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Inhibiting glycogen synthase kinase-3 reduces
endotoxaemic acute renal failure by
down-regulating inflammation and renal
cell apoptosis
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Background and purpose: Excessive inflammation and apoptosis are pathological features of endotoxaemic acute renal
failure. Activation of glycogen synthase kinase-3 (GSK-3) is involved in inflammation and apoptosis. We investigated the effects
of inhibiting GSK-3 on lipopolysaccharide (LPS)-induced acute renal failure, nuclear factor-kB (NF-kB), inflammation
and apoptosis.
Experimental approach: The effects of inhibiting GSK-3 with inhibitors, including lithium chloride (LiCl) and 6-bromo-
indirubin-3′-oxime (BIO), on LPS-treated (15 mg·kg-1) C3H/HeN mice (LiCl, 40 mg·kg-1 and BIO, 2 mg·kg-1) and LPS-treated
(1 mg·mL-1) renal epithelial cells (LiCl, 20 mM and BIO, 5 mM) were studied. Mouse survival was monitored and renal function
was analysed by histological and serological examination. Cytokine and chemokine production, and cell apoptosis were
measured by enzyme-linked immunosorbent assay and terminal deoxynucleotidyl transferase-mediated dUTP–biotin nick-end
labelling staining, respectively. Activation of NF-kB and GSK-3 was determined by immunostaining and Western blotting,
respectively.
Key results: Mice treated with GSK-3 inhibitors showed decreased mortality, renal tubular dilatation, vacuolization and
sloughing, blood urea nitrogen, creatinine and renal cell apoptosis in response to endotoxaemia. Inhibiting GSK-3 reduced
LPS-induced tumour necrosis factor-a (TNF-a) and CCL5/RANTES (released upon activation of normal T-cells) in vivo in mice
and in vitro in murine kidney cortical collecting duct epithelial M1 cells. Inhibiting GSK-3 did not block TNF-a-induced
cytotoxicity in rat kidney proximal tubular epithelial NRK52E or in M1 cells.
Conclusions and implications: These results suggest that GSK-3 inhibition protects against endotoxaemic acute renal failure
mainly by down-regulating pro-inflammatory TNF-a and RANTES.
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Introduction

Acute renal failure is generally caused by infectious patho-
gens, hypoxia/ischaemia, toxins, obstructive insults and

severe inflammation (Thadhani et al., 1996). Sepsis-induced
acute renal failure (or septic acute renal failure) is commonly
present in multiple organ failure (MOF) and multiple organ
dysfunction syndrome (MODS) (Martin et al., 2003). Septic
acute renal failure has a 70% mortality rate in hospital
inpatients, whereas non-septic acute renal failure has a 45%
mortality rate (Neveu et al., 1996; Schrier and Wang, 2004).
Despite improvements in supportive care and renal replace-
ment therapy, there is still no target-specific therapy for
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preventing septic acute renal failure. Clinically, septic acute
renal failure is characterized by deregulated physiological
responses, which include a lower renal blood flow and glom-
erular filtration rate as well as hypotension (Wan et al., 2003).
In patients with septic acute renal failure, blood urea nitrogen
(BUN) and creatinine levels are abnormally high (Thadhani
et al., 1996). Histopathological changes to the kidneys, such
as tubular cell necrosis and apoptosis, sloughing, vacuoliza-
tion and tubular dilatation, are the hallmarks of septic acute
renal failure (Cunningham et al., 2002; Wan et al., 2003).

The mechanisms involved in endotoxaemia-induced septic
acute renal failure are diverse; they include uncontrolled sys-
temic inflammatory activation, renal ischaemia, coagulopa-
thy, cytokine/chemokine overproduction and deregulated cell
apoptosis (Khan and Badr, 1999; Wan et al., 2003; Schrier and
Wang, 2004). Pro-inflammatory tumour necrosis factor-a
(TNF-a), which is overproduced in endotoxin lipopolysaccha-
ride (LPS)-treated mice and renal mesangial cells, is crucial in
the pathogenesis of septic acute renal failure (Baud et al.,
1989; Wan et al., 2003). Down-regulating TNF-a using neu-
tralizing antibodies prevents endotoxaemic acute renal failure
(Knotek et al., 2001), and TNF receptor-knockout mice are
protected from endotoxaemic acute renal failure (Cunning-
ham et al., 2002). TNF-a causes endotoxaemic acute renal
failure through a mechanism involving acute tubular apop-
tosis (Jo et al., 2002) and renal inflammation (Schrier and
Wang, 2004; Anderson, 2007; Wu et al., 2007). Preventing
caspase activation is a protective strategy against disease
progression (Guo et al., 2004).

Glycogen synthase kinase-3 (GSK-3) regulates a variety
of cellular responses, including cell growth, differentiation,
apoptosis and inflammation (Frame and Cohen, 2001; Jope
et al., 2007). GSK-3 mediates apoptotic signalling induced
by staurosporine, heat shock, growth factor withdrawal,
hypoxia, endoplasmic reticulum stress, mitochondrial
complex I inhibitors and ceramide (Bijur et al., 2000;
Hetman et al., 2000; King et al., 2001; Somervaille et al.,
2001; Bhat et al., 2002; Loberg et al., 2002; Song et al., 2002;
Hongisto et al., 2003; Lin et al., 2007). In addition, the acti-
vation of transcription factor NF-kB by GSK-3 is important
for Toll-like receptor (TLR) and TNF-a receptor signalling.
Therefore, GSK-3 is a cellular target for anti-inflammation
(Takada et al., 2004; Dugo et al., 2005; 2006a,b; 2007a,b;
Martin et al., 2005; Woodgett and Ohashi, 2005; Cuzzocrea
et al., 2006; 2007; Ougolkov and Billadeau, 2006; Whittle
et al., 2006). Using a sepsis model induced by LPS plus pep-
tidoglycan, Dugo et al. (2005) first demonstrated the anti-
inflammatory effects of GSK-3 inhibition by down-regulating
NF-kB activation and cytokine production in lung inflamma-
tion. They also showed that treatment with GSK-3b inhibi-
tors conferred protection against liver and renal injury.
However, the protective mechanism due to inhibiting GSK-3
in endotoxaemic acute renal failure remains unclear. To
study the pathological roles of TNF-a in endotoxaemic acute
renal failure, we developed a mouse model of endotoxaemic
acute renal failure and analysed the protective action of
inhibiting GSK-3 on key pathological changes: cell death,
renal dysfunction and cytokine/chemokine production.
The role of GSK-3 in TNF-a-induced cytotoxicity was also
investigated.

Methods

Animal treatment
The 8-week-old progeny of male C3H/HeNCrl mice were
purchased from Charles River Japan, Inc. (Atsugi, Japan). They
were fed standard laboratory chow and water ad libitum in the
Laboratory Animal Center of National Cheng Kung Univer-
sity. The animals were raised and cared for according to the
guidelines set up by the National Science Council, Taiwan.
The experimental protocol adhered to the rules of the Animal
Protection Act of Taiwan and was approved by the Laboratory
Animal Care and Use Committee of National Cheng Kung
University.

To establish the murine model of endotoxaemic acute renal
failure, mice were injected i.p.with a total volume of 200 mL of
15 mg·kg-1 of Escherichia coli-derived LPS, dissolved in sterile
phosphate-buffered saline (PBS), to obtain ~50% mortality
during the early phase of sepsis (within 24 h). To verify the
role of GSK-3, the mice were treated with GSK-3 inhibitors at
the indicated doses, diluted in a total volume of 200 mL PBS,
for the time periods previously described (Dugo et al., 2005;
2006a; 2007b; Cuzzocrea et al., 2006; 2007; Whittle et al.,
2006). PBS was used as the vehicle control. The survival rate of
the mice was monitored for 48 h.

Pathological examination
To detect serum levels of TNF-a, RANTES, BUN and creatinine,
we collected serum from peripheral blood via retro-orbital
bleeding immediately before the LPS injection and post-
injection at the indicated time periods under pentobarbital
anaesthesia (40 mg·kg-1 i.p.). The mice were given a lethal
overdose of pentobarbital (200 mg·kg-1 i.p.), and their kidney
tissue was harvested at the indicated times post-injection. The
levels of BUN and creatinine were measured using an auto-
matic biochemical analyser. For histopathological observa-
tion, portions of kidney tissue were fixed in 10% neutral-
buffered formalin solution and then dehydrated in graded
alcohol. The fixed tissue was embedded in paraffin and sliced
into 4 mm thick sections. The tissue sections were mounted on
regular glass slides and stained with haematoxylin and eosin
(H&E stain). The overall pathological changes, including
renal vacuolization, dilatation, sloughing, renal cell necrosis
and apoptosis, were diagnosed according to previous studies
(Cunningham et al., 2002; Wan et al., 2003).

Morphometric analysis
To quantify the histopathological changes, morphometric
analysis of photomicrographs of the kidney sections was
performed using ImageJ software (version 1.41o) from W.
Rasband (National Institutes of Health, Bethesda, MD, USA)
(http://rsb.info.nih.gov/ij/). Vacuolization of kidney sections
was determined by measuring the area of tissue destruction
(negative H&E stain). The amount of vacuolization was
calculated as % of the total area of the microscopic fields
observed at ¥20. Necrotic/Apoptotic cells were determined by
quantifying nuclear and cytoplasmic destruction (negative
H&E stain) around the nuclei. The numbers of necrotic/
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apoptotic cells were calculated as % of the total number of
cells in the microscopic fields observed at ¥20.

Cell culture
Healthy mouse kidney cortical collecting duct epithelial
M1 cells and healthy rat kidney proximal tubular epithelial
NRK52E cells were provided by Dr. Y-Y Chiou (Department of
Pediatrics, National Cheng Kung University). The M1 and
NRK52E cells were routinely grown on plastic in Dulbecco’s
modified Eagle’s medium (DMEM)/Ham’s F-12 medium
and in DMEM only, respectively, with L-glutamine and
15 mM HEPES supplemented with 10% fetal bovine serum
(FBS), 100 U penicillin and 100 mg·mL-1 streptomycin. M1
and NRK52E cells were used at a passage of 7 to 10 in
this study.

Apoptosis assay
To detect apoptosis in kidney tissue, we fixed the paraffin-
treated sections for 24 h in 3.7% formaldehyde and then
removed the paraffin from them. We then used a terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP–biotin
nick-end labelling (TUNEL) staining DNA fragmentation
assay kit according to the manufacturer’s instructions.
The sections were counterstained with 5 mg·mL-1 of 4,6-
diamidino-2-phenylindole (DAPI) for nuclear counter-
staining, and a blinded observer counted the number of
positively stained nuclei per high-power field using a fluores-
cence microscope (IX71). Three different and randomly
selected areas per specimen were analysed. Apoptosis was
analysed using propidium iodide staining as described pre-
viously (Lin et al., 2007), and then measured using a flow
cytometer with excitation set at 488 nm.

Enzyme-linked immunosorbent assay
The levels of TNF-a and RANTES in serum and cell cul-
ture supernatant were measured using TNF-a and RANTES
enzyme-linked immunosorbent assay (ELISA) kits according
to the manufacturer’s instructions. All measurements were
done in triplicate. After the reaction, the plates were washed,
and 100 mL of o-phenylenediamine substrate was added to
each well and incubated for 30 min at room temperature,
after which 50 mL per well of 4 N sulphuric acid was added.
The plates were read at 490 nm on a microplate reader and the
data analysed by use of Softmax Pro software.

Western blotting
Harvested cells were lysed with a buffer containing 1% Triton
X-100, 50 mM of Tris (pH 7.5), 10 mM of EDTA, 0.02% NaN3

and a protease inhibitor cocktail. Following one cycle of
freeze–thaw, cell lysates were centrifuged at 10 000¥ g at
4°C for 20 min. Lysates were boiled in sample buffer for
5 min. The proteins were then subjected to sodium dodecyl
sulphate–polyacrylamide gel electrophoresis and transferred
to PVDF membrane using a semi-dry electroblotting system.
After being blocked with 5% skim milk in PBS, the mem-
branes were incubated with a 1/1000 dilution of primary

antibodies, including phospho-GSK-3a (Ser21), phospho-
GSK-3b (Ser9), GSK-3a, GSK-3b and b-actin, at 4°C overnight.
The membranes were then washed with 0.05% PBS–Tween
20 and incubated with a 1/5000 dilution of horseradish
peroxidase-conjugated secondary antibodies at room tem-
perature for 1 h. After being washed, the membranes were
soaked in ECL solution for 1 min, and then exposed to film
(BioMax, Rochester, NY, USA).

Immunocytochemistry staining
Cells were fixed in 3.7% formaldehyde in PBS for 10 min.
After washing twice with PBS, the cells were mixed with
anti-NF-kB p65 antibodies (Chemicon, Temecula, CA, USA) in
antibody diluents (DAKO Corporation, Carpinteria, CA, USA),
applied to the sections and incubated at 4°C overnight. The
next day, the cells were washed with PBS and then incubated
with Alexa Fluor 488-labelled secondary antibodies at room
temperature for 1 h. For nuclei counter-staining, DAPI was
added and stained at room temperature for 10 min. The cells
were washed with PBS and then visualized under a fluorescent
microscope (BX51). The positive cells in three fields viewed
for each culture were measured.

Cytotoxicity assay
To evaluate cell damage, lactate dehydrogenase activity
was assayed using a colorimetric assay kit according to the
manufacturer’s instructions. Aliquots of the culture media
were transferred to 96-well microplates. A microplate reader
(Spectra MAX 340PC, Sunnyvale, CA, USA) was used to
measure the absorbance at 620 nm with a reference wave-
length of 450 nm and data were analysed with Softmax Pro
software. The levels of cytotoxicity were calculated as percent-
age increases compared with the control, and the control was
normalized to 100% of the basal level.

Statistical analysis
Values are expressed as means � SD. Groups were compared
using Student’s two-tailed unpaired t-test or one-way analysis
of variance analysis followed by Dunnet’s post hoc test, as
appropriate. Statistical significance was set at P < 0.05.

Reagents and materials
GSK-3 inhibitors, including lithium chloride (LiCl), 6-bromo-
indirubin-3′-oxime (BIO), or thiadiazolidine-8 (TDZD-8),
SB216763 (3-(2,4-dichlorophenyl)-4-(1-methyl-1H-indol-3-yl)
-1H-pyrrole-2,5-dione), SB415286 (3-[(3-chloro-4-
hydroxyphenyl)amino] - 4- (2 - nitrophenyl) - 1H - pyrrol - 2,5 -
dione) and the NF-kB inhibitor pyrrolidine dithiocarbamate
(PDTC) were obtained from Sigma Chemical Company (St
Louis, MO, USA) and dissolved in DMSO prior to dilution with
PBS and use in mice or cells. PI, DAPI and o-phenylenediamine
substrate were obtained from Sigma-Aldrich. Rabbit anti-
mouse GSK-3a (Ser21), GSK-3b (Ser9), GSK-3a and GSK-3b
were purchased from Cell Signaling Technology, Inc. (Beverly,
MA, USA). b-Actin antibodies and horseradish peroxidase-
conjugated anti-rabbit IgG were obtained from Chemicon
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International, Inc. (Temecula, CA, USA). Recombinant mouse
and human cytokine TNF-a were from PeproTech Inc. (Rocky
Hill, NJ, USA). All drug treatments in cells were assessed for
their cytotoxic effects using cytotoxicity assays before experi-
ments. Non-cytotoxic doses were used in this study.

Escherichia coli-derived LPS was obtained from Calbiochem
(San Diego, CA, USA). The automatic biochemical analyser
(7080) from Hitachi Koki Co., Ltd., (Tokyo, Japan); DNA frag-
mentation assay kit (ApoAlert), Clontech (Mountain View,
CA, USA); fluorescence microscopes, Olympus (Tokyo, Japan);
flow cytometer (FACSCalibur), BD Biosciences (San Jose, CA);
TNF-a and RANTES ELISA kits, R&D Systems (Minneapolis,
MN, USA); microplate reader (Spectra MAX 340PC), Molecular
Devices Corporation (Sunnyvale, CA, USA); Softmax Pro soft-
ware, Molecular Devices Corporation; protease inhibitor cock-
tail, Roche Boehringer Mannheim Diagnostics (Mannheim,
Germany); PVDF membrane, Millipore (Billerica, MA, USA);
ECL solution, PerkinElmer Life Sciences Inc. (Boston, MA,
USA); BioMax film, Eastman Kodak (Rochester, NY, USA);
colorimetric assay (Cytotoxicity Detection kit), Roche Diag-
nostics (Lewes, UK); anti-NF-kB p65 antibodies, Chemicon
International, Inc.; antibody diluents, DAKO Corporation.

Results

GSK-3 inhibitors reduce endotoxaemia-induced mortality
in C3H/HeN mice
To set up a murine model of endotoxaemic acute renal failure,
we injected 10 of the mice with 15 mg·kg-1 of E. coli-derived
LPS, which caused three of them to die within 24 h. We found
that LPS time-dependently up-regulated serum levels of BUN
and creatinine within 12 h (data not shown). To determine
the protective effects of inhibiting GSK-3 in vivo, we treated
the mice with LPS (15 mg·kg-1) with or without GSK-3 inhibi-
tors: lithium chloride (LiCl) (40 mg·kg-1), BIO (2 mg·kg-1) or
TDZD-8 (1 mg·kg-1). Within 36 h, all 10 mice in the LPS-only
group died. Notably, we found that all three of the GSK-3
inhibitors significantly (P < 0.05) reduced LPS-induced mor-
tality (Figure 1A). We next examined the protective effects
of inhibiting GSK-3 for various periods of time. Pretreat-
ment (6 h before LPS treatment) and co-treatment with BIO
(2 mg·kg-1), but not post-treatment (6 h after LPS treatment),
significantly (P < 0.05) reduced LPS-induced mortality
(Figure 1B). These results provide strong evidence that inhib-
iting GSK-3 reduces endotoxaemia-induced mortality.

GSK-3 inhibitors reduce endotoxaemia-induced nephrotoxicity
in C3H/HeN mice
Using a histopathological examination, we found that
treating mice with LiCl (40 mg·kg-1) or BIO (2 mg·kg-1)
down-regulated LPS (15 mg·kg-1)-induced renal vacuolization,
dilatation and sloughing, as well as renal cell necrosis
and apoptosis, for the first 12 h post-treatment (Figure 2A).
Morphometric analysis was used to quantify the histopatho-
logical changes, including vacuolization (Figure 2B) and cell
necrosis/apoptosis (Figure 2C), in LPS-treated groups with or
without GSK-3 inhibition. All of the results demonstrated the
renal protective effects of inhibiting GSK-3, and are summa-

rized in Table 1. Treating the mice with combined LPS and
LiCl (40 mg·kg-1) or BIO (2 mg·kg-1) significantly (P < 0.05)
inhibited the LPS-induced up-regulation of serum BUN and
creatinine production (Figure 2D). TUNEL staining showed
that endotoxaemia time-dependently induced renal cell apo-
ptosis in mice (data not shown). Other experiments showed
that treating mice with BIO (2 mg·kg-1) significantly (P < 0.05)
decreased LPS-induced renal cell apoptosis 3 h post-treatment
(Figure 2E). These results indicate that inhibiting GSK-3
attenuates endotoxaemia-induced nephrotoxicity in vivo.

Inhibiting GSK-3 suppresses LPS-induced cytokine production
in vivo and in vitro
TNF-a-induced renal inflammation and apoptosis is involved
in the progression of endotoxaemic acute renal failure (Schrier
and Wang, 2004). To investigate the anti-inflammatory effects
of GSK-3 inhibition, we used ELISA to determine the in vivo

Figure 1 Glycogen synthase kinase-3 inhibitors reduce lipopolysac-
charide (LPS)-induced mortality for the first 48 h post-LPS injection
in C3H/HeN mice. Mice were injected with LPS (15 mg·kg-1 i.p.) with
or without lithium chloride (LiCl) (40 mg·kg-1), 6-bromo-indirubin-
3′-oxime (BIO) (2 mg·kg-1) or thiadiazolidine-8 (TDZD-8) (2 mg·kg-1)
co-treatment (A), and with or without BIO (2 mg·kg-1) pretreatment
(-6 h), co-treatment (+0 h) or post-treatment (+6 h) (B). The survival
rate of each group (n = 10) was monitored for the indicated time
periods. *P < 0.05 compared with the LPS group.
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production of the cytokine TNF-a and the chemokine RANTES
in LPS-treated (15 mg·kg-1) mice and in vitro in LPS-treated
(1 mg·mL-1) mouse cortical collecting duct epithelial M1 cells.
We found that co-treatment with either LiCl or BIO signifi-

cantly (P < 0.05) reduced LPS-up-regulated TNF-a and RANTES
in vivo (Figure 3A) and in vitro (Figure 3B). These results show
that GSK-3 inhibitors suppress LPS-induced inflammation,
and TNF-a and RANTES production.

Figure 2 Glycogen synthase kinase-3 inhibitors reduce lipopolysaccharide (LPS)-induced nephrotoxicity in C3H/HeN mice. The mice were
injected with LPS (15 mg·kg-1 i.p.) with or without lithium chloride (LiCl) (40 mg·kg-1) or 6-bromo-indirubin-3′-oxime (BIO) (2 mg·kg-1)
co-treatment. (A) Twelve hours post-treatment, the mice were killed and their kidneys were removed and prepared in sections for
haematoxylin–eosin staining. Compared with phosphate-buffered saline (PBS)-treated control mice, histopathological changes of vacuolization
(*), brush border attenuation and sloughing (#), and necrotic/apoptotic cells ( arrowheads) were significantly greater in the LPS-treated group
than in the LPS + LiCl group. Data are representative of three mice. G, glomerulus. Scale bar is 100 mm. The area of vacuolization (*) (B) and
the generation of necrotic/apoptotic cells (arrowheads) were determined (C) by morphometric analysis using ImageJ software version 1.41o.
For numbers of nuclei, the total number of cells in the observed fields was counted. (D) Concentrations of blood urea nitrogen and creatinine
were determined in sera. Data, obtained from three mice, are means � SD *P < 0.05. (E) Three hours post-treatment, the mice were killed,
and their kidneys were removed and prepared in cryosections to detect cell apoptosis using terminal deoxynucleotidyl transferase (TdT)-
mediated dUTP–biotin nick-end labelling staining (green). 4,6-diamidino-2-phenylindole was used for nuclei staining (blue). Data are repre-
sentative of three mice. Scale bar is 75 mm. The percentages of apoptotic cells were calculated, and data, obtained from three different areas,
are means � SD *P < 0.05.
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Inhibiting NF-kB suppresses LPS-induced cytokine production
in vivo and in vitro
To investigate the possible mechanism of the anti-
inflammatory effect induced by inhibiting GSK-3, the effects
of NF-kB, a cellular target of GSK-3 (Takada et al., 2004; Dugo

et al., 2005; 2006a,b; 2007a,b; Martin et al., 2005; Woodgett
and Ohashi, 2005; Cuzzocrea et al., 2006; 2007; Ougolkov and
Billadeau, 2006; Whittle et al., 2006), on LPS-induced TNF-a
and RANTES production were studied. We used ELISA to
determine the in vivo production of the cytokine TNF-a and

Table 1 Morphometric analysis and characterization of pathological changes in lipopolysaccharide (LPS)-treated C3H/HeN mice with or
without glycogen synthase kinase-3 (GSK-3) inhibition

Vacuolization (%) Necrosis/Apoptosis (%) Dilatation/Sloughing

Untreated 7.96 � 3.19 2.09 � 1.27 0/0/0
LPS 47.93 � 7.99 36.69 � 4.45 2/2/2
LPS + LiCl 18.05 � 2.93* 7.66 � 1.56* 0/0/1
LPS + BIO 13.27 � 2.75* 5.97 � 1.86* 0/0/0

The values of vacuolization area and necrosis/apoptosis represent the percentages (means � SD) of three fields at ¥20 and were obtained by ImageJ software
version 1.41o analysis. For the analysis of vacuolization area, the % area relative to the total area of the observed field was calculated. For the quantification
of necrotic/apoptotic cells, total cells were calculated. Grades of dilatation/sloughing of three fields are as follows: 0, no dilatation/sloughing; 1, weak; 2, severe.
The effects of LPS (15 mg·kg-1) and GSK-3 inhibition (LiCl, 40 mg·kg-1 and BIO, 2 mg·kg-1) were assessed in kidney tissue 12 h after treatment. *P < 0.05.
LiCl, lithium chloride; BIO, 6-bromo-indirubin-3′-oxime.

Figure 3 Inhibiting glycogen synthase kinase-3 reduced lipopolysaccharide (LPS)-induced tumour necrosis factor-a (TNF-a) and regulated on
activation normal T cell expressed and secreted (RANTES) production. (A) C3H/HeN mice were injected with LPS (15 mg·kg-1 i.p.) for the
indicated time periods with or without lithium chloride (LiCl) (40 mg·kg-1) or 6-bromo-indirubin-3′-oxime (BIO) (2 mg·kg-1) co-treatment. The
mice were killed and their sera collected to determine levels of TNF-a and RANTES using enzyme-linked immunosorbent assay (ELISA). Data,
obtained from three mice, are means � SD *P < 0.05. (B) Mouse collecting duct epithelial M1 cells (5 ¥ 104 cells/well in 96-well culture plates)
were treated with LPS (1 mg·mL-1) for the indicated time periods with or without LiCl (20 mM) or BIO (5 mM) pretreatment for 0.5 h. Levels
of TNF-a and RANTES in culture supernatants were determined by ELISA. Data, obtained from triplicate cultures, are means � SD *P < 0.05.
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the chemokine RANTES in LPS-treated (15 mg·kg-1) mice, and
in vitro in LPS-treated (1 mg·mL-1) mouse cortical collecting
duct epithelial M1 cells. We found that co-treatment with the
NF-kB inhibitor PDTC significantly (P < 0.05) reduced LPS-up-
regulated levels of TNF-a and RANTES in vivo (Figure 4A) and
in vitro (Figure 4B). These results show that LPS induces TNF-a
and RANTES production in an NF-kB-regulated manner.

Inhibiting GSK-3 blocks LPS-induced GSK-3 and
NF-kB activation
Because we found that GSK-3 and NF-kB were essential for
LPS-induced inflammation, we next investigated the activa-
tion of GSK-3 and its effects on LPS-induced inflammation.
Western blot analysis showed that LPS induced the dephos-
phorylation of GSK-3a (Ser21) and GSK-3b (Ser9), which acti-
vated GSK-3 both in C3H/HeN mice kidney cells (Figure 5A)
and in M1 cells (Figure 5B). Furthermore, LiCl and BIO
potently blocked these effects. Although GSK-3 regulation of
NF-kB is involved in TLR-mediated cytokine production
(Martin et al., 2005), we found that LiCl (20 mM) and BIO
(5 mM) significantly (P < 0.05) reduced LPS-induced NF-kB
nuclear translocation in M1 cells (Figure 5C). Treatment with
PDTC was used as a positive control. These results indicate
that inhibiting GSK-3 suppresses the LPS-induced activation
of GSK-3 and NF-kB.

Inhibiting GSK-3 does not reduce TNF-a-induced apoptosis in
renal epithelial cells
Because we found that LPS treatment caused renal cell apop-
tosis in C3H/HeN mice kidneys and that inhibiting GSK-3
down-regulated apoptosis (Figure 2C), we investigated how
inhibiting GSK-3 affected TNF-a-induced cell death and
endotoxaemic acute renal failure (Schrier and Wang, 2004). A
cytotoxicity analysis showed that TNF-a-induced rat kidney
proximal tubular epithelial NRK52E cell death was time

dependent (data not shown). However, we found that
the GSK-3 inhibitors we used – LiCl (20 mM), BIO (5 mM),
SB216763 (25 mM), SB415286 (25 mM) and TDZD-8 (25 mM) –
did not reduce TNF-a-induced cytotoxicity in NRK52E or M1
cells (Figure 6A). Using PI staining and then flow cytometric
analysis, we found that inhibiting GKS-3 did not decrease
TNF-a-induced cell apoptosis (Figure 6B). These results
indicate that GSK-3 is not involved in TNF-a-induced renal
cell death.

Discussion and conclusions

Inhibiting GSK-3 is currently used to reduce MOF/MODS,
including renal dysfunction, in endotoxaemia-treated mice
(Dugo et al., 2005; 2007a,b). However, the mechanism
through which GSK-3 inhibition provides renal protection
remains unclear. We developed a murine model of experimen-
tal endotoxaemia-induced acute renal failure characterized by
renal dysfunction, tissue injury, inflammation and cell death.
We showed that inhibiting GSK-3 reduces endotoxaemia-
induced mortality from sepsis and nephrotoxicity. GSK-3
inhibition also reduced LPS-induced overproduction of TNF-a
and RANTES. GSK-3 inhibitors suppressed the LPS-induced
activation of NF-kB. Notably, in vivo, GSK-3 inhibitors down-
regulated LPS-induced renal cell apoptosis, but in vitro, they
had no significant effect on TNF-a-mediated cell death. We
hypothesize that inhibiting GSK-3 reduces endotoxaemia-
induced acute renal failure by reducing the amount of TNF-a
produced, resulting in a decrease in the amount of inflamma-
tion and apoptosis developing.

The pathogenesis of endotoxaemic acute renal failure is
multimodal: it includes nephrotoxicity and excessive inflam-
mation (Thadhani et al., 1996). TNF-a, a highly expressed
pro-inflammatory and pro-apoptotic cytokine, generally
causes various pathological effects in endotoxaemic
acute renal failure (Baud et al., 1989; Knotek et al., 2001;

Figure 4 Inhibiting nuclear factor-kB reduced lipopolysaccharide (LPS)-induced tumour necrosis factor-a (TNF-a) and regulated on activation
normal T cell expressed and secreted (RANTES) production. (A) C3H/HeN mice were injected with LPS (15 mg·kg-1 i.p.) for the indicated time
periods with or without pyrrolidine dithiocarbamate (PDTC) (1 mg·kg-1) co-treatment. The mice were killed and their sera collected to
determine levels of TNF-a and RANTES using enzyme-linked immunosorbent assay (ELISA). Data, obtained from three mice, are means � SD
*P < 0.05. (B) Mouse collecting duct epithelial M1 cells (5 ¥ 104 cells/well in 96-well culture plates) were treated with LPS (1 mg·mL-1) for the
indicated time periods with or without PDTC (25 mM) pretreatment for 0.5 h. Levels of TNF-a and RANTES in culture supernatants were
determined by ELISA. Data, obtained from triplicate cultures, are means � SD *P < 0.05.
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Figure 5 Inhibiting glycogen synthase kinase-3 (GSK-3) blocked lipopolysaccharide (LPS)-induced GSK-3 and nuclear factor-kB (NF-kB)
activation. C3H/HeN mice were injected with LPS (15 mg·kg-1 i.p.) for 1 h with or without lithium chloride (LiCl) (40 mg·kg-1) or 6-bromo-
indirubin-3′-oxime (BIO) (2 mg·kg-1) co-treatment. M1 cells (3 ¥ 106 cells/10 cm culture dish) were treated with LPS (1 mg·mL-1) for 0.5 h with
or without LiCl (20 mM) or BIO (5 mM) pretreatment for 0.5 h. Western blot analysis was used to determine the phosphorylation of GSK-3a
(Ser21) and GSK-3b (Ser9) in vivo (A) and in vitro (B). b-actin was the internal control. Data are representative of three mice or three individual
experiments. (C) Fluorescent microscopy was used to determine the expression of NF-kB (green) in M1 cells immunostained with anti-NF-kB
p65 antibody (positive cells: arrowheads). 4,6-Diamidino-2-phenylindole was used for nuclei staining (blue). Pyrrolidine dithiocarbamate
(PDTC) (25 mM) was used as a positive control. Scale bar is 25 mm. Data obtained from three different areas are means � SD *P < 0.05.

Figure 6 The effects of glycogen synthase kinase-3 inhibitors on tumour necrosis factor-a (TNF-a)-induced renal cell death. (A) Rat kidney
proximal tubular epithelial NRK52E and M1 cells (3 ¥ 105 cells/well in 12-well culture plates) were treated with TNF-a (50 ng·mL-1) for
72 h with or without lithium chloride (LiCl) (20 mM), 6-bromo-indirubin-3′-oxime (BIO) (5 mM), SB216763 (25 mM), SB415286 (25 mM) or
thiadiazolidine-8 (TDZD-8) (25 mM) pretreatment for 0.5 h. Cell cytotoxicity was determined using an LDH assay. Data, obtained from triplicate
cultures, are means � SD *, P < 0.05. (B) Apoptosis in TNF-a-treated (50 ng·mL-1) NRK52E cells with or without SB415286 (25 mM) for 72 h
was determined using PI staining and then flow cytometric analysis. Data shown are representative of three individual experiments. The
percentages of apoptotic cells are shown.
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Cunningham et al., 2002). Neutralizing TNF-a with the
soluble TNF receptor p55 prevents endotoxaemia-induced
acute renal failure (Knotek et al., 2001). TNF receptor knock-
out mice are resistant to endotoxaemia-induced acute renal
failure (Cunningham et al., 2002). We found that LPS caused
excessive TNF-a production in vivo and in vitro, but inhibiting
GSK-3 blocked TNF-a production in both settings. These
results are in contrast to those from a recent study where it
was found that inhibiting GSK-3 increased LPS-induced
TNF-a in cardiomyocytes (Shen et al., 2008), but are consis-
tent with findings from previous studies (Martin et al., 2005;
Woodgett and Ohashi, 2005; Cuzzocrea et al., 2006; Whittle
et al., 2006), which showed that inhibiting GSK-3 had anti-
inflammatory effects. Both our study and that of Martin et al.
(2005) demonstrated that inhibiting GSK-3 blocked LPS-
induced TNF-a production. We hypothesize that inhibiting
GSK-3 reduces endotoxaemia-induced acute renal failure
primarily by down-regulating TNF-a.

Recent studies (Cunningham et al., 2002; Ortiz et al., 2003;
Wan et al., 2003; Guo et al., 2004; Gupta et al., 2007) have
found that caspase inhibitors and activated protein C protect
kidneys from endotoxaemia-induced acute renal failure. We
showed that inhibiting GSK-3 reduced LPS-induced renal cell
apoptosis in vivo in mice but not TNF-a-induced renal cell
death in vitro. We hypothesize that inhibiting GSK-3 reduces
renal cell apoptosis in vivo primarily by down-regulating
TNF-a overproduction. LPS may also up-regulate Fas and FasL,
which contributes to renal cell apoptosis (Ortiz-Arduan et al.,
1996; Koide et al., 1999; Jo et al., 2002). The anti-apoptotic
effects induced by inhibition of GSK-3 require further
investigation.

Although we showed that LPS activated GSK-3 in vivo and in
vitro, the mechanisms of TLR-mediated GSK-3 activation are
still unclear. In general, protein phosphatase and Akt regulate
GSK-3 activation by modulating protein phosphorylation in a
positive or negative sense, respectively (Frame and Cohen,
2001; Jope et al., 2007; Lin et al., 2007). The mechanisms
of LPS-induced GSK-3 activation need further investigation.
We also showed that inhibiting GSK-3 reduced LPS-induced
TNF-a and RANTES overproduction by as yet unknown mecha-
nisms. GSK-3 regulates the signalling pathways that TNF and
LPS use to activate NF-kB and is necessary for that activation
(Takada et al., 2004; Martin et al., 2005; Woodgett and Ohashi,
2005). We found that inhibiting GSK-3 decreased NF-kB acti-
vation. Because NF-kB is essential for LPS-induced TNF-a and
RANTES production (Trinchieri and Sher, 2007), we hypoth-
esize that inhibiting GSK-3 down-regulates NF-kB activation,
which is followed by TNF-a and RANTES down-regulation.

Clinically, GSK-3 inhibitors have been used for treating
mood disorders and neurodegenerative diseases as they
inhibit inflammation and apoptosis (Perry et al., 2007).
Recent reports (Soos et al., 2006; Obligado et al., 2008) indi-
cate that inhibitors of cyclin-dependent kinases and GSK-3
are useful for reducing mesangial proliferative glomeru-
lonephritis, crescentic glomerulonephritis, proliferative lupus
nephritis, collapsing glomerulopathy, polycystic kidney dis-
eases, diabetic nephropathy and several forms of acute kidney
injury. Inactivating GSK-3 with exogenous insulin and hepa-
tocyte growth factor (HGF) is a promising therapeutic strategy
for progressive renal diseases (Gong et al., 2005; 2006a,b;

Giannopoulou et al., 2008). HGF inhibits the inflammation
induced by overproduction of TNF-a and obstructive nephr-
opathy, including that due to RANTES production and endot-
helial E-selectin expression. HGF may inactivate NF-kB after
GSK-3 has been inhibited (Gong et al., 2008). Our results
further suggest that inhibiting GSK-3 reduces endotoxaemic
acute renal failure primarily by triggering anti-inflammatory
and anti-apoptotic effects after TNF-a has been down-
regulated. From the findings of Dugo et al. (2005; 2007a,b)
and those of the present study, we hypothesize that inhibiting
GSK-3, which induces a down-regulation in the activation of
NF-kB and a reduction in the amount of TNF-a and RANTES
produced, may be a strategy to reduce endotoxaemic acute
renal failure.
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