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Simvastatin attenuates angiotensin II-induced inflammation
and oxidative stress in human mesangial cells
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Abstract. Chronic kidney disease (CKD) is an intractable
disease in which inflammation and oxidative stress are
important. In the present study, the effect of simvastatin on
inflammation and oxidative stress induced by angiotensin II
(Ang II) in human mesangial cells (HMCs) and its corre-
sponding mechanism was examined. In the in vitro experiment,
HMCs were pretreated either without additives (control group)
or with simvastatin at different concentrations (0, 0.1, 1 or
10 uM) for 1 h and were then stimulated by Ang II (1 xM)
for 24 h. Following stimulation, the cells were collected for
analysis using quantitative polymerase chain reaction, western
blotting and dihydroethidium staining. The supernatant of
the cells was collected and analyzed using an enzyme-linked
immunosorbent assay. The results demonstrated that simvas-
tatin suppressed the increased mRNA expression of monocyte
chemoattractant protein-1, tumor necrosis factor-a, inter-
leukin (IL)-1p and IL-6 and the content of reactive oxygen
species induced by Ang II in a dose-dependent manner. In
addition, simvastatin decreased the protein expression of
cyclooxygenase-2 (COX-2), nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase and protein kinase C (PKC) as
well as the content of prostaglandin E2 and the phosphorylation
level of nuclear factor-kB (NF-«kB) p65 in a dose-dependent
manner. Furthermore, simvastatin significantly increased
the protein expression of peroxisome proliferator-activated
receptor Y (PPARY). Therefore, simvastatin suppressed inflam-
mation and oxidative stress in Ang II-stimulated HMCs via
COX-2, PPARy, NF-kB, NADPH oxidase and PKCs, thereby
exerting a protective effect on CKD.
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Introduction

Chronic kidney disease (CKD) is an intractable disease, which
continues to increase worldwide and has increased the financial
burden on health care systems (1). It is therefore necessary
to elucidate the underlying mechanism and to develop an
additional treatment strategy to slow the progression of CKD.
Previous studies have demonstrated that a persistent inflamma-
tory response was a characteristic of CKD in animal models and
in patients, which revealed the importance of inflammation in
renal injury (2,3). In addition, oxidative stress also accelerated
the progression of CKD. A review of previous studies found that
reactive oxygen species (ROS) increased in a graded manner
as renal function deteriorated and identified an inverse correla-
tion between oxidative stress and glomerular filtration rate (4).
Furthermore, inhibition of nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase, which produces ROS, was benefi-
cial to renal injury (5,6), thus it is an effective treatment strategy
to suppress inflammation and oxidative stress in CKD.

Statins (3-hydroxy-3-methylglutaryl-coenzyme A reductase
inhibitors) are drugs with potent lipid-lowering effects. In
addition to their cholesterol-lowering properties, statins have
pleiotropic effects (7). Statins suppress mesangial cell prolif-
eration, prevent the decrease in glomerular filtration and the
deterioration of renal function in patients with nephropathy (8).
Therefore, statins may provide a beneficial therapy in preventing
and delaying the progression of CKD. However, the exact
mechanism remains to be fully elucidated.

Mesangial cells are a major glomerular cell type and are
involved in inflammatory reactions and oxidative stress in the
kidney (9) leading to CKD (10). In kidney injury, mesangial
cells are the major target of angiotensin II (Ang II), which
accelerates inflammation and other adverse actions. Thus, in
the present study, the effect of simvastatin on human mesangial
cells (HMCs) in the presence of Ang II was examined, and the
hypothesis that the mechanism underlying the protective effect
of simvastatin is through attenuating inflammation and oxida-
tive stress was assessed.

Materials and methods

Cell culture. HMCs were purchased from the American
Type Cell Collection (Manassas, VA, USA) and cultured in
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RPMI-1640 containing 10% fetal bovine serum. Mesangial
cells were incubated at 37°C in a humidified incubator
containing 5% CO, . The cells up to the 4th passage were used
and were plated in 6-well plates and cells at 90% confluence
were used for experiments The control group was treated
without additives and the other four groups were pretreated
with simvastatin at different concentrations (0, 0.1, 1 or
10 uM) for 1 h and then stimulated by Ang II (1 xM) for 24 h.
Following stimulation, all the cells were collected.

RNA extraction and quantitative polymerase chain reac-
tion (gPCR). The cells were harvested and total RNA was
extracted using TRIzol reagent (Invitrogen Life Technologies,
Carlsbad, CA, USA). cDNA was synthesized and qPCR
was performed according to the manufacturer's instruc-
tions. Relative mRNA levels for target genes were analyzed
with the comparative CT method. Human GAPDH levels
served as an internal control. The primer sequences used
were as follows: monocyte chemoattractant protein-1
(MCP-1), forward 5"TGTTGATGTGAAACATTATGCC-3'
and reverse 5'-AATGATTCTTGCAAAGACCCTC-3"
tumor necrosis factor-a (TNF-a), forward
5'-TTCGAGAAGATGATCTGATGC-3' and reverse
5'“TCAGCCTCTTCTCCTTCCT-3"; interleukin (IL)-1p,
forward 5'-ATGGGATAACGAGGCTTATG-3' and reverse
5'-CAAGGCCACAGGTATTTTGTC-3'"; IL-6, forward
5'-ATGAACTCCTTCTCCACAAGCGC-3' and reverse
5'-GAAGAGCCCTCAGGCTGGACTG-3"; cyclooxygenase-2
(COX-2), forward 5-TCCCTGAGCATCTACGGTTT-3' and
reverse 5-TACTCTGTTGTGTTCCCGCA-3' and GAPDH,
forward 5'-GCACCGTCAAGGCTGAGAAC-3' and reverse
5'-ATGGTGGTGAAGACGCCAGT-3'. All experiments were
repeated three times and the mean values were derived.

Western blot analysis. The protein was extracted from the
five groups using radioimmunoprecipitation assay lysis buffer
with a protease inhibitor (phenylmethanesulfonyl fluroide;
Beyotime, Beijing, China) and protein concentrations were
determined using a bicinchoninic acid protein assay. Equal
quantities of protein were resolved by 10% SDS-PAGE and
transferred onto nitrocellulose membranes (Plano, TX,
USA), which were inhibited with 5% skimmed milk for 2 h.
Subsequently, the membranes were incubated with specific
primary antibodies at 4°C overnight, and then horseradish
peroxidase-conjugated secondary antibodies (goat anti-mouse
polyclonal antibody to IgG or goat anti-rabbit polyclonal anti-
body to IgG) against the primary antibody was added at room
temperature for 2 h. Finally, the immunoreactive bands were
visualized using enhanced chemiluminescence plus reagents
(Millipore, Plano, TX, USA). f-actin was used as an endog-
enous loading control. All experiments were repeated three
times and the mean values were derived.

The primary antibodies used in the experiments were
as follows: rabbit polyclonal anti-NOX2 (1:1,000; Abcam,
Cambridge, UK), rabbit monoclonal anti-protein kinase Ca
(PKCa; 1:1,000; Abcam), rabbit monoclonal anti-PKCf1
(1:1,000; Abcam), rabbit polyclonal anti-COX-2 (1:1,000;
Abcam), rabbit polyclonal anti-peroxisome proliferator acti-
vated receptor v (PPARy; 1:1,000; Abcam), rabbit polyclonal
anti-nuclear factor-xB (NF-xB) p65 (1:1,000; Cell Signaling
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Technology, Inc., Danvers, MA, USA), rabbit polyclonal
anti-(phosphorylation-NF-xB p65; 1:1,000; Cell Signaling
Technology, Inc.), rabbit monoclonal anti-f-actin (1:1,000; Cell
Signaling Technology, Inc.) and rabbit polyclonal anti-p47°'*
(1:1,000; Millipore).

Enzyme-linked immunosorbent assay (ELISA). The superna-
tant of mesangial cells among all groups were collected and
stored at -80°C. The levels of prostaglandin E2 (PGE,) were
assessed with an ELISA kit according to the manufacturer's
instructions (R&D Systems, Minneapolis, MN, USA).

Statistical analysis. The values are expressed as the
mean + standard error of the mean. The differences between
any two groups were analyzed by Student's t-test and for more
than two groups by one-way analysis of variance. P<0.05 was
considered to indicate a statistically significant difference.

Results

Simvastatin downregulates Ang Il-induced proinflammatory
cytokine expression in HMCs. Ang 11 regulates the synthesis
of proinflammatory cytokines and chemokines, including
MCP-1, TNF-a, IL-1f and IL-6 (11,12). In the present study,
the mRNA expression levels of MCP-1, TNF-a, IL-1p and
IL-6 were determined by qPCR. The results demonstrated that
in HMCs, 1 and 10 gm simvastatin significantly decreased
the expression levels of proinflammatory cytokines compared
with the control group (P<0.05; Fig. 1), whereas no significant
difference in the expression of these cytokines was observed
between 0.1 ym simvastatin and the control group (P>0.05;
Fig. 1), indicating that simvastatin downregulated the inflam-
matory response in HMCs in a dose-dependent manner.

Simvastatin suppresses Ang Il-induced oxidative stress in
HMCs. The level of ROS in HMCs, as determined by dihy-
droethidium staining, was increased significantly following
Ang IT stimulation (P<0.05; Fig. 2A and B), however, this effect
was attenuated by simvastatin in a dose-dependent manner
(P<0.05; Fig. 2A and B). Increases in renal NADPH oxidase
activity and activation of the PKC system are important in
oxidative stress and kidney damage (13,14). Therefore, the
present study also examined the expression levels of NADPH
oxidase subunits (NOX2 and p47°"*) and PKC isoforms
(PKCa and PKCp1) in cultured mesangial cells. As shown in
Fig. 2C and D, Ang II significantly increased the expression
levels of the above proteins, while simvastatin reversed the
effect of Ang II in a dose-dependent manner. These results
demonstrated that simvastatin reduced oxidative stress by
suppressing the NADPH oxidase and PKC signaling pathways.

Simvastatin inhibits COX-2 expression in HMCs. The present
study also examined the mRNA and protein expression
of COX-2 in HMCs stimulated with Ang II and found that,
compared with the control group, the mRNA and protein
expression of COX-2 in the Ang II group was markedly
increased. However, it was significantly lower in the 1 and
10 pm simvastatin groups than in the Ang II and 0.1 ym
simvastatin groups (P<0.05; Fig. 3A and B). In addition to its
effect on COX-2 expression, Ang II significantly increased the
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Figure 1. Effects of simvastatin on the mRNA expression of proinflammatory factors in human mesangial cells. (A) mRNA expression of MCP-1 in the five
groups. (B) mRNA expression of TNF-a in the five groups. (C) mRNA expression of IL-1f in the five groups. (D) mRNA expression of IL-6 in the five groups.
Sim 0.1, 0.1 ym simvastatin group; Sim 1, 1 ym simvastatin group; Sim 10, 10 ym simvastatin group. "P<0.05, vs. control group; “P<0.05, vs. Ang II group.
MCP-1, monocyte chemoattractant protein-1; TNF-a, tumor necrosis factor-a; IL, interleukin; Ang II, angiotensin II.
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Figure 2. Effects of simvastatin on oxidative stress and the expression of NADPH oxidase subunits and the PKC isoforms in human mesangial cells.
(A) Representative DHE staining in the five groups. (B) Quantitative analysis of A. (C) Protein expression of NOX2 and p47°™* in the five groups by western
blotting and quantitative analysis. (D) Protein expression of PKCa and PKCf1 in the five groups by western blotting and quantitative analysis. Sim 0.1,0.1 ym
simvastatin group; Sim 1, 1 gm simvastatin group; Sim 10, 10 zm simvastatin group. "P<0.05, vs. control group; “P<0.05, vs. Ang II group. NADPH, nicotin-
amide adenine dinucleotide phosphate; PKC, protein kinase C; NOX2, NADPH oxidase; Ang II, angiotensin II; Sim, simvostatin; DHE, dihydroethidium.

production of PGE,, while simvastatin markedly suppressed  Simvastatin suppresses PPARy expression and NF- kB activa-
this effect in a dose-dependent manner (P<0.05; Fig. 3C).  tion in HMCs. Ang II has been demonstrated to reduce the
These results demonstrated that Ang Il induced COX-2 expres-  decrease in expression of PPARy, which can further augment
sion in HMCs, which was partially inhibited by simvastatin  inflammation (15). As shown in Fig. 4A, Ang II significantly
treatment. decreased the expression of PPARy compared with the control
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Figure 3. Effects of simvastatin on the expression of COX-2 and the production of PGE, in human mesangial cells. (A) mRNA expression of COX-2 in the five
groups. (B) Protein expression of COX-2 in the five groups by western blotting and quantitative analysis (C) Production levels of PGE, in the five groups by
ELISA. Sim 0.1, 0.1 gm simvastatin group; Sim 1, 1 gm simvastatin group; Sim 10, 10 zm simvastatin group. "P<0.03, vs. control group; “P<0.05, vs. Ang 11
group. COX-2, cyclooxygenase-2; PGE,, prostaglandin E2; Ang II, angiotensin II; Sim, simvastatin.
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Figure 4. Effects of simvastatin on the expression of PPARy and the phosphorylation level of NF-kB p65 in human mesangial cells. (A) Protein expression of
PPARYy in the five groups by western blotting and quantitative analysis. (B) Phosphorylation levels of NF-kB p65 in the five groups by western blotting and
quantitative analysis. Sim 0.1, 0.1 ym simvastatin group. Sim 1, 1 xm simvastatin group; Sim 10, 10 #m simvastatin group. ‘P<0.05, vs. control group; “P<0.05,
vs. Ang II group. PPARY, peroxisome proliferator-activated receptor v; Ang II, angiotensin II; Sim, simvastatin; NF-kB, nuclear factor-xB.

group, while simvastatin reversed the Ang II-induced decrease
in PPARY expression at doses of 1 and 10 ym. The phosphory-
lation level of NF-kB p65 among the five groups was also
examined by western blot analysis. The results demonstrated
that Ang II significantly increased the levels of phosphoryla-
tion of NF-xB p65, while 1 and 10 ym simvastatin reversed
this increase (P<0.05; Fig. 4B). However, a simvastatin
concentration of 0.1 xm did not have a significant effect. These
results demonstrated that simvastatin suppressed the effect of
Ang II on the expression of PPARy and on the activation of
NF-«xB in HMCs.

Discussion

CKD is an intractable disease worldwide and a rational therapy
is critical for improving public health. Statins have been
demonstrated to have organ-protective properties independent
of their cholesterol-lowering effects. In the present study, the
effect of simvastatin on HMCs stimulated by Ang IT was exam-
ined. The results demonstrated that simvastatin significantly
suppressed the inflammatory response by inhibiting COX-2
expression and NF-kB activation, and reversing the expres-
sion of PPARY suppressed by Ang II. In addition, simvastatin
alleviated oxidative stress by decreasing the expression of
NADPH oxidase and PKCs. Therefore, simvastatin may have a
beneficial effect in renal injury.

The renin-angiotensin system (RAS) has been demon-
strated to be important in the pathogenesis of CKD. Ang II is
the major product of RAS and its principle target in the kidney
is the mesangial cells. Ang II affects the local hemodynamics
in the kidney and induces glomerular mesangial dysfunction,
mesangial cell hypertrophy and proliferation, or promotes
extracellular matrix deposition, which appears to be directly
linked to inflammation and oxidative stress (16). Therefore,
in the present study, HMCs were selected and stimulated
with Ang IT as an in vitro model to examine the effect of
simvastatin on CKD and the corresponding mechanism.

Inflammation is important in numerous diseases,
including progressive renal disease, and CKD has been
viewed as a chronic inflammatory disease (17,18). Persistent
inflammation inside the kidney affects the local hemody-
namics and induces glomerular injury and renal fibrosis,
which promotes renal dysfunction and contributes to the
progression of kidney disease (19,20). Ang II, a known
inflammatory mediator, activates the expression of a
diverse range of proinflammatory factors in the kidney and
contributes to renal injury (21). In the present study, Ang II
significantly increased the expression of MCP-1, TNF-a,
IL-1B and IL-6 in HMCs, while simvastatin suppressed the
effect of Ang II on the expression of proinflammatory factors
in a dose-dependent manner, indicating that simvastatin had
anti-inflammatory effects in CKD.
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Oxidative stress has emerged as an important pathogenic
factor in numerous renal diseases, including acute and
chronic renal failure (22). ROS produce oxidative stress and
overproduction or reduced elimination of ROS has a toxic
effect on cells and causes damage to tissues (23). Previous
studies demonstrated that inhibition of ROS production was
beneficial in experimental and human kidney disease (23).
There is increasing evidence that Ang II directly promotes
the production of ROS via NADPH oxidase in mesangial
cells, which is important in glomerular injury (24). In the
present study, the effect of simvastatin on the production of
ROS in HMCs stimulated with Ang IT was examined. The
results indicated that, compared with the control group,
the content of ROS was significantly increased in the Ang
IT group and was suppressed in the simvastatin groups in
a dose-dependent manner. Among the three doses of simv-
astatin, 1 and 10 ym significantly decreased the content of
ROS, suggesting that simvastatin has an anti-oxidative stress
effect in CKD.

The present study also detected the mechanism of simv-
astatin on anti-inflammation and anti-oxidative stress in
HMCs stimulated with Ang II. PPARYy is a member of the
nuclear receptor superfamily of transcription factors, which
ameliorates the inflammatory response (25). Inhibition of
PPARY activity, involved in the pathogenesis of inflamma-
tion and its agonists, exerted an anti-inflammatory effect by
downregulating the transcription of NF-kB (26). In addition, it
was confirmed that PPARYy was present in mesangial cells and
PPARY agonists modulated the proliferation and differentia-
tion of mesangial cells and has been effective in the therapy
of renal dysfunction (27). NF-kB modulates the levels of
genes involved in inflammatory responses and the activation
of NF-xB in mesangial cells has a major pathogenic effect
on inflammatory renal disease (28,29). In addition, COX-2
catalyzes the conversion process of arachidonic acids to
prostaglandins and upregulates the expression of proinflam-
matory chemokines in the kidney (30). Therefore, the present
study examined the effects of simvastatin on the expression of
PPARYy and COX-2 and the phosphorylation level of NF-kB
p65 in HMCs. Ang II was found to significantly increase
the expression of COX-2 and the level of phosphorylation of
NF-kB p65, and decrease the expression of PPARy. However,
1 and 10 ym simvastatin clearly reversed the effects of Ang II.
Simvastatin may therefore have an anti-inflammatiory effect in
CKD through regulating the expression of PPARy and COX-2
and the activation of NF-kB.

Oxidative stress is important in CKD and the major
producer of this is ROS. A previous study demonstrated
that NADPH oxidase was the predominant enzyme in ROS
production and was recognized as an important factor in
cell proliferation and extracellular matrix accumulation
in renal disease (31). NADPH oxidase is composed of two
membrane-associated components, p22P"* and NOX2 and four
cytosolic components (p47°"*, p67°"*, p40P™* and rac-1/2).
The subunits NOX2 and p47°™* are mainly expressed in the
kidney (32). Thus, the present study detected the expression
of NOX2 and p47°™* in HMCs and found that simvastatin
reversed the Ang II-induced increase in NOX2 and p47°h
in a dose-dependent manner, reaching its maximum effect at
10 ym simvastatin. In addition, activation of the PKC system
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is known to be important in the pathophysiology of kidney
damage (33). There is evidence indicating that PKC medi-
ates the Ang Il-induced activation of NADPH oxidase and
then increases the production of ROS (34). The PKC system
has several isozymes, including PKCa and PKCf1, which
have been identified in mesangial cells (35). The present
study demonstrated that Ang II significantly increased the
expression of PKCa and PKCp1, and simvastatin suppressed
the effect of Ang II in a dose-dependent manner. Therefore,
simvastatin may inhibit oxidative stress induced by Ang II
through suppressing the expression of NADPH oxidase and
PKCs.

In conclusion, simvastatin ameliorated Ang II-induced
inflammation and oxidative stress in a dose-dependent manner.
The possible underlying mechanisms of the simvastatin-medi-
ated effects may involve the reduced expression of COX-2,
NADPH oxidase and PKCs, the activation of NF-xB and the
increased expression of PPARY.
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