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Rosuvastatin protects against podocyte apoptosis in vitro
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Abstract
Background. Clinical studies suggest that statins reduce
proteinuria and slow the decline in kidney function in
chronic kidney disease. Given a rich literature identifying
podocyte apoptosis as an early step in the pathophysiolog-
ical progression to proteinuria and glomerulosclerosis, we
hypothesized that rosuvastatin protects podocytes from un-
dergoing apoptosis. Regarding a potential mechanism, our
lab has shown that the cell cycle protein, p21, has a pro-
survial role in podocytes and there is literature showing
statins upregulate p21 in other renal cells. Therefore, we
queried whether rosuvastatin is prosurvival in podocytes
through a p21-dependent pathway.
Methods. Two independent apoptotic triggers, puromycin
aminonucleoside (PA) and adriamycin (ADR), were used to
induce apoptosis in p21 +/+ and p21 −/− conditionally im-
mortalized mouse podocytes with or without pre-exposure
to rosuvastatin. Apoptosis was measured by two meth-
ods: Hoechst 33342 staining and fluorescence-activated cell
sorting (FACS). To establish a role for p21, p21 levels were
measured by western blotting following rosuvastatin expo-
sure and p21 was stably transduced into p21 −/− mouse
podocytes.
Results. Rosuvastatin protects against ADR- and PA-
induced apoptosis in podocytes. Further, exposure to ro-
suvastatin increases p21 levels in podocytes in vitro. ADR
induces apoptosis in p21 −/− mouse podocytes, but rosu-
vastatin’s protective effect is not seen in the absence of p21.
Reconstituting p21 in p21 −/− podocytes restores rosuvas-
tatin’s prosurvival effect.
Conclusion. Rosuvastatin is prosurvival in injured
podocytes. Rosuvastatin exerts its protective effect through
a p21-dependent antiapoptotic pathway. These findings
suggest that statins decrease proteinuria by protecting
against podocyte apoptosis and subsequent podocyte de-
population.
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Introduction

Podocytes, or glomerular visceral epithelial cells, are highly
specialized, terminally differentiated cells with limited
replicative capacity. A large body of literature shows that
two potential fates for injured podocytes include apoptosis
and detachment from the underlying glomerular basement
membrane (GBM) [1]. Each of these deleterious pathways
decreases podocyte number. Decrement in podocyte num-
ber is a critical pathophysiological precursor to the devel-
opment of proteinuria and glomerulosclerosis, hallmarks of
diabetic and non-diabetic kidney disease [2–7].

In recent decades, research has focused on identifying
potential therapies that reduce podocytes’ detrimental re-
sponses to injury. Statins, or 3-hydroxy-3-methylglutaryl-
CoA reductase inhibitors, show promise in the clinical
realm. Post hoc analyses of large randomized, controlled
trials, as well as meta-analyses of small prospective studies
suggest a role for statins in decreasing the rate of decline of
kidney function and reducing proteinuria in patients with
chronic kidney disease stages I–III [8–14]. These effects
are independent of lipid lowering, implicating pleiotropic
effects of statins on specific kidney cells [15]. We hy-
pothesize that statins protect podocytes from undergoing
apoptosis, which in turn prevents podocyte depopulation
and subsequent proteinuria. To elucidate a potential mech-
anism, we focused on the cell cycle regulator, p21, given
our experience with p21 as a prosurvival player in podocyte
apoptosis and data in other kidney cells showing statins
upregulate p21.

Materials and methods

Conditionally immortalized heat-sensitive mouse
podocytes in culture

Female p21 Waf1/Cip1−/− mice were crossed with male H-
2Kb -tsA58 transgenic mice (ImmortoMouse; Jackson Lab-
oratory, Bar Harbor, ME, USA) and the F1 generation inter-
crossed. Conditionally immortalized mouse podocytes were
then derived from p21 Waf1/Cip1 −/− and p21 Waf1/Cip1 +/+
littermates as described previously [16–19]. Briefly, a
thermosensitive SV40 large T-cell antigen (tsA58 Tag) is
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controlled by an interferon-γ-inducible H-2Kb promoter.
Cells proliferate when grown at 33◦C on collagen I- (BD
Biosciences, Bedford, MA, USA) coated plastic plates (Pri-
maria tissue culture dish, 100 × 20 mm; Becton Dickinson
Labware, Franklin Lakes, NJ, USA) in the presence
of 10 U/ml recombinant mouse interferon-γ (Coulter,
Hialeah, FL, USA). The quiescent, differentiated or
‘growth-restricted’ phenotype is achieved by transitioning
cells to uncoated plastic plates at 37◦C without interferon-
γ for 12–14 days, at which time cells express podocyte-
specific immunohistologic markers, as described previ-
ously [20].

Under both conditions, cells were grown in RPMI 1640
media (Life Technologies, Inc., Gaithersburg, MD, USA)
to which the following was added: 9% fetal bovine serum
(Summit Biotechnology, Fort Collins, CO, USA), 2 mmol/L
glutamine, 10 mmol/L HEPES, 0.075% sodium bicarbon-
ate (all from Sigma, St. Louis, MO, USA) and 1 mmol/L
sodium pyruvate, 100 U/ml penicillin, 100 µg/ml strepto-
mycin (all from Irvine Scientific, Santa Ana, CA, USA).

In all studies, early passage (12–22) conditionally im-
mortalized heat-sensitive mouse podocytes were utilized.
Two independent wildtype podocyte clones were used.

Measuring cell viability with different concentrations
of rosuvastatin

To ensure that statins were not toxic to podocytes, podocyte
viability was measured after 24, 48 and 72 h of exposure to
a range of rosuvastatin concentrations: 1 µM, 20 µM and
100 µM. A viable cell number was assessed by methylth-
iazoletetrazolium (MTT) assay using a CellTiter 96 non-
radioactive cell proliferation assay kit (Promega, Madison,
WI, USA) according to the manufacturer’s instructions.
This assay identifies living cells by measuring the cellu-
lar conversion of a tetrazolium salt into a chromofore that
is quantified by absorbance at 560 nm.

Retroviral transduction of p21 −/− podocytes

Reconstitution of p21 protein expression in p21 −/−
podocytes was achieved using a retroviral transduction sys-
tem. The pBabe vectors encoding full-length human p21
+/+ or GFP were transfected into Phoenix packaging cells
to generate retrovirus. The retrovirus-containing media
were harvested and filtered onto 50% confluent proliferat-
ing, undifferentiated p21 −/− podocytes. Transfected cells
were identified by puromycin selection or fluorescence-
activated cell sorting (FACS). Transfected podocytes were
further subcultured, passaged and transferred to 37◦C to
initiate growth arrest and differentiation.

Induction of apoptosis in vitro

Podocyte apoptosis was induced by exposing cells to either
adriamycin (ADR) 0.25 µg/ml or puromycin aminonucleo-
side (PA) 30 µg/ml for 48 h. Cells were pre-incubated with
rosuvastatin 20 µM or DMSO (vehicle) for 24 h prior to
application of the apoptotic trigger. Each experiment was
performed a minimum of three times.

Detection of apoptosis

Percentage of podocyte apoptosis was measured and quan-
titated by two independent methods

Hoechst staining. Podocytes were grown to 80% conflu-
ency on plastic plates (Primaria tissue culture dish, 60 ×
15 mm; Becton Dickinson Labware, Franklin Lakes, NJ,
USA) under growth-restricted conditions and treated as de-
scribed above. Hoechst 33342 (Sigma-Aldrich) was added
to achieve a final concentration of 10 µM and cells ana-
lyzed after 5 min. Apoptotic cells, defined by the presence
of chromatin condensation, were counted in a minimum
of 20 high-powered fields per experimental condition. The
number of apoptotic nuclei was expressed as a percentage
of the total.

Fluorescence-activated cell sorting (FACS). The cells
were grown to 90% confluency on plastic plates (Pri-
maria tissue culture dish, 100 × 20 mm; BD Labware)
under growth-restricted conditions. The media from each
experiment were centrifuged at 300 × g for 5 min and
the pellets saved. The cells were washed with Hank’s
buffered salt solution (HBSS, Invitrogen, Carlsbad, CA,
USA) three times. Adherent mouse podocytes were then
incubated with 5 ml versene with 0.05% collagenase for
10 min at 37◦C in 95% air/5% CO2 followed by me-
chanical disruption. Detached podocytes were added to
the saved pellet and centrifuged for 5 min at 300 × g.
After two wash cycles with PBS, the pellet was resus-
pended in 1:10 binding buffer (BD Pharmingens, Franklin
Lakes, NJ, USA) in 12 × 75 polystyrene falcon tubes
(BD) to which 5 µl of Annexin V-FITC or Annexin V-PE
and 5 µl propidium iodide (PI) or 7-aminoactinomycin D
(7-AAD) (all from BD Pharmingens) were added. The cells
were then analyzed for apoptosis using FACScalibur. Cells
positive for Annexin V-FITC (Annexin V-PE) and negative
for PI (AAD) were deemed apoptotic.

Western blot analysis

Tissue culture plates were placed on ice, and the cells were
washed three times in ice-cold PBS. Podocytes were lysed
using an RIPA lysis buffer [50 mM Tris–HCl, pH 8.0,
5 mM EDTA, 150 mM NaCl, 1% IP-40, 1% Trion X-100,
50 mM NaF, 1 mM Na-orthovanadate (all from Sigma-
Aldrich)] and a 40 mM protease inhibitor (Roche Molecular
Biochemicals, Indianapolis, IN, USA). After an overnight
freeze-thaw cycle, lysates were cleared by centrifugation at
14 000 rpm for 5 min at 4◦C. Protein concentrations were
determined by a BCA protein assay kit (Pierce, Rockford,
IL, USA) according to the manufacturer’s protocol. Re-
ducing buffer was added to each protein extract and each
sample boiled for 5 min. Reduced protein sample of 10–
20 µg was loaded per lane on a 12% SDS–polyacrylamide
gel and subsequently transferred by electroblotting to a
PVDF membrane (Sigma-Aldrich) at 350 mA for 75 min.

After blocking the membrane in 5% dried milk in a
TBST solution (10 mM Tris–HCl, pH 8.0, 150 mM NaCl,
0.1% Tween) for 1 h at room temperature, the blot was
incubated overnight at 4◦C with anti-p21WAF1/CIP1 +/+
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Fig. 1. Low-dose rosuvastatin does not affect podocyte viability in vitro. Growth-restricted conditionally immortalized mouse podocytes were incubated
with escalating doses of rosuvastatin or DMSO as a vehicle control. Cell viability was determined by MTT assay at 24, 48 and 72 h time points
(∗P < 0.05).

(BD Biosciences, San Diego, CA, USA) and anti-actin
(Chemicon International, Temecula, CA, USA) antibod-
ies. After washing three times in TBST, membranes were
incubated with the appropriate horseradish peroxidase sec-
ondary antibody (Sigma-Aldrich) for 1 h. After additional
washings in TBST, proteins were visualized using enhanced
chemiluminescence technology according to the manufac-
turer’s instructions (GE Healthcare, Piscataway, NJ, USA).

Statistical analysis

Unless otherwise noted, all experiments were performed
a minimum of three times. All results are expressed as
mean ± SD. For statistical comparisons of two groups,
unpaired t-tests were applied. One-way ANOVA was used
to determine the significance of differences among multiple
experimental groups. A P-value of <0.05 was considered
to be significant.

Results

Rosuvastatin protects against PA-induced podocyte
apoptosis

Clinical studies show that statins may reduce proteinuria
and slow the decline in kidney function in chronic kid-
ney disease. Given an abundance of literature showing that
podocyte apoptosis is an early step in the pathophysiological
progression to proteinuria and glomerulosclerosis, we hy-
pothesized that rosuvastatin protects podocytes from under-
going apoptosis. We examined two independent podocyte
apoptotic triggers: PA 30 µg/ml and ADR 0.25 µg/ml.

To determine an appropriate concentration of rosu-
vastatin, dose titration studies were performed. Growth-
restricted conditionally immortalized p21 +/+ mouse

podocytes were incubated in media containing escalating
doses of rosuvastatin. Cell viability was measured by MTT
assay at 24, 48 and 72 h (Figure 1). Rosuvastatin 100 µM
proved toxic to podocytes compared to DMSO (vehicle)
as evidenced by decreased cell viability at all timepoints.
However, lower rosuvastatin doses of 1 µM and 20 µM
were well tolerated with preserved cell number relative to
control and DMSO. Consistent with in vitro studies re-
ported elsewhere in the literature and reports of systemic,
therapeutic concentrations in humans, a working concen-
tration of 20 µM was chosen for all subsequent studies
[21,22].

To determine whether rosuvastatin protects podocytes
from apoptosis, podocytes were exposed to rosuvastatin
20 µM for 24 h prior to administering PA. The percent-
age of apoptosis was measured at 48 h by Hoechst staining
(Figure 2A). As shown in Figure 2B, exposure of growth-
restricted p21 +/+ podocytes to PA resulted in an 11-fold
increase in apoptosis compared to cells grown under normal
conditions (P < 0.0001). In contrast, pre-exposure to rosu-
vastatin markedly attenuated PA-induced apoptosis, result-
ing in a 3.5-fold reduction in apoptosis relative to PA-only
treated cells (P < 0.0001). There were no statistically sig-
nificant differences in apoptosis among control podocytes
and those exposed to vehicle (DMSO) or rosuvastatin alone.

Rosuvastatin protects against ADR-induced podocyte
apoptosis

To determine whether the prosurvival benefits of rosu-
vastatin extend to other forms of podocyte injury, ADR
was used as a second independent method of inducing
apoptosis. Representative images of apoptosis measured by
Hoechst staining are shown in Figure 3A. Figure 3B shows
exposure of conditionally immortalized mouse podocytes
to ADR 0.25 µg/ml resulted in an 8-fold increase in
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Fig. 2. Rosuvastatin protects podocytes from puromycin aminonucleoside-induced apoptosis. Growth-restricted mouse podocytes pre-incubated with
rosuvastatin (20 µM) or DMSO (vehicle) for 24 h were exposed to puromycin aminonucleoside (PA, 30 µg/ml) for 48 h. Hoechst staining was performed
(A) and the percentage of apoptosis was measured (B).

apoptosis at 48 h compared to control cells (P < 0.0001).
Similar to the results with PA, pre-incubation with rosuvas-
tatin conferred a dramatic survival advantage with a 54%
decrease in apoptosis compared to cells exposed to ADR
only (P < 0.005).

In order to validate the results obtained by Hoechst stain-
ing, FACS was performed as a second independent method

to measure apoptosis. The advantages of FACS over mea-
suring Hoechst-stained apoptotic cells using fluorescence
microscopy are many-fold. First, while fluorescence mi-
croscopy is a subjective morphologic assessment of a sam-
ple of cells, the flow cytometer analyzes each cell individu-
ally giving information about the heterogeneity of a sample
of cells. Further, FACS is rapid and precise, allowing for
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Fig. 3. Rosuvastatin protects podocytes from adriamycin-induced apoptosis. Podocytes pre-incubated for 24 h with rosuvastatin or DMSO were exposed
to adriamycin (ADR, 0.25 µg/ml) for 48 h. Hoechst staining was performed (A) and the percentage of apoptosis was measured (B). Additionally, cells
were dual-labeled with FITC-Annexin V and propidium iodide and fluorescent-activated cell sorting (FACS) performed. Representative contour plots
(C) show virtually all of the cells in control and rosuvastatin-treated groups were viable, as detected in the lower-left quadrant (FITC−, PI−). ADR
exposure significantly increased the percentage of apoptotic (FITC+, PI−) cells, as detected in the lower-right quadrant. Pre-incubation with rosuvastatin
largely abrogated the rightward shift induced by ADR, consistent with a prosurvival effect. The results of three separate FACS experiments were pooled
and averaged results are shown graphically.
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Fig. 4. Rosuvastatin increases protein levels of p21 in podocytes in vitro. Growth-restricted mouse podocytes were pre-incubated for 24 h with
rosuvastatin or DMSO and protein levels of p21WAF1/CIP1 +/+ measured by Western blot analysis. A representative blot is shown (A). β-actin was used
as a housekeeping protein to ensure equal protein loading and densitometric analysis performed (B). Values are averages of three separate experiments
and normalized for differences in protein loading.

the evaluation of thousands of cells in seconds. Finally, cells
are quantified into subpopulations of interest based on their
fluorescent intensity and specific wavelength.

In this study, wildtype, p21 −/− and p21-transduced
p21 −/− podocytes were stained with Annexin V-FITC
and propidium iodide (PI) to distinguish among viable,
apoptotic and necrotic podocytes. Because GFP is a flu-
orochrome, p21 −/− podocytes transduced with GFP were
stained with Annexin V-PE and 7-aminoactinomycin (7-
AAD). Apoptotic cells undergo a perturbation of their
plasma membranes that exposes a cell surface marker, phos-
phatidylserine, to which Annexin V-FITC and Annexin V-
PE bind. Necrotic cells bind both PI (7-AAD) and Annexin
V-FITC (Annexin V-PE), whereas viable cells bind neither.

Figure 3C shows representative contour plots of wildtype
podocytes exposed to ADR with or without pre-exposure
to rosuvastatin. Apoptotic cells binding Annexin V-FITC,
but not PI, localize to the right lower quadrant. Also shown
in Figure 3C are pooled and averaged percentages of apop-
tosis from three separate experiments of FACS in p21 +/+
podocytes. While apoptosis was negligible in control cells
and rosuvastatin-exposed podocytes, ADR induced a dra-
matic increase in apoptosis relative to control (P < 0.01).
Pre-incubation with rosuvastatin imparted a survival bene-
fit producing an 89% reduction in the percentage of apop-
tosis when compared to podocytes exposed to ADR only
(P < 0.01). Taken together, these data convincingly demon-
strate that rosuvastatin is prosurvival for podocytes in vitro.

Rosuvastatin increases p21 levels in podocytes in vitro

Given recent reports that statins may regulate p21 in other
cells, we hypothesized that a mechanism by which rosuvas-
tatin protects podocytes from apoptosis is through a p21-
dependent pathway. To determine the relationship between
rosuvastatin and p21 in podocytes in vitro, Western blot-
ting was performed on extracts from cultured podocytes

(Figure 4A). At 24 h after rosuvastatin exposure, protein
expression of p21 Waf1/Cip1 +/+ was increased 2.4-fold over
control (Figure 4B). This increase persisted at 48 h (data
not shown). This finding of p21 upregulation after rosuvas-
tatin exposure prompted further investigation of p21’s role
in rosuvastatin’s antiapoptotic effect on podocytes in vitro.

Rosuvastatin’s protective effect is negated in the absence
of p21

Previous work from our lab has shown a prosurvival role
for p21 in safeguarding against podocyte apoptosis. Since
exposing podocytes to rosuvastatin led to increased p21
protein levels, we hypothesized that p21 is necessary for
rosuvastatin to exert its prosurvival effect. Accordingly,
p21 −/− podocytes were exposed to ADR for 48 h and
Hoechst staining was performed. As shown in Figure 5A,
ADR increased apoptosis in p21 −/− podocytes by 23-fold
relative to control (P < 0.0001). However, in stark contrast
to p21 +/+ podocytes, in the absence of p21, rosuvastatin
did not protect against ADR-induced apoptosis in p21 −/−
podocytes (NS). Similarly, when FACS was used to measure
apoptosis in p21 −/− podocytes (Figure 5B), ADR expo-
sure resulted in significant apoptosis compared to control
(P < 0.05) that was not mitigated by rosuvastatin pre-
incubation (NS). Taken together, these results suggest that
rosuvastatin protects podocytes from ADR-induced apop-
tosis in part through a p21-dependent pathway.

Reconstituting p21 in p21 −/− podocytes restores
rosuvastatin’s protective effects

To confirm that the loss of a prosurvival effect of rosuvas-
tatin observed in p21 −/− podocytes is indeed due to a de-
ficiency in p21, p21 was stably reintroduced into p21 −/−
podocytes using a retroviral transduction system, as con-
firmed by Western blot analysis (Figure 6A). As expected,
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Fig. 5. The prosurvival effect of rosuvastatin is negated in the absence
of p21. p21 −/− growth-restricted conditionally immortalized mouse
podocytes were pre-incubated with rosuvastatin or DMSO. Cells were
exposed to ADR and apoptosis measured 48 h later by Hoechst staining
(A) and FACS analysis (B).

p21 is not present in p21 −/− podocytes and p21 −/−
podocytes transfected with vector (GFP) alone, while it
is present in wildtype and p21-reconstituted p21 −/−
podocytes.

The p21 −/− podocytes reconstituted with p21 were
exposed to ADR and apoptosis measured by FACS as out-
lined previously. As shown in Figure 6B, exposure to ADR
alone induced a 28-fold increase in the percentage of apop-
tosis relative to control (P < 0.01). However, reconstitu-
tion of p21 completely reversed the apoptotic susceptibility
in those podocytes pre-incubated with rosuvastatin (P <
0.005). By contrast, rosuvastatin did not alter the percent-
age of apoptosis in p21 −/− podocytes transduced with
vector, GFP, alone (data not shown).

Figure 6C summarizes data from the three podocyte lines
that show convincingly that rosuvastatin protects podocytes
from ADR-induced apoptosis through a p21 prosurvival
pathway. As depicted, wildtype, p21 −/− and p21 −/−
with p21 reconstituted podocytes were similarly suscepti-
ble to ADR. However, rosuvastatin protected against ADR-
induced apoptosis only in the presence of p21. There were
similar percentages of apoptosis among p21 −/− podocytes
exposed to ADR with or without pre-exposure to rosuvas-

Fig. 6. Reconstituting p21 expression in p21 −/− podocytes restores
the prosurvival effect of rosuvastatin. Growth-restricted p21 −/− mouse
podocytes were stably transfected with a human p21 vector or GFP vector
as a control. Western blotting for p21WAF1/CIP1 +/+ showed successful
re-expression of p21 in the p21 −/− podocytes (A). Following stable
transfection, cells were pre-incubated with rosuvastatin or DMSO and
ADR-induced apoptosis was measured by FACS analysis (B). The prosur-
vival effects of rosuvastatin in podocytes as a function of p21 status are
summarized in (C).

tatin. These data confirm that rosuvastatin’s prosurvival role
in podocyte apoptosis is p21-dependent.

Discussion

Podocytes, terminally differentiated resident cells of the
glomerulus, are vital for maintaining the structural integrity
of the glomerular filtration barrier. It is well established that
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podocyte damage and subsequent decrement in podocyte
number are critical precursors to the clinical manifestation
of proteinuria and histological development of glomeru-
losclerosis. Emerging clinical and experimental data show
that apoptosis, or programmed cell death, is an important
cause of podocyte depopulation. Accordingly, therapies
targeting prosurvival pathways may stabilize podocyte
number and delay progression of chronic glomerular dis-
ease.

In the last two decades, researchers have directed much
attention to HMG-CoA reductase inhibitors, or statins,
as potential therapies for treating kidney disease. Studies
by Hommel and Nielsen et al. [23,24] first identified a
potential role for statins in modulating the progression of
renal disease. More recently, retrospective and prospective
studies, as well as, meta-analyses of small clinical trials
suggest that statins may be renoprotective by reducing pro-
teinuria and slowing the decline in renal function in early
stages of chronic kidney disease [8,9,11–14]. The benefits
appear to be independent of lipid-lowering, raising the pos-
sibility of localized tissue activity in the kidney [10,15].
While statins have been shown to have anti-proliferative ef-
fects and to suppress pro-inflammatory pathways in mesan-
gioproliferative disorders [25,26], their effects in podocyte
disease remain largely unexplored.

Accordingly, in the current study, we test the hypothe-
sis that statins are prosurvival in podocytes and thus may
safeguard against the subsequent development of glomeru-
losclerosis by preserving overall podocyte number. Con-
ditionally immortalized mouse podocytes were exposed to
puromycin aminonucleoside (PA), or alternatively, ADR
as a second independent apoptotic trigger. The first major
finding of this study is that pre-incubation with rosuvas-
tatin significantly reduced podocyte apoptosis induced by
either agent, suggesting that statins may have a general-
ized prosurvival effect on podocytes. These findings are in
stark contrast to other non-renal cell types where statins
have been shown to be pro-apoptotic [27–30]. Given the
evidence from our lab and others supporting a role for
the cell cycle protein p21 in modulating prosurvival path-
ways, we next queried whether rosuvastatin may be acting
in a p21-dependent fashion. Following exposure to rosu-
vastatin, p21 protein levels in podocytes were significantly
increased, consistent with the effects of statins on p21 in
mesangial cells [25]. Using a conditionally immortalized
mouse podocyte line lacking p21, the second major finding
in this study was that rosuvastatin’s protective effect was
completely negated in the absence of p21. Furthermore,
when p21 was stably re-expressed in p21 −/− podocytes,
the prosurvival effects of rosuvastatin were restored. Taken
together, these findings suggest that rosuvastatin safeguards
against podocyte apoptosis in a p21-dependent fashion.

A growing body of evidence supports the notion that
statins act directly on podocytes. Studies by Nakamura
and colleagues of patients with chronic glomerulonephritis
demonstrated that cerivastatin therapy ameliorated protein-
uria and reduced podocyte loss in the urine [31]. Camussi’s
group provided clues to the anti-proteinuric effects of statins
by showing that statins act through the AKT pathway to
prevent down-regulation of nephrin and preserve the in-
tegrity of a permselective filtration barrier following expo-

sure to oxidized LDL [32]. Furthermore, they reported that
statin therapy protected against podocyte apoptosis consis-
tent with our findings in the current study. More recent
studies show that statins maintain the integrity of the slit
diaphragm and prevents foot process effacement both in
vivo [33–35] and in vitro [33,36].

How are the prosurvival effects of statins on podocytes
regulated through the p21 pathway? There is a complex
role for p21 in regulating podocyte biology in both states of
health and disease. While best known as a cyclin-dependent
kinase (cdk) inhibitor, emerging data show that p21 plays
a wide variety of physiological roles and importantly, is
a critical player in cell survival. Interestingly, p21 seems
to vacillate between prosurvival and proapoptotic pheno-
types. This bipolarity with respect to cell viability is rooted
in a number of only recently recognized factors including
relative protein levels, subcellular localization and protein–
protein interactions [37–40]. It is fairly well established
that p21 plays a vital prosurvival role when localized to the
cytosol. Cytoplasmic p21 has been shown to bind to and
prevent activation of procaspase 3, thus interfering with
Fas-mediated apoptosis [41]. Also, in the cytosol, p21 has
been shown to inhibit the pro-apoptotic kinase ASK1 [42].
Taken together, p21 is a protein with multiple, oft-diverging
functions. Based on available data and our findings in
this study, we can conjecture that rosuvastatin facilitates
a prosurvival role for p21 in injured podocytes. Among the
plausible mechanisms, rosuvastatin may influence the local-
ization, phosphorylation or even stability of this pleiotropic
protein.

In summary, we have reported that rosuvastatin is prosur-
vival in cultured podocytes by safeguarding against apop-
tosis in a p21-dependent fashion. These findings provide
insights into the possible mechanisms by which statin ther-
apy may preserve overall podocyte number, thereby slowing
glomerulosclerosis characteristic of many forms of chronic
kidney disease.
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