osmotic minipump (Alzet model 2001; Alza Pharmaceutical,
Vacaville, CA) as described previously (Aizawa et al., 2000). Briefly,
Val5-Angiotensin Il (Sigma, St. Louis, MO) was infused at doses of
0.7 mg/kg/day via subcutaneously implanted osmotic minipump for
7 consecutive days. In some angiotensin II-infused rats, pioglitazone
(Takeda Pharmaceutical Co., Tokyo, Japan) was given orally at a
dose of 2.5 mg/kg/day. Blood pressure, serum levels of lipids and in-
sulin, and plasma levels of glucose, which were obtained from at
least 7 samples in each group, have been described elsewhere
(Sakamoto et al., in press).

2.2. Measurement of lipid contents in the kidney

For the measurement of tissue lipid content, 0.2 g of a tissue
sample of renal cortex was homogenized with 4 mL of chloroform-
methanol (1:2 by volume) using a homogenizer (Polytron; Kinema-
tica, Lucerne, Switzerland), vigorously vortexed for 5 min, centrifuged
at 3000 rpm for 5 min to separate the phases. Next, the lower phase
obtained by centrifugation was evaporated under the stream of nitro-
gen gas, and then the lipid extract was dissolved in isopropanol. Total
cholesterol and triglycerides were assayed using Total Cholesterol E
Test Wako (Wako Pure Chemicals, Osaka, Japan) and Triglycerides E
Test Wako (Wako Pure Chemicals), respectively.

2.3. Histological analysis

Oil red O staining was performed on sections of unfixed, freshly
frozen kidney samples (3 um in thickness). The areas of lipid deposi-
tion were calculated by using the image analysis software, Photoshop
(Adobe Systems, San Jose, CA), and semiquantification of the lipid
deposition was performed as described elsewhere (Ishizaka et al.,
2006).

2.4. Western blot analysis
Western blot analysis was performed as described previously
(Aizawa et al., 2000). Antibodies against total and phosphorylated

forms of AMP-activated protein kinase (Cell Signaling Technology,
Danvers, MA), and total and phosphorylated forms of acetyl-CoA
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carboxylase (ACC) (Cell Signaling Technology) were used at a dilution
of 1/1000. Polyclonal antibodies against rat ferritin (Panapharm,
Kumamoto, Japan) and heme oxygenase-1 (HO-1, StressGen, Victoria,
BC, Canada), and monoclonal antibody against 3-actin (Sigma) were
used at dilutions of 1/2000, 1/2000, and 1/1000. The ECL Western
blotting system (Amersham Life Sciences, Arlington Heights, IL) was
used for detection. Bands were visualized by a lumino-analyzer (Fuji
Photo Film, Tokyo, Japan). Band intensity was calculated and is
expressed as a percentage of the control value.

2.5. Real time reverse transcription-polymerase chain reaction (RT-PCR)

Expression of lipid metabolism-related gene mRNA was analyzed
by real time quantitative PCR performed by LightCycler together
with hybriprobe technology (Roche Diagnostics, Basel, Switzerland).
Expression of target genes was normalized to the mRNA expression of
endogenous control, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). The target genes were as follows: sterol regulatory
element-binding proteins (SREBP)-1c, fatty acid synthase (FAS),
PPAR-vy, and PPAR-a. The forward and backward primers used are de-
scribed elsewhere (Hongo et al., 2009).

2.6. Statistical analysis

Data are expressed as the mean 4 S.E.M. We used ANOVA followed
by a multiple comparison test to compare raw data, before expressing
the results as a percentage of the control value using the statistical
analysis software SPSS Dr II. A value of P<0.05 was considered to be
statistically significant.

3. Results
3.1. Characteristics of the experimental animals

Systolic blood pressure was not significantly different from
controls in rats treated with pioglitazone alone, and systolic blood
pressure in angiotensin II-treated rats, which was significantly higher
than that in control rats, was lowered the concomitant treatment
with pioglitazone slightly, albeit not significantly (Sakamoto et al.,
in press). Pioglitazone suppressed angiotensin Il-induced increases
in serum triglycerides (P<0.05) and in plasma glucose level
(P<0.05) (data not shown). Pioglitazone also suppressed angiotensin
lI-induced increase in urinary protein excretion; however, pioglita-
zone did not improve the decreased creatinine clearance induced by
angiotensin II (Fig. 1).
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Fig. 1. Weight of kidney, extent of proteinuria, and creatinine (Cr) clearance. Data represent the mean =4 S.E.M. of the results from 5 to 7 rats in each group. Ang I, angiotensin II; and

Pio, pioglitazone.
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3.2. Accumulation of lipids in the kidney

In the kidney sections, oil red O staining showed no apparent
lipid deposition in the kidney of untreated rats or rats treated
with pioglitazone alone (Fig. 2A, B). An increase in oil red O-positive
lipid droplets was observed in the tubular epithelial cells in
angiotensin Il-infused rats (Fig. 2C), and this increase was
suppressed by pioglitazone (Fig. 2D, E). Tissue content of tri-
glycerides was found to be increased in the kidney of angiotensin II-
infused rat, and this increase was again suppressed by pioglitazone
(Fig. 3).

3.3. Regulation of genes related to lipid metabolism

As compared with untreated control rats (n=6), angiotensin II
(n=6) significantly increased the expression of SREBP-1c mRNA
(187 +£25%, P<0.01 versus control) and FAS mRNA (172 +28%,
P<0.05 versus control), and concomitant pioglitazone treatment
(n=5) did not significantly suppress the angiotensin Il-induced
upregulation of these lipogenic genes: SREBP-1c (210 £ 36%, P<0.01
versus control) and FAS (1754 17%, P<0.01 versus control). Expres-
sion of PPAR-y mRNA was not altered by angiotensin II (85+ 14%,
NS versus control) or angiotensin II plus pioglitazone (1054 17%,
NS versus control). Angiotensin Il downregulated the expression of
PPAR- o mRNA (59.5 + 8.8%, P<0.05 versus control), and this down-
regulation was inhibited by pioglitazone (83.7+9.4%, NS versus
control).

Angiotensin II increased the amount of phosphorylated AMPKa
and ACC, although it did not significantly alter the total amount of
AMPKa and ACC proteins. Pioglitazone treatment also increased
phosphorylated AMPKa levels (Fig. 4).

3.4. Tissue iron deposition and protein expression of ferritin and HO-1

Angiotensin II caused iron deposition in the proximal tubular
epithelial cells and upregulated the expression of HO-1 and ferritin
protein (Fig. 5), as has been described previously (Ishizaka et al.,
2002). The angiotensin Il-induced iron deposition and ferritin induc-
tion was suppressed by pioglitazone. On the other hand, pioglitazone
did not significantly reduce the upregulated HO-1 expression in the
kidney of rats given angiotensin II.

4. Discussion
In the present study, we demonstrated that pioglitazone reduced

the renal lipid content in the angiotensin Il-infused rat, but did not
significantly affect blood pressure levels. Pioglitazone reduced the
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Fig. 3. Tissue content of lipids. Shown is the content of triglycerides (TG) (A) and total
cholesterol (TC) (B) in the kidney. Data represent the mean = S.E.M. of the results from
5 to 7 rats in each group. Abbreviations are the same as in Fig. 2.

extent of proteinuria, but did not significantly affect the angiotensin
[I-induced upregulation in lipogenic gene expression, suggesting
that the reduction of lipid content in the tubular epithelial cells may
be a consequence of a reduction of circulation lipids and/or a reduc-
tion of proteinuria. Pioglitazone also suppressed the deposition of
iron in the tubular epithelial cells, which may, in conjunction with
the reduction of lipid accumulation, act favorably to maintain normal
tubular function.

Until now, several mechanisms have been postulated to play a role
in the accumulation of lipids in tubular epithelial cells. The vast ma-
jority of plasma free fatty acids is carried on albumin (Richieri and
Kleinfeld, 1995). Fatty acids bound to albumin are filtered through
glomeruli and then reabsorbed from the filtrate via endocytosis by
interacting with several membrane proteins and scaffolding and
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Fig. 2. Oil red O staining of the kidney of rats given angiotensin II with or without pioglitazone. Shown are kidney sections from a control rat (A), a rat given pioglitazone (B), a rat
given angiotensin II (C), and a rat given angiotensin II plus pioglitazone (D). Original magnification, x 200. Scale bar indicates 100 pm. E. Semiquantification of the oil red O-stained
area. Data represent the mean 4 S.E.M. of the results from 4 to 5 rats in each group. Scale bar indicates 100 pm. Abbreviations are the same as in Fig. 1.
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Fig. 4. Western blot analysis of AMP-activated protein kinase o (AMPK), acetyl-CoA carboxylase (ACC), phosphorylated (activated) AMPKa (P-AMPK), and phosphorylated (inac-
tivated) ACC (P-ACCand). A. Representative blots. B, C, D, E. Protein expression in treated rats relative to control rats. Data represent the mean 4 S.E.M. of the results from 4 to 6 rats
in each group. *P<0.05 **P<0.01 versus control group. Abbreviations are the same as in Fig. 1.

regulatory molecules (Pollock and Poronnik, 2007), before being
transported into tubular epithelial cells. Free fatty acid delivered to
the tubular cells in excess can be deposited as triglycerides in intra-
cellular lipid droplets. It has been demonstrated that renal lipid accu-
mulation may be induced by the regulation of lipogenic gene
expression (Sun et al., 2002); however, it may also be induced by an
excess supply of lipids (Bobulescu, 2010). Of note, proteinuric toxicity
leading to tubulointerstitial injury is generally thought to be caused
by macromolecules that are filtered through glomeruli including
fatty acids (Chen et al, 1998; Kamijo et al, 2002; Ong and
Moorhead, 1994).

Several previous studies have demonstrated the antisteatotic action
of PPAR-y agonists in the heart, liver, and skeletal muscle (Hockings et
al., 2003; Rasouli et al., 2005; Zhou et al., 2000); however, only a few

studies have reported the effect of PPAR-y agonists on the renal lipid
content. Bobulescu et al. reported that the PPAR-y agonist reduces
renal cortical lipid content in a rat model of metabolic syndrome
(Bobulescu et al., 2009). They also found that PPAR-y agonist did not
affect intracellular lipid content in cultured renal cells possessing char-
acteristics of the renal proximal tubules (OKP cells), suggesting that the
direct effect of PPAR-7y activation in the tubular epithelium does not ac-
count for the antisteatotic effect of this agent in the kidney of the met-
abolic syndrome rat. Sui et al. found that elevation of serum
triglycerides levels and fat deposits in the renal inner cortex could be
seen in the uninephrectomized rat, and both of these phenomena
were suppressed by treatment of the uninephrectomized rat with
angiotensin-converting enzyme inhibitor (ACEI) (Sui et al, 2010).
They also found an increase in PPAR-y immunoreactivity in the kidney
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Fig. 5. Iron deposition and protein expression of heme oxygenase-1 (HO-1) and ferritin. A-D. Prussian blue staining. Shown are kidney sections from a control rat (A), a rat given
pioglitazone (B), a rat given angiotensin II (C), and a rat given angiotensin II plus pioglitazone (D). Original magnification, x 200. Scale bar indicates 100 um. E. Representative
Western blots of HO-1 and ferritin. F, G. HO-1 and ferritin expression in treated rats relative to control rats. Data represent the mean + S.E.M. of the results from 4 to 6 rats in
each group. Scale bar indicates 100 um. *P<0.001 versus control group. Abbreviations are the same as in Fig. 1.
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of uninephrectomized rat, which was again suppressed by ACEI treat-
ment. In Sui et al.'s study, however, it was not clear whether increased
PPAR-y expression is a cause or a result of renal lipid accumulation.

In the current study, we did not find evidence suggesting that
pioglitazone modulated the angiotensin Il-induced upregulation of
lipogenic gene expression (Saito et al.,, 2005). In addition, the amount
of phosphorylated AMPK was not changed by pioglitazone treatment.
Taking these results together, the tubular accumulation of lipids and
iron may be the consequence of angiotensin Il-induced glomerular
damage and subsequent reabsorption of the glomerular filtrate into tu-
bular cells. On the other hand, an excess amount of lipids (Bobulescu et
al., 2009) or iron (Ishizaka et al., 2002) in the tubular cells may further
enhance tubulointerstitial damage. Considering that pioglitazone may
exert anti-inflammatory effects on tubular epithelial cells (Li et al.,
2005), pioglitazone treatment may act favorably on the renal tubules
in a rat model of angiotensin II-induced hypertension.

It has been shown in several previous studies that HO-1 may act
favorably on the kidney through its anti-oxidative and anti-
inflammatory properties. We found that pioglitazone treatment did
not reduce the angiotensin II-induced upregulation of HO-1 (Fig. 5).
We previously reported that expression of HO-1, but not ferritin,
was induced by angiotensin Il in the proximal tubular epithelial
cells in vitro (Aizawa et al., 2000; Ishizaka et al., 2002). It has recently
been shown that thiazolidinediones upregulate, albeit in non-renal
cells, HO-1 expression via transcriptional activation (Kronke et al.,
2007). On the other hand, however, considering that pioglitazone
alone did not upregulate renal HO-1 expression, preservation of the
upregulation of HO-1 expression might be explained by the angioten-
sin Il-induced HO-1 upregulation in proximal tubular epithelial cells
in the current study.

An anti-proteinuric effect of pioglitazone has been shown in
several different animal models, including models of obese diabetes
(Yoshimoto et al., 1997), metabolic syndrome (Ohtomo et al., 2007),
immune-mediated glomerulonephritis (Benigni et al., 2006), and
hypercholesterolemia (Omasu et al., 2007). Several mechanisms
have been postulated to underlie pioglitazone-induced renoprotec-
tion, such as antihypertensive effect (Yoshimoto et al., 1997) and
upregulation of nephrin, the main structural protein of the slit dia-
phragm (Benigni et al., 2006). Considering that inhibition of the
renin-angiotensin system is also effective in reducing proteinuria in
these animal models (Kong et al., 2011; Namikoshi et al., 2008), it is
suggested that amelioration of tubular lipotoxicity might represent
pioglitazone-induced amelioration of glomerular and tubulointersti-
tial injury mediated, in part, by activation of the renin-angiotensin
system.

Although angiotensin II infusion increases PPAR-o. expression in
the heart (Hongo et al., 2009), here PPAR-« expression was found
to be decreased in the angiotensin Il-infused rat kidney. PPAR-« is
suggested to act renoprotectively cells against fatty acid toxicity
associated with proteinuria (Kamijo et al., 2007) or induced by diet
(Shin et al., 2009). In addition, PPAR-« gene deficiency worsened al-
buminuria in diabetic animals (Park et al., 2006a) and PPAR-o ago-
nists have been shown to reduce proteinuria in various animal
models with renal injury (Hou et al., 2010; Park et al., 2006b; Zhou
et al,, 2011). Although the mechanism underlying angiotensin II-
induced PPAR-a downregulation in the kidney remains to be eluci-
dated, it is possible that pioglitazone-induced recovery of PPAR-o ex-
pression in the angiotensin Il-infused rat kidney might have also
acted favorably in reducing proteinuria.

In summary, in the rat model of angiotensin II-induced hyperten-
sion, pioglitazone reduced renal deposition of lipids as well as iron,
which was not accompanied by an alteration in the angiotensin
II-induced upregulation of lipogenic gene expression. These effects
of pioglitazone may act favorably against renal tubular injury induced
by lipotoxicity and oxidative stress occurring in the angiotensin
[I-infused rat.
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