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Silymarin exacerbates p53-mediated tubular apoptosis 
in glycerol-induced acute kidney injury in rats

Silymarin-induced tubular apoptosis in acute kidney injuryEduardo Homsi, Silvano Machado de Brito and Patrícia Janino

Division of Nephrology, Department of Medicine, Faculty of Medical Sciences, State University of Campinas, 
São Paulo, Brazil

ABSTRACT

Background/aims: Silymarin is an herbal extract with antioxidant properties that can reduce oxidative stress-
mediated injuries in murine models of liver, heart, and kidney diseases. Silymarin can also increase p53-mediated
cellular apoptosis in vitro. We tested the effect of silymarin administration before glycerol-induced acute kidney
injury (Gly-AKI) in rats. Methods: Renal function, tubular injury, oxidative stress, leukocytes infiltration, and renal
expression of apoptosis regulating proteins (p53, p-p53, Bax, Bcl-2, survivin, and cleaved caspase-3) were eval-
uated 6 or 24 h after glycerol. Results: Silymarin exacerbated the renal impairment and tubular apoptosis but had
no effect on tubular necrosis or renal leukocytes infiltration. Renal lipid and DNA peroxidation was increased
after glycerol and silymarin did not reduce oxidative stress. Proteins p53, p-p53, and proapoptotic Bax were
upregulated in Gly-AKI rats treated with silymarin, whereas anti-apoptotic Bcl-2 was reduced in this group.
Cleaved caspase-3 was overexpressed in Gly-AKI rats, particularly when treated with silymarin. Survivin was
less expressed in Gly-AKI than in controls, but this deficit was not aggravated by silymarin. Conclusion: The per-
sistence of oxidative stress, inflammatory reaction, and tubular necrosis, as well as exacerbation of p53-mediated
tubular apoptosis, led to a more severe renal impairment in Gly-AKI rats treated with silymarin.
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INTRODUCTION

Silymarin is an herbal preparation extract from milk
thistle comprising 60–85% of flavanolignans (mainly
silibinin), fatty acids, polyphenolic compounds, and
small amounts of flavonoids.1 Silymarin administra-
tion to rats during oxidative stress conditions restores
the endogenous antioxidant enzymes (superoxide dis-
mutase, catalase, glutathione peroxidase), maintains
reduced glutathione (GSH) and nonenzymatic antioxi-
dant levels (tocopherol, carotene, and ascorbate),
enhancing tissue resistance to oxidative stress.2–4 Sily-
marin and silibinin have also been evaluated as anti-
cancer agents. Several studies have shown their capacity
to decrease tumor cell proliferation and induce
apoptosis in cancer cell lineages, endothelial cells, or
normal cells exposed to carcinogenic stimuli.5–9 The
cornerstone of the proapoptotic action of silymarin/sili-
binin is the activation of the tumor suppressor gene
p53.6–9 Several downstream effectors of p53 activation
have been implicated in silymarin-induced apoptosis,
such as increased expression of proapoptotic Bax

protein as well as reduction of the anti-apoptotic pro-
teins Bcl-2, Bcl-xl, and survivin.6–9

In this study, we evaluated the effects of silymarin
treatment on renal function and histopathology in glyc-
erol-induced acute kidney injury (Gly-AKI) in rats.
Renal function was evaluated 24 h after glycerol injection
through the estimation of the glomerular filtration rate
(creatinine clearance). This AKI model (Gly-AKI) is
characterized by renal ischemia and myoglobin-derived
heme-iron-mediated renal oxidative stress10–14 leading to
severe tubular injury (necrosis and apoptosis), renal and
systemic inflammatory response, preglomerular vasocon-
striction, and acute renal failure.15–17 Based on the previ-
ous studies in rats subjected to renal ischemia/reperfusion
injury,18,19 we expected that silymarin would have anti-
oxidant and protective effect in Gly-AKI rats. The initial
purpose of this experimental study was to evaluate the
potential of this herbal extract in the renal protection
after rhabdomyolysis. Surprisingly, silymarin aggravated
the renal impairment in this study suggesting the prepon-
derance of its proapoptotic effect in our model. To con-
firm this impression, we carefully analyzed the tubular
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injury, oxidative stress, inflammatory reaction, and p53-
mediated tubular apoptosis in response to silymarin
treatment in Gly-AKI rats.

METHODS

Induction of Gly-AKI and animal treatment
Male Wistar rats (200–250 g) were bred in the animal
facility at our institution. The experiments were per-
formed in accordance with the guidelines established by
the Brazilian College for Animal Experimentation. Gly-
AKI was induced after overnight fast by a single intramus-
cular injection of 50% glycerol (7 mL/kg) divided into
both lower hind limbs. Control rats received saline injec-
tion in place of glycerol (sham). After glycerol injection,
rats had free access to rat chow and tap water. Silymarin
(Sigma, St. Louis, Michigan, USA) diluted in 1% dime-
thyl sulfoxide (DMSO)20 was injected intraperitoneally
(100 mg/kg/dose) concomitant with glycerol injection and
3 h after.21,22 The groups were control (sham + vehicle),
control + silymarin, Gly-AKI (glycerol + vehicle), and
Gly-AKI + silymarin (n = 7–13 rats/group). Serum creat-
ine phosphokinase (CK) concentration 6 h after glycerol
injection was evaluated in rats from all groups to assure
that silymarin treatment had no influence on the rhab-
domyolysis induced by the glycerol injection.

Creatinine clearance
For this procedure, 22 h after glycerol injection rats were
expanded with water (10% body weight) by gavage fol-
lowed by collection of 2 h spontaneously voided urine.
At the end of urine collection, blood was drawn through
cardiac puncture. Serum creatinine and urinary creati-
nine were measured by automated analyzer (Cobas–
Mir, Roche, Basel, Switzerland). Creatinine clearance
was calculated and normalized to 100 g body weight.

Histological analysis
Paraffin-embedded slides from kidneys harvested 24 h
after glycerol injection were stained with hematoxylin and
eosin. The number of totally necrotic and desquamated
tubules (absence of nucleus) was quantified in 15 ran-
dom cortical high power fields (HPF 400X) for each rat.

Terminal deoxynucleotidyl transferase-mediated 
dUTP nick end labeling assay
In situ detection of DNA fragmentation characteristic
of apoptotic cells was performed using terminal deoxy-
nucleotidyl transferase-mediated dUTP nick end
labeling (TUNEL) method. Briefly, longitudinal sec-
tions of the paraffin-embedded kidneys were dewaxed,
and endogenous peroxidase was blocked in 3% hydrogen
peroxide. The tissue was incubated with Proteinase K
(Roche, Mannheim, Germany) 20 mg/mL for 15 min at

room temperature, then rinsed in terminal deoxynucle-
otidyl transferase buffer (30 mM Tris, 140 mM sodium
cacodylate, 1 mM cobalt chloride, pH 7.2), incubated
with terminal deoxynucleotidyl transferase (Amersham
Biosciences, Piscataway, New Jersey, USA) 1:50, and
biotinylated deuridine triphosphate (Gibco, Grand Island,
New York, USA) 1:50 in terminal deoxynucleotidyl trans-
ferase buffer for 60 min at room temperature. Labeled
nuclei were detected with Vectastain ABC (Vector Labo-
ratories, Burlingame, California, USA) incubation for 30
min developed by diaminobenzidine tetrahydrochloride
(Dako, Carpinteria, California, USA) as a substrate
chromogen solution. Sections were counterstained with
hematoxylin. Positive tubular cells were counted in 10
random HPF (X400) in the cortex and 10 in the medulla.

Immunohistochemistry: Macrophages (anti-ED-1), 
T lymphocytes (anti-CD43), DNA oxidation 
(8-OHdG), cleaved caspase-3, and survivin
Kidneys were harvested at appropriate times, fixed in
10% formalin (except 8-OHdG, fixed in methacarn),
and embedded in paraffin. Slides were dewaxed,
endogenous peroxidase blocked in 3% H2O2, antigen
retrieved heating tissue at 93°C in a microwave oven in
10 mM citrate buffer, pH 6 for 10 min (CD43 and
8-OHdG), 20 min (cleaved caspase-3 and survivin), or
30 min (ED-1). After unspecific blocking, the slides
were incubated overnight at 4°C with primary antibod-
ies (anti-ED-1 1:100, Serotec, Oxford, UK; anti-CD43
1:50, Accurate Chemical, Wesbury, New York, USA;
anti-8-OHdG 1:100, Japan Institute for the Control
Aging, Japan; anti-cleaved caspase-3 1:400, Cell Signal-
ing Technology, Massachusetts, USA; anti-survivin
1:50, Santa Cruz Biotechnology, California, USA). In
the next morning, the procedure was completed by
incubations with specific biotinylated secondary anti-
bodies (1:200 survivin, CD4, cleaved caspase-3, and
8-OHdG, 1:400 ED-1), ABC detection kit (Dako,
Glostrup, Denmark), and diaminobenzidine tetrahy-
drochloride color developer (Dako, Carpinteria,
California, USA). Leukocytes and positive-cleaved
caspase-3 cells were counted in 10 random cortical and
10 medullar tubulointerstitial HPF (X400). Positive
8-OHdG tubular cell nuclei were counted in 10 cortical
HPF (X400). To evaluate survivin expression, 10 deep
cortex HPF X400/rat were grid lined 10 × 10 and the
percentage of positive grid field/HPF (%) was counted.

Lipid peroxidation
Lipid peroxidation was determined by malondialde-
hyde (MDA) concentration in renal tissue 6 h after
glycerol injection. Samples of 250 mg of renal cor-
tex were homogenated in 5 mL of ice-cold 1.15%
KCl, and 0.5 mL aliquot of the homogenate was
mixed with 3 mL of 1% phosphoric acid and 1 mL of
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0.6% thiobarbituric acid. The mixture was heated for 45
min in a boiling water bath and after addition of 4 mL of
n-butanol it was centrifuged at 2000 g for 20 min. The
absorbance of the upper organic layer was read at 535
nm by a spectrophotometer (Beckman DU 530,
California, USA) and compared with a standard curve
of freshly prepared tetraethoxypropane at concentrations
of 5.12, 10.25, and 20.5 nmol/mL.23 Values of the con-
centration of MDA were corrected for kidney weight.

Western immunoblotting for p53, p-p53, 
Bax, Bcl-2
Renal fragments from outer medulla were collected 6 h
after glycerol injection and homogenized at 4°C in
30 mM Tris HCl pH 7.5, 10 mM ethylene glycol
tetracetic acid (EGTA), 5 mM ethylenediamine
tetracetic acid (EDTA), 1 mM dithiothreitol (DTT),
250 mM sucrose, and 40 μL/mL cocktail of protease
inhibitors (Complete Mini, Roche, Mannheim, Ger-
many). The homogenized solution was centrifuged at
11,000 g at 4°C for 10 min. A sample of the superna-
tant was used for protein quantification using Brad-
ford method (Bio Rad protein assay, Hercules,
California, USA). Fifty micrograms of total protein in
5% glycerol, 0.03% bromophenol blue, and 10 mM
DTT were loaded in 10% (p53, p-p53) or 12.5%
(Bax, Bcl-2) sodium dodecyl sulfate (SDS)-polyacry-
lamide gel and electrophoresed in Laemmli solution.
Molecular weight marker (Rainbow, Amersham, Phar-
macia, New Jersey, USA) was used as standard. Pro-
teins were transferred to nitrocellulose membranes
(Bio-Rad, Hercules, California, USA). Nonspecific
binding was blocked by incubating the membranes
overnight 4°C (p53) or for 1 h (p-p53, Bax.Bcl-2) with
5% nonfat milk at room temperature. Primary anti-
bodies incubated for 1 h at room temperature (goat
anti-rat p53, Santa Cruz, California, USA) or over-
night at 4°C [rabbit anti-rat p-p53 (Ser 15), Cell Sig-
naling Technology, Massachusetts, USA; rabbit anti-
rat Bax, Cell Signaling Technology, Massachusetts,
USA; and mouse anti-rat Bcl-2, Santa Cruz Biotech-
nology, California, USA]. After washing with buffer,
horseradish peroxidase (HRP)-conjugated secondary
antibodies 1:40000 (p53), 1:2000 (p-p53), 1:250
(Bax), and 1:5000 (Bcl-2) were incubated for 1 h at

room temperature. Immunoreactive bands were visu-
alized using the enhanced chemiluminescence method
(Super Signal CL-HRP Substrate System, Illinois,
USA). Immunoblot for b-actin (Santa Cruz Biotech-
nology, California, USA) was used as load control.
Quantification of the bands was done by optical densi-
tometry using Image J software, version 1.37 (National
Institute of Health, Bethesda, Maryland, USA).

Statistical analysis
Data are expressed as mean ± SEM. Analysis of vari-
ance and Student–Newman–Keuls tests were used to
test parametric values and Mann–Witney or Kruskal–
Wallis–Dunn for nonparametric values. Data associa-
tion was tested using linear regression. p-Value less
than 0.05 was considered significant.

RESULTS

Effects of silymarin on renal function and tubular 
injury in Gly-AKI rats
We observed a significant increase in the serum creati-
nine in the Gly-AKI rats 24 h after glycerol injection.

TABLE 1. Renal function 24 h after glycerol injection.

Control 
(n = 7)

Control + sily 
(n = 6)

Gly-AKI 
(n = 13)

Gly-AKI + silya 
(n = 14)

Serum creatinine (mg/dL) 0.44 ± 0.05 0.56 ± 0.02 1.28 ± 0.22* 1.90 ± 0.26**

Creatinine clearance (μL/min/100 g) 384 ± 37 329 ± 44 181 ± 28* 99 ± 21**

Notes: aGly-AKI: glycerol-induced acute kidney injury. Sily: silymarin.
*p < 0.01 vs. controls, **p < 0.01 vs. controls, and p < 0.05 vs. Gly-AKI.

FIGURE 1. Serum creatinine phosphokinase (CK) level 6 h
after glycerol injection. There was a significant increase in serum
CK after glycerol injection. Silymarin administration had no
significant influence on CK rise, which excludes any interfer-
ence in the glycerol-induced rhabdomyolysis. n = 6 rats/group.
*p < 0.01 vs. controls.
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The serum creatinine elevation was exacerbated by
silymarin treatment. The evaluation of glomerular fil-
tration rate by creatinine clearance 24 h after glycerol
confirmed that silymarin treatment exacerbated the
renal impairment in Gly-AKI rats (Table 1). There
was no difference in the intensity of rhabdomyolysis
between Gly-AKI rats, as determined by serum CK
levels 6 h after glycerol injection (Figure 1).

The histological analysis (hematoxylin-eosin) 24 h
after glycerol, using an objective quantification of the
amount of totally denuded cortical tubules/HPF,
showed intense but similar prevalence of necrotic
tubules in treated and untreated Gly-AKI rats (Figure
2A and C). The TUNEL staining at 24 h showed
increased number of apoptotic tubular cells, predom-
inating in the outer medulla in Gly-AKI. Silymarin

significantly increased the number of TUNEL positive
cells both in the renal cortex and in the outer medulla
(Figure 2B and D).

The renal expression of cleaved caspase-3 was evalu-
ated by immunohistochemistry 24 h after glycerol injec-
tion. We observed a nuclear pattern of positive signals
in tubular cells as had already been described by
others.24–26 The expression was increased in Gly-AKI
(Figure 3B) and significantly exacerbated by silymarin
treatment (Figure 3C). The quantitative analysis con-
firmed statistically significant increase in the expression
of cleaved caspase-3 in Gly-AKI + silymarin (Figure 3D).
We also observed a significant positive correlation
between positive cleaved caspase-3 cells and TUNEL
positive cells in Gly-AKI rats subjected to both staining
in separate experiments (Figure 4).

FIGURE 2. Histological analysis of the renal tissue 24 h after glycerol injection. (A) Quantification of the number of cortical necrotic
tubules/HPF showing 21.1 ± 2.8 (31% of the total number of tubules/HPF X400) and 19.2 ± 2.4 (28% of total number of tubules/
HPF X400), respectively, in Gly-AKI and Gly-AKI + sily. Difference not significant: n = 8 (Gly-AKI) and 12 (Gly-AKI + sily).
(B) TUNEL staining for the detection of apoptotic cells showing increased tubular apoptosis mainly in the outer medulla in Gly-ARF
rats that was significantly accentuated by silymarin treatment. (C) Representative HE stained slide of the renal cortex from Gly-AKI
rat, showing several totally denuded necrotic tubules. (D) Outer medulla field of a representative Gly-AKI + silymarin rat showing several
apoptotic tubular cells lining the basement membrane (arrow) or desquamated into the tubular lumen (head arrow). n = 5–9/rats/
group.
*p < 0.05 vs. others.
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Renal tissue peroxidation
The lipid peroxidation was evaluated by MDA level in
the renal cortex 6 h after glycerol injection. There was
a moderate but significant increase in the renal MDA
concentration in Gly-AKI rats. The silymarin treat-
ment was not able to block the MDA increase after
glycerol injection (Figure 5 A).

DNA oxidation was evaluated by renal immunohis-
tochemistry 24 h after glycerol injection. This assay
identifies the nuclear expression of 8-OHdG, a metab-
olite derived from base reaction with free radicals. Oxi-
dative DNA damage was increased in the renal cortex
of Gly-AKI rats as compared with controls. The
silymarin treatment could not attenuate the DNA
damage (Figure 5B). Figure 5C and D are examples

of, respectively, control and Gly-AKI 8-OHdG
immunohistochemistry.

Leukocytes infiltration in the renal tissue
The leukocytes infiltration in the renal tissue was eval-
uated by immunohistochemistry using antibodies that
recognize rat macrophages (anti-ED1) and T lympho-
cytes (anti-CD43). The analysis showed significant
increase in the infiltration of macrophages predomi-
nantly in the outer medulla 24 h after glycerol. The
macrophage infiltration was not affected by silymarin.
The T lymphocytes infiltration was not significantly
increased 24 h after glycerol injection in both groups
(Table 2).

FIGURE 3. Cleaved caspase-3 expression (immunohistochemistry) 24 h after glycerol injection. Positive cells showed nuclear staining
and were more prevalent in Gly-AKI rats as compared with controls, predominated in outer medulla in relation to cortex and
the expression was intensely exacerbated by silymarin treatment (darker nuclei). (A) Representative slide of the outer medulla of a
health control rat, (B) Gly-AKI rat, (C) Gly-AKI rat treated with silymarin, and (D)quantification of positive caspase-3 cells/ HPF
X400. n = 5–6 rats/group.
*p < 0.01 vs. others.
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Renal expression of apoptosis regulating proteins
Western blot analysis of proteins extracted from the
outer medulla 6 h after glycerol injection showed
increased expression of total p53 in Gly-AKI rats
treated with silymarin when compared with the con-
trols and untreated rats (Figure 6A). More impor-
tantly, the expression of phosphorylated p53 (p-p53)
protein that is the functional active form was increased
in Gly-AKI rats, mainly in silymarin-treated animals
(Figure 6B). The p53 transcriptional regulated proap-
optotic Bax protein followed a similar pattern of
expression, being overexpressed in Gly-AKI + silymarin
treated rats (Figure 7). On the contrary, the expression
of the anti-apoptotic Bcl-2 was abrogated in Gly-AKI
rats treated with silymarin (Figure 8). The immuno-
histochemistry analysis of the survivin expression in
the renal tissue showed that the protein is strongly
expressed in tubular cells of the renal cortex and outer
medulla in healthy control rats and that this expression

is slightly reduced 6 h after glycerol injection (Figure 9).
The quantitative analysis showed that 93% of the cor-
tical grid fields/HPF were positive for survivin in the
control rats whereas this percentage declined to 79%
in Gly-AKI (p =0.05). The treatment with silymarin
did not affect the survivin expression in controls or
Gly-AKI rats (88.5 and 80.5% of positive grid
fields/HPF).

DISCUSSION

The administration of silymarin aggravated the renal
functional impairment 24 h after glycerol injection.
The treatment was unable to reduce the lipid and
DNA oxidative stress estimated by MDA and 8-OHdG,
respectively. Silymarin increased the renal tubular
apoptosis after glycerol injection, particularly in the
outer medulla, and had no effect in the magnitude of
tubular necrosis or in the renal leukocyte infiltration at
this point. We have shown previously that attenuation
of apoptosis using pan-caspase and caspase-3 inhibi-
tors reduced the renal impairment in Gly-AKI15 and,
in a subsequent study, that hepatocyte growth factor
(HGF) blockade increased the tubular apoptosis and
the renal impairment in the same model.27 However,
these maneuvers also interfered with the renal inflam-
matory response and the specific role of apoptosis in
the functional response could not be ascertained. In
this study, silymarin specifically exacerbated the tubu-
lar apoptosis that resulted in aggravation of the renal
impairment in these rats. These data support a central
role for tubular apoptosis in the development of
Gly-AKI in rats.

Excessive tubular reactive oxygen species (ROS)
generation may activate numerous protein kinases
(e.g., p38, ataxia telangiectasia mutated (ATM) kinase)
that phosphorylate and stabilize p53.28–30 The phos-
phorylation of serine-20 residue in p53 interfere with
p53’s association with its inhibitor, Mdm2, reducing
p53 degradation.31 ROS induces DNA damage, which

FIGURE 4. Correlation between cleaved caspase-3 positive and
TUNEL positive tubular cells in Gly-AKI. Rats treated with
silymarin (n = 4) or vehicle (n = 5). Each point represents mean
of 10 cortical and 10 medullary HPF X400/rat. Correlation
coefficient: 0.84, p < 0.01.
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TABLE 2. Leukocytes staining in the renal tissue (immunohistochemistry) 24 h after glycerol

Control 
(n = 6)

Control + sily 
(n = 6)

Gly-AKI 
(n = 5)

Gly-AKI + sily* 
(n = 6)

Macrophages–cortex (HPF X400) 6.3 ± 0.9 4.1 ± 0.7 11.9 ± 1.8a 8.0 ± 0.9

Macrophages–outer medulla (HPF X400) 5.8 ± 1.2 5.7 ± 1.7 40.6 ± 8.7b 35.5 ± 12.2b

T lymphocytes–cortex (HPF X400) 14.3 ± 4.6 13.3 ± 1.8 20.6 ± 4.4 14.6 ± 2.0

T lymphocytes–outer medulla (HPF X400) 10.5 ± 2.6 12.5 ± 2.1 8.7 ± 3.7 4.8 ± 1.1

Notes: *Gly-AKI: glycerol-induced acute kidney injury. Sily: silymarin. HPF: high power field.
ap < 0.05 vs. others, bp < 0.05 vs. controls.
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is a robust trigger of p53 activation.32 Furthermore,
increased p53 expression has been observed in differ-
ent cell cultures exposed to silymarin.6–9 We observed
(Figure 5B) a trend toward increase in 8-OHdG expres-
sion in control rats treated with silymarin compared with
control rats treated with vehicle, suggesting an intrin-
sic genotoxic effect of silymarin. The persistence of the
oxidative stress and the additional silymarin-induced p53
activation resulted in increased p53 expression and
activation in Gly-AKI rats treated with silymarin.

The p53 is a critical activator of the intrinsic path-
way of apoptosis. A large and growing number of p53
target genes have been implicated in its apoptotic
effects. These include transcriptional activation of the
proapoptotic Bax protein (Bcl-2 family member)33 and
proapoptotic BH3-only proteins (NOXA, PUMA),

Apaf-1, and p53-regulated-apoptosis-inducing pro-
tein 1(p53AIP1).34–36 p53 represses expression of the
prosurvival protein Bcl-228 and of the inhibitor of apo-
ptosis protein (IAP) survivin.37,38 The activation of
BH3-only proteins leads to Bax activation, which
induces permeabilization of the outer mitochondrial
membrane and release of proapoptotic factors such as
cytochrome c, SMAC/DIABLO, and apoptosis induc-
ing factor (AIF). The opposite regulation of mitochon-
drial permeability is exerted by Bcl-2 and BclxL
proteins. The cytochrome c released binds to Apaf-1
and caspase-9 in the apoptosome, resulting in the acti-
vation of the caspase-9 that cleaves and activates the
effector caspase-3 and caspase-7. IAPs, for example,
survivin, may intercept apoptosis through the inhibi-
tion of apoptosome formation and also may directly

FIGURE 5. Renal tissue peroxidation after glycerol injection. (A) Gly-AKI rats showed increased level of cortical MDA 6 h after
glycerol denoting increased lipid peroxidation. Silymarin treatment could not mitigate the lipid oxidative stress. n = 5–6 rats/group. (B)
Similarly the DNA oxidative damage evaluated by 8-OHdG expression in the renal cortex 24 h after glycerol was increased in Gly-AKI
rats and was not attenuated by silymarin treatment. (C) Representative slide of 8-OHdG immunohistochemistry in control and (D)
Gly-AKI rat (X400). Note positive nuclei (darker) particularly in the more damaged cortical tubules. n = 6–7 rats/group.
*p < 0.05 vs. control groups.
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inhibit the action of caspase-9 and effector caspase-3
and caspase-7.

In this study, Gly-AKI rats treated with silymarin
showed increased expression of the proapoptotic Bax
protein and reduced expression of anti-apoptotic Bcl-2
protein. The activation of the intrinsic apoptosis cascade

resulted in great expression of cleaved caspase-3 in
tubular cells. A similar pattern of p53-dependent apo-
ptosis had already been related by Katiyar et al.39 in
preneoplastic epidermal cell line JB6 C141 treated with
silymarin. We further examined the renal expression of
the IAP-survivin in our experimental condition. Initially,

FIGURE 6. Renal expression of the p53 protein (Western blot) 6 h after glycerol injection. (A) There was strong expression of total
p53 in all groups and it was significantly exacerbated in Gly-AKI rats treated with silymarin. (B) Phosphorylated p53 (p-p53) expres-
sion was very weak in controls and significantly enhanced in Gly-AKI rats. Each band corresponds to a distinct rat and 2 bands/group
are shown that are representative of 2–4 rats/group. Densitometry analysis was normalized by b-actin hybridization.
*p < 0.05 vs. controls.
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FIGURE 7. Renal expression of the Bax protein (Western blot)
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it was believed that survivin was expressed only in
immature tissues during embryogenesis or in
tumoral tissues. Recently, Lechler et al.40 showed
unequivocally high survivin expression in the proxi-
mal tubules of healthy adult rats, mice, and human
kidneys. They also showed reduction in the survivin
expression after hypoxic insult to tubular cells in
vitro. In agreement with their data, we observed a
strong tubular expression of survivin in healthy con-
trol rats, predominantly in the renal cortex (Figure 9).
Furthermore, a slight but significant reduction on
its renal expression was observed 6 h after glycerol
injection. These data suggest that survivin downreg-
ulation may play a role in the development of tubu-
lar apoptosis in Gly-AKI. Although previous studies
showed that administration of silymarin reduced
survivin expression in vitro,7 we did not observe
additional downregulation on its expression in Gly-
AKI rats treated with silymarin.

Our data contrast with the previous studies that
showed that silymarin reduced the oxidative stress and
tissue damage in rats with toxic hepatitis, cardiac
ischemia/reperfusion injury, and renal ischemia/reper-
fusion injury.2,3,18,19,41 The discrepant effect on oxida-
tive stress suggests that heme-catalyzed reactive
species generation may differ from reactive species
generated in other experimental conditions. Alterna-
tively, silymarin-induced p53 activation could upregu-
late genes that encode ROS-generating enzymes (PIG 3,
PIG 6)42 or suppress antioxidant genes (MnSOD),43

either way tipping the balance toward oxidative stress.

Furthermore, Gly-AKI rats treated with silymarin
showed increased p53-mediated tubular apoptosis and
exacerbation of the renal function impairment 24 h
after glycerol injection. Our data, derived from Gly-
AKI study in rats, indicate that silymarin is not a good
candidate for prevention of AKI after rhabdomyolysis.
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