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Abstract
Mitochondrial dysfunction plays a pivotal role in necroapoptotic cell death and in the development
of acute kidney injury (AKI). Evidence suggests that glycogen synthase kinase (GSK) 3β resides
at the nexus of multiple signaling pathways implicated in the regulation of mitochondrial
permeability transition (MPT). In cultured renal tubular epithelial cells, a discrete pool of GSK3β
was detected in mitochondria. Co-immunoprecipitation assay confirmed that GSK3β physically
interacts with cyclophilin F and voltage-dependent anion channel (VDAC), key MPT regulators
that possess multiple GSK3β phosphorylation consensus motifs, suggesting that GSK3β has a
direct control of MPT. Upon a strong burst of reactive oxygen species elicited by the pro-oxidant
herbicide paraquat, the activity of the redox-sensitive GSK3β was drastically enhanced. This was
accompanied by augmented phosphorylation of cyclophilin F and VDAC, associated with MPT
and cell death. Inhibition of GSK3β by either the selective inhibitor 4-Benzyl-2-methyl-1,2,4-
thiadiazolidine-3,5-dione(TDZD-8) or forced expression of a kinase-dead mutant obliterated
paraquat-induced phosphorylation of cyclophilin F and VDAC, prevented MPT and improved
cellular viability. Conversely, ectopic expression of a constitutively active GSK3β amplified the
effect of paraquat on cyclophilin F and VDAC phosphorylation and sensitized cells to paraquat
induced MPT and death. In vivo, paraquat injection elicited marked oxidant stress in the kidney
and resulted in acute kidney dysfunction and massive tubular apoptosis and necrosis. Consistent
with in vitro findings, the activity of GSK3β was augmented in the kidney following paraquat
injury, associated with increased phosphorylation of cyclophilin F and VDAC and sensitized
MPT. TDZD-8 blocked GSK3β activity in the kidney, intercepted cyclophilin F and VDAC
phosphorylation, prevented MPT, attenuated tubular cell death and ameliorated paraquat-induced
AKI. Our data suggests that the redox-sensitive GSK3β regulates renal tubular injury in AKI via
controlling the activity of MPT regulators.
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Acute kidney injury (AKI) is a common catastrophic complication of critical illness related
to trauma, major surgery, sepsis, and acute intoxication. At a lower incidence, it also occurs
in general populations or due to iatrogenic administration of nephrotoxic drugs. AKI
manifests with an abrupt or rapid decline in renal filtration function and is often under-
recognized and associated with severe consequences that result in substantial morbidity and
mortality [1-4]. So far, no specific intervention that either prevents or treats kidney injury or
improves survival has been clinically applied. There exists a desperate need for developing a
novel and effective therapy for AKI.

Mitochondrial dysfunction is central to necroapoptotic cell death and plays an important role
in the pathogenesis of AKI [5-7]. Accumulation of cytotoxic reactive oxygen species (ROS),
mostly in and around mitochondria, can be induced in tubular epithelial cells by a lot of
injurious stimuli including ischemia reperfusion, nephrotoxic substances, pathogens and so
forth [8-10]. ROS can trigger the opening of the end-effector mitochondrial permeability
transition (MPT) pore, which is accompanied by the immediate dissipation of the
mitochondrial membrane potential, and results in permeability of the mitochondrial inner
membrane to allow solutes with a molecular weight less than 1,500 Daltons to leak from the
mitochondria [11, 12]. The subsequent breaking of mitochondrial outer membrane will lead
to the release of proteins in the inter-membrane space such as cytochrome c and other
factors that play a critical role in apoptosis or necrosis depending on the availability of
ATP[13]. The opening threshold of the MPT pore and the sensitivity of MPT to ROS are
determined by the activation status of the mitochondrial membrane proteins like cyclophilin
F (also known as mitochondrial cyclophilin D) and voltage-dependent anion channel
(VDAC) [14, 15], which are regulated by a myriad of signaling pathways[16-19]. Of many
of these pathways, glycogen synthase kinase (GSK) 3β has emerged as the integration point
and plays a crucial role in transferring regulatory signals downstream to modify
susceptibility to MPT in excitable cells including neurons and cardiomyocytes[20].
Whereas, the role of GSK3β in controlling MPT in non-excitable cells like kidney cells
remains largely unknown and merits further investigation.

GSK3β is a well-conserved, ubiquitously expressed serine/threonine protein kinase
originally characterized as one that phosphorylates glycogen synthase and regulates glucose
metabolism[21]. GSK3β is constitutively active in quiescent cells and its activity is
negatively regulated by the Wnt signaling pathway or by protein kinase B/Akt via inhibitory
phosphorylation of the N-terminal serine-9[22]. Interest in GSK3β expanded greatly with the
realization that it is a key regulator of multiple pivotal cell processes extending well beyond
glycogen metabolism to signal transduction, insulin action, gene transcription, translation,
cytoskeletal organization and cell cycle progression, cell death and survival[21, 23, 24].
More recent evidence suggests that GSK3β plays dirty in acute kidney injury[25]. Inhibition
of GSK3β by small-molecule inhibitors or genetic knockout strikingly prevented acute renal
histological injury induced by ischemia reperfusion, nephrotoxic substances including
NSAID and mercury [26-28]. However, the exact mechanisms of action underlying this
kidney protective effect remain obscure. This study explored the role of GSK3β in oxidative
stress induced MPT, mitochondria dysfunction and the ensuing necroapoptotic cell death in
renal tubular cells acutely injured by the pro-oxidant herbicide paraquat. The effect of
GSK3β inhibition on mitochondrial dysfunction was also examined in a murine model of
paraquat induced AKI.
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MATERIALS AND METHODS
Cell culture

Immortalized murine proximal tubule epithelial (TKPT) cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM)/F12 supplemented with 5% FBS (Life Technologies,
Grand Island, NY). Cells were plated at approximately 60% confluence for 24 h and then
subjected to serum starvation for another 24 h. TDZD-8 (Sigma, St. Louis, MO, USA) or
paraquat (Sigma) was added with fresh serum-free medium to the cultures at indicated
concentration respectively. Cells were harvested at the indicated time points.

Cellular viability assay
A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay was used to
assess cell viability. MTT (Sigma) was added (final concentration of 0.5 mg/ml) to
individual cultures one hour before harvest, and tetrazolium released by dimethyl sulfoxide.
Optical density was determined with a spectrophotometer (570 nm), and data were
normalized to solvent-treated cultures.

Transient transfection
The expression vectors encoding the constitutively active GSK3β mutant (S9A-GSK3β-HA/
pcDNA3), and kinase-dead GSK-3β mutant (KD-GSK3β-HA/pcDNA3) were applied as
previous reported [26, 29]. Transient transfection of TKPT cells was carried out by using the
Lipofectamine 2000 according to the instructions specified by the manufacturer (Invitrogen,
Carlsbad, CA). After transfection with equal amounts of expression plasmid or empty vector
(EV), immunofluorescent staining revealed that >75% of the cells expressed the
hemagglutinin-tagged constructs 24 h after transfection. Cells were then subjected to
different treatments as indicated.

Fluorescent immunocytochemistry
Cells were fixed with 4% paraformaldehyde. Following serum blocking for 30 min, cells
were incubated with the primary antibody to GSK3β, cyclophilin F, VDAC (Santa Cruz,
CA) or preimmune IgG and then the Alexa fluorophore-conjugated secondary antibody
(Invitrogen). For mitochondria staining, live cells were incubated with Mito Tracker Green
(Invitrogen) for 30 min before fixation. Finally, all cells were counterstained with 4′,6-
Diamidino-2-phenylindole (DAPI) and mounted with Vectashield mounting medium
(Vector Laboratories, Burlingame, CA, USA) and visualized using a fluorescence
microscope.

Animal experimental design
Animal experimental studies were approved by the institution’s Animal Care and Use
Committee and they conform to the United States Department of Agriculture regulations and
the National Institutes of Health guidelines for humane care and use of laboratory animals.
Male C57BL/6 mice at 8 weeks old were randomly divided into four groups of six animals
each as follows: Group Control (Ctrl), mice were injected intraperitoneally with normal
saline; Group T, mice received intraperitoneal injection of TDZD-8 (10mg/kg, dissolved in
10% dimethyl sulfoxide); Group PQ, mice received intraperitoneal injection of vehicle 1 h
before intraperitoneal injection of paraquat (30 mg/kg, dissolved in saline); Group T+PQ,
mice received intraperitoneal injection of TDZD-8 (10mg/kg) 1 h before intraperitoneal
injection of paraquat (30 mg/kg). All mice were killed 72 h after paraquat injury. Before
sacrifice, serum and urine samples were collected and kidneys and livers harvested for
further investigation.
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Serum and urine assays
Serum creatinine was measured with Creatinine Assay Kit (Biovision, Milpitas, CA, USA).
Blood urea nitrogen (BUN) levels were determined by a BUN assay kit (BioAssay Systems,
Hayward, CA, USA). Urine neutrophil gelatinase - associated lipocalin (NGAL) was
analyzed by mouse NGAL ELISA kit (BioPorto, Denmark).

Histological studies
Formalin-fixed kidneys were embedded in paraffin and prepared in 3μm thick sections.
Sections were stained with hematoxylin eosin to estimate gross histological kidney injury.
One observer performed semi-quantitative morphometric analysis in a blinded manner.
Histological changes due to tubular injury score were evaluated in the stripe of the outer
medulla and the cortex, and were quantified by counting the percentage of tubules that
displayed cell necrosis, loss of brush border, and cytoplasm vacuolation as follows: 0 =
none, 1 = <10%, 2 = 11–25%, 3 = 26–45%, 4 = 46–75%, and 5 = >76%. At least 10 fields
(×400) were reviewed for each slide. TUNEL staining (Roche Applied Science,
Indianapolis, IN) and DAPI (4′, 6-diamidino-2-phenylindole) staining were performed on
methanol/acetone-fixed (1:1) frozen cryostat sections or cell cultures according to the
manufacturer’s instructions.

Detection of ROS generation by fluorescence
Paraquat is a prototypic toxin known to exert injurious effects through oxidative stress [30].
Changes in ROS production were measured by use of 2′, 7′-dichlorofluorescein-diacetate
(DCF-DA; Sigma) [31]. Briefly, cells were loaded with 20 μM DCF-DA and incubated at
37°C for 30 minutes. Then, fresh serum-free media was added, and a baseline fluorescence
reading was measured before treatment. Fluorescence was determined by fluorometric
analysis of cell lysates at different time points following treatments. Fresh kidney cryostat
sections were incubated with 10μM DCF in a light protected humidified chamber at 37°C
for 30 minutes, subsequently washed two times with PBS for 5 min, mounted with
Mounting Medium (Vector Laboratories) and visualized with a fluorescence microscope and
fluorescence quantified by morphometric analysis.

MPT assay
Mitochondria are a major source of paraquat-induced ROS production [30]. In turn, ROS
overproduction will lead to MPT, ultimately causing cell death [11, 12]. To measure MPT,
mitochondria were isolated from kidney tissues or cultured cells as previously described
[32-34]. The protein concentration was determined with bovine serum albumin as the
standard. Mitochondrial swelling was estimated on the basis of the decrease in the
absorbance of mitochondria (1.0 mg protein) at 540nm in 1ml of a medium containing 125
mmol/l sucrose, 65 mM KCl, 5 mM succinate, 5 μM rotenone, 20 μM CaCl2, and 10 mM
Hepes-KOH, pH 7.2, at 30°C.

Western immunoblot analysis and immunoprecipitation
Cultured tubular epithelial cells were lysed and mice kidneys/livers homogenized in RIPA
buffer supplemented with protease inhibitors. Mitochondrial fractions were prepared from
cultured cells or tissues by using the mitochondria isolation kit (Pierce, Rockford, IL USA).
Samples with equal amounts of total protein (50 mg/ml) were processed for immunoblot as
described previously [35]. NGAL has been widely recognized as a biomarker for subclinical
or overt renal tubular injury [36]. The antibodies against GSK3β, p-GSK3β, caspase-3,
cyclophilin F, and VDAC were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). To determine the paraquat-induced cellular toxicity in the kidney, kidney homogenates
were processed for immunoblot analysis of NGAL. The antibody against NGAL was
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purchased from R & D Systems (Minneapolis, MN, USA). For detection of phosphorylated
cyclophilin F or VDAC and to examine potential physical interactions between GSK3β and
cyclophilin F or VDAC, cyclophilin F or VDAC antibody (Santa Cruz Biotechnology) was
used as the immunoprecipitation antibody and the antibody against phosphorylated serine or
phosphorylated threonine or GSK3β (Santa Cruz Biotechnology) was used to probe the
immunoprecipitates by immunoblot analysis.

GSK3β activity assay
Activity of GSK3β in the cytosol or mitochondria was measured using GENMED GSK3β
activity assay kit (Genmed Scientifics, Arlington, MA, USA) according to manufacturer’s
instructions. Mitochondria isolation kit for cultured cells (Pierce) was used to separate
mitochondria fractions from cytosol fractions of cell lysates. GSK3β activity located in the
cytosolic or mitochondrial fractions were estimated separately for transfected cells.

Statistical analyses
All quantitative data are expressed as mean±SD, the qualitative data were presented as
percentages. Statistical analysis of the data from multiple groups was performed by one-way
analysis of variance followed by the Student-Newman-Kuels test. Data from two groups
were compared using t-test. A value of P < 0.05 was considered statistically significant. All
statistical analysis was performed using SPSS v.18.0 (IBM, Armonk, NY, USA).

RESULTS
Inhibition of GSK3β improves mitochondrial dysfunction following oxidant injury by
paraquat in tubular cells

Paraquat is a pro-oxidant herbicide that causes cell damages via inducing oxidative stress.
Probed by the ROS marker, DCF-DA, stimulation with paraquat elicited an immediate ROS
burst in cultured tubular epithelial cells (Figure 1a). ROS is a major inducer of MPT, and
vice verse. To assess the effect of paraquat on MPT, mitochondria were purified from
cultured cells, and calcium-induced mitochondrial swelling was measured as a decrease in
spectrophotometric absorbance at 540 nm, which correlates with the susceptibility to the
MPT. Mitochondria isolated from paraquat-stimulated cells displayed a greater decrease in
absorbance at 540nm upon calcium overload (Figure 1b), denoting an accelerated rate of
mitochondrial swelling and marked mitochondrial dysfunction. TDZD-8 treatment
significantly counteracted this effect. Accumulating evidence suggests that ROS regulates
the activity of numerous redox-sensitive cell signaling transducers, including GSK3β
[37-40]. In the TKPT cells, a constitutive expression of GSK3β with considerable inhibitory
phosphorylation at serine 9 residue was detected in both cytosol and mitochondria of the
cultured tubular epithelial cells under basal conditions (Figure 1c). TDZD-8 treatment alone
barely altered this phosphorylation. By contrast, paraquat stimulation for 24 h significantly
abrogated GSK3β phosporylation in both cytosol and mitochondria, denoting an enhanced
GSK3β kinase activity. This effect was markedly overridden by TDZD-8 co-treatment.
Moreover, no significant difference in the levels of total GSK3β in either cytosol or
mitochondria was observed between different groups.

GSK3β is a mitochondrial molecule and phosphorylates cyclophilin F and VDAC, key
regulators of MPT

To understand the role of GSK3β involved in mitochondria dysfunction, fluorescent
immunocytochemistry staining of GSK3β was carried out in cultured tubular epithelial cells.
As shown in Figure 2a, an abundant and discrete expression of GSK3β was observed in
cytoplasm with a considerable pool colocalizing with mitochondria which was stained with
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Mito Traker Green, a green-fluorescent mitochondrial stain, suggesting a discrete pool of
GSK3β distributes in mitochondria. To further explore the localization of GSK3β in the
mitochondria, GSK3β was co-stained with multiple mitochondrial molecules and was found
to co-localize with adenine nucleotide translocator (data not shown), cyclophilin F (Figure
2b) and VDAC (Figure 2c), key mitochondrial membrane proteins that regulate MPT. Next,
we opted to validate this finding and examine if GSK3β physically interacts with these
molecules. Cyclophilin F and VDAC was immunoprecipitated from total cell lysates, and
samples were probed for GSK3β. Shown in Figure 2d and 2e, cyclophilin F and VDAC
evidently coprecipitated with GSK3β in cell lysates, suggesting GSK3β physically interacts
with cyclophilin F and VDAC in tubular cells. To further understand whether this physical
interaction between GSK3β and cyclophilin F or VDAC affects the activity of cyclophilin F
or VDAC, the aminoacid sequences of cyclophilin F and VDAC were analyzed.
Computational phosphorylation site prediction indicated that residues Ser118 and Ser190 of
cyclophilin F as well as residue Thr51 of VDAC1 situates in a GSK3β consensus motif,
signifying cyclophilin F and VDAC as putative substrates for GSK3β. To verify this result,
the activity of GSK3β was selectively manipulated in cells by forced expression of the
kinase dead mutant GSK3β (KD) or the constitutively active mutant GSK3β (S9A). GSK3β
activity assay was carried out and confirmed that the activity of GSK3β in both cytosol and
mitochondria were enhanced in cells expressing S9A while blunted in cells expressing KD
(Figure 2f), and no significant difference was observed between mitochondira and cytosol in
terms of the change in GSK3β activity. As shown in Figure 2g and 2h, under basal
conditions, expression of S9A or KD mutant did not significantly change the
phosphorylation of cyclophilin F and VDAC in mitochondria of tubular cells. Upon paraquat
stimulation, phosphorylation of cyclophilin F and VDAC was drastically enhanced in cells
ectopically expressing S9A, accompanied with aggravated mitochondria dysfunction (Figure
2i) and worsened cellular viability (Figure 2j). By contrast, phosphorylation of cyclophilin F
and VDAC upon paraquat injury was significantly repressed in cells expressing KD (Figure
2g, 2h). And this was associated with desensitized MPT (Figure 2i), improved mitochondria
dysfunction and cellular viability (Figure 2j). Collectively, these findings suggest that
GSK3β physically interacts with and phosphorylates cyclophilin F and VDAC, regulates the
sensitivity of MPT and thereby determines cellular viability.

Inhibition of GSK3β improves general conditions and acute kidney dysfunction in
paraquat-injured mice

In a murine model of the pro-oxidant paraquat induced AKI, mice were pretreated with
TDZD-8 or vehicle 1 h before a single intraperitoneal injection of paraquat (30 mg/kg).
Twelve hours later, lethargy and weakness were very evident in the animals that were
treated with paraquat and vehicle. Significant increases in both kidney to body weight ratios
(Figure 3a), serum creatinine levels (Figure 3b), and BUN (Figure 3c) were observed on day
3 after paraquat injury. By contrast, treatment with TDZD-8 remarkably recovered animal
activities and food intake, preserved kidney to body weight ratio, and corrected kidney
dysfunction in paraquat-injured mice. Urine NGAL assay by ELISA demonstrated that
NGAL, a well established biomarker of AKI [29], was barely detectable in urine samples
from control or TDZD-8 alone treated mice, but was precipitously induced within 72 h of
paraquat injury (Figure 3d). TDZD-8 treatment considerably diminished the urine levels of
NGAL in paraquat-injured mice, implying a protective effect on acute tubular injury.

Inhibition of GSK3β ameliorates kidney injury and prevents tubular cell death in paraquat
injured mice

Shown in Figure 4a, TDZD-8 alone treated mice presented a normal tubulointerstitial and
glomerular histology as observed in the control kidney. Paraquat exposure induced a typical
pattern of acute tubular necrosis in both proximal and distal tubules, characterized by
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isometric vacuolization of the tubular epithelium, luminal ectasia, sloughing of cells into the
lumen, loss of brush border, nuclear enlargement and pleomorphism, nuclear pyknosis and
karyolysis. This acute renal histological change was evidently ameliorated by TDZD-8.
Semi-quantitative morphometric analysis indicated that TDZD-8 treatment markedly
attenuated the paraquat induced tubular injury score (Figure 4b). To confirm the
morphologic findings, expression of the AKI biomarker NGAL in the kidney was examined
by immunoblot analysis of kidney homogenates. Shown in Figure 4c, NGAL expression was
scarcely detected in kidney homogenates from control or TDZD-8 alone treated mice, but
was dramatically increased after paraquat injury. The paraquat elicited NGAL expression in
the kidney was markedly prevented by TDZD-8 treatment. To examine whether cellular
apoptosis is attributable to the paraquat-induced kidney injury, apoptotic cells were labeled
by TUNEL staining in kidney specimens (Figure 4d, 4e). TUNEL staining was barely
observed in kidneys from control or TDZD-8 alone treated animals. In contrast, a prominent
amount of TUNEL-positive cells were detected and mainly located to the proximal tubules
in the juxtamedullary cortex in paraquat injured kidneys. TDZD-8 substantially diminished
the number of TUNEL positive apoptotic cells in the kidney (Figure 4e). Activation of the
caspase-3 directed signaling cascade is an indispensable mechanism for apoptosis [41-43].
Immunoblot analysis on kidney homogenates revealed that paraquat prominently triggered
the conversion of pro-caspase 3 to activated caspase 3 and increased the ratio of active/
proform caspase 3 (Figure 4f). This effect was largely prevented by concomitant treatment
with TDZD-8. Collectively, these findings in combination with the histological data suggest
that inhibition of GSK3β by TDZD-8 potently protect the kidney from paraquat induced
acute renal histological injury and apoptosis.

Inhibition of GSK3β inhibits phosphorylation of cyclophilin F and VDAC, desensitizes MPT
and reduces oxidative stress in paraquat injured kidney

The mechanisms underlying the protective effect of TDZD-8 against paraquat induced AKI
in mice was explored next. Consistent with in vitro findings, paraquat injury markedly
enhanced the activity of GSK3β in both cytosols and mitochondria extracted from kidney
tissues, marked by reduced GSK3β phosphorylation as probed by immunoblot analysis
(Figure 5a). TDZD-8 blocked GSK3β activity and significantly reinstated the inhibitory
phosphorylation of GSK3β. No significant difference in the abundance of total GSK3β in
renal cytosols or mitochondria was observed between different animal groups. In agreement
with the notion that cyclophilin F and VDAC serve as a putative substrate of GSK3β, the
alternations in GSK3β activity in kidney tissues were associated with the changes in
phosphorylation of cyclophilin F (Figure 5b) and VDAC (Figure 5c) in mice. Moreover,
mitochondria isolated from paraquat-injured kidneys exhibited a greater reduction in
absorbance at 540nm upon calcium overload (Figure 5d) as compared to mitochondria
isolated from control kidneys, denoting a sensitized MPT and marked mitochondrial
dysfunction. This effect was largely abrogated in mitochondria prepared from TDZD-8
pretreated and paraquat-injured kidneys, denoting a mitochondrial protective effect by
TDZD-8. In line with the effect on MPT, paraquat injured kidneys exhibited substantial
oxidative stress, probed by the ROS marker, DCF (Figure 5e, 5f). TDZD-8 treatment
evidently reduced DCF staining in the kidney tissues and diminished DCF fluorescence
intensity in the kidney homogenates (Figure 5f), suggesting a reduced ROS production
ensuing mitochondrial protection.

Inhibition of GSK3β ameliorates liver injury in paraquat injured mice
To determine whether the mitochondrial protection mediated by GSK3β inhibition also
confers benefits in other organ systems, liver specimens from all animal groups were
analyzed. Apoptotic cells, labeled by TUNEL staining, were barely detected in livers from
control or TDZD-8 alone treated animals (Figure 6a, 6b). In contrast, paraquat injury
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resulted in a prominent amount of TUNEL-positive cells in the liver. TDZD-8 treatment
evidently diminished the number of TUNEL positive apoptotic cells in paraquat-injured
livers. Immunoblot analysis of liver homogenates revealed that caspase-3 activation was
elicited by the paraquat injury and this was substantially abrogated by TDZD-8 treatment,
associated with a remarkable reduction of the paraquat triggered phosphorylation of
cyclophilin F and VDAC (Figure 6c).

DISCUSSION
GSK3β, initially identified as a regulator of glycogen biosynthesis, is now known to be a
key transducer involved in a large number of cellular signaling pathways [21, 24, 44].
Recent evidence from this and other groups suggest that GSK3β plays dirty in the
pathogenesis of AKI and inhibition of GSK3β by either chemical inhibitors or genetic
knockout conveys a kidney protective effect in AKI[25-27]. In a rat model of AKI induced
by ischemia reperfusion injury, GSK3β inhibition by TDZD-8 improved kidney dysfunction
and ameliorated acute renal histological injury[28]. In addition, in mice exposed to mercuric
chloride, renal proximal tubule-specific knockout of GSK3β gene improved general survival
and kidney function[27]. Moreover, GSK3β inhibition by TDZD-8, a highly selective small-
molecule inhibitor of GSK3β, prevented tubular necrosis and apoptosis in the kidney and
corrected kidney dysfunction in mice exposed to high dose diclofenac[26]. In our current
study, paraquat injection induced florid tubular necrosis and apoptosis and resulted in acute
kidney insufficiency, and this could be dramatically attenuated by TDZD-8. Although more
and more evidence proves that inhibition of GSK3β is beneficial for AKI, the mechanism of
action remains largely elusive. Our study indicates that a proportion of cytoplasmic pool of
GSK3β situates in the mitochondria and physically interacts with and phosphorylates
cyclophilin F, a structural component of the MPT pore complex that is located at contact
sites between the mitochondrial outer and inner membranes, and is known to promote
development of the MPT pore[18, 45]. Besides, GSK3β also colocalized and interacted with
VDAC, an outer mitochondrial membrane protein that plays a pivotal role in regulating
MPT[14, 15]. By controlling the activity of cyclophilin F and VDAC, GSK3β modified the
sensitivity of MPT thus determined the fate of renal tubular cells upon injury.

Paraquat (1,1′-Dimethyl-4,4′-bipyridinium dichloride), one of the most widely used
herbicides, is a prototypical pro-oxidant toxin and has caused many deaths worldwide either
accidentally or by suicides[46, 47]. The high mortality (>50%) is due to inherent toxicity
and lack of effective treatments [48-50]. Though paraquat is rapidly distributed to various
tissues after ingestion, concentrations accumulating within the kidneys are the highest [51].
As the kidney is the main excretory route, it produces early and severe nephrotoxicity and
AKI. Acute kidney dysfunction leads to paraquat accumulation in the body and contributes
to toxic injury in other organs [52, 53]. Paraquat can cause mitochondrial cytopathy by
triggering the MPT pore opening in multiple organ systems, including brain, liver and
kidney [54-57]. As the renal proximal tubule is a major site for the excretion of xenobiotics
and is highly dependent on oxidative mitochondrial metabolism for ATP production, it is
particularly vulnerable to deleterious effects of toxins targeting mitochondria [18, 58].
However, until now, it is still largely unknown whether the MPT pore opening can be
modified in paraquat-injured kidney. Paraquat is a prototypic pro-oxidant toxin known to
cause enormous oxidative stress [30, 59]. Indeed, paraquat stimulation generates a burst of
ROS in cultured tubular cells and induced massive oxidative stress in renal tubules in vivo.
The ROS has been implicated as important effectors of tubule cell injury in most forms of
AKI including ischaemic reperfusion injury and nephrotoxic acute tubular necrosis [60, 61].
In response to oxidative stress, the activity of numerous redox-sensitive cell-signaling
transducers, including GSK3β, could be altered[37]. In our hand, associated with paraquat
induced ROS production, phosphorylation of GSK3β was reduced, denoting an enhanced
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kinase activity of GSK3β. Enhanced GSK3β activity could promote the phsporylation of its
substrates. Of note, both computational phosphorylation site prediction and co-
immunoprecipitation assay suggested that cyclophilin F and VDAC are putative substrates
for GSK3β. And this was validated by detecting an association between the changes in the
phosphorylation of cyclophilin F and VDAC and the artificially manipulated GSK3β
activity. Thus paraquat induces ROS production, enhances the activity of redox-sensitive
GSK3β and subsequently augments phosphorylation of cyclophilin F and VDAC, cognate
substrates of GSK3β and key MPT regulators. Phosphorylation of cyclophilin F and VDAC
has been associated with sensitized MPT. In our study, enhanced phosphorylation of
cyclophilin F and VDAC correlated with an elevated sensitivity of MPT as reflected by a
greater decrease in absorbance at 540nm upon calcium challenge measured by
spectrophotometry of the extracted mitochondria. Subsequent to MPT, cytochrome c and
second mitochondria-derived activator of caspases (Smac) will be released from
mitochondria to the cytosol, where it activates the caspase family of proteases and initiates
the signaling machinery driving cell death[13, 62-66]. In addition, MPT with ensuing
mitochondira depolarization is indispensable for the ROS induced ROS release and thus
exacerbates oxidative injury [67-69]. In our study, increased expression of active (cleaved)
caspase-3 and massive apoptosis marked by TUNEL staining as well as substantial oxidative
stress probed by the ROS marker DCF were noted in the paraquat-injured kidney. Blockade
of GSK3β by TDZD-8 overrode the phosphorylation of cyclophilin F and VDAC induced by
paraquat, desensitized MPT and reduced oxidative stress and tubular injury in the kidney.
Moreover, this MPT inhibitory effect achieved by GSK3βb inhibition seems to confer a
universal cellular protection, because the paraquat induced injuries in other organ systems
like the liver was also markedly ameliorated after TDZD-8 treatment.

In summary, the pro-oxidant paraquat induced ROS overproduction in tubular cells and
augmented the activity of the redox-sensitive GSK3β in the mitochondria, which
subsequently phosphorylated cyclophilin F and VDAC in the mitochondria, sensitized MPT
and eventually resulted in tubular injury and AKI. TDZD-8, a highly selective small-
molecule inhibitor of GSK3β, blocked GSK3β activity, reduced phosphorylation of
cyclophilin F and VDAC, desensitized MPT and prevented paraquat induced acute tubular
cell death and AKI (Figure 7). Our findings suggest that inhibition of GSK3β by TDZD-8 or
by existing FDA approved agents with GSK3β inhibitory activities, including lithium and
sodium valproate, might represent a novel therapeutic strategy to desensitize MPT and to
treat AKI induced by mitochondrial toxins like paraquat.
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Highlights

• Paraquat injury enhances the activity of redox-sensitive GSK3β in renal tubular
cells.

• Cyclophilin F and VDAC, regulators of MPT, are putative substrates for
GSK3β.

• GSK3β regulates the MPT sensitivity via controlling the activity of Cyclophilin
F and VDAC.

• Inhibition of GSK3β desensitizes MPT and confers cellular protection against
paraquat injury.
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Figure 1. GSK3β inhibition improves mitochondrial dysfunction following oxidative injury by
paraquat in tubular cells
(a) The amount of reactive oxygen species as measured by the fluorescent DCF in cells
treated with parquet (PQ, 0.25mM) for different periods of time (n = 6). (b) TKPT cells were
exposed toTDZD-8 (10μM) and/or paraquat (0.25mM) for 24hours before the mitochondria
were isolated. Mitochondria permeability transition was assessed by the decrease in
spectrophotometric absorbance of calcium-challenged mitochondria at 540 nm. (c) TKPT
cells were treated with TDZD-8 (10μM) and/or paraquat (0.25mM) for 24hours, and then
the expression levels of GSK3β (in total cell lysates or mitochondrial fraction) and p-GSK3β
(Ser9) (in total cell lysates) were determined by western blotting. Arbitrary units of p-
GSK3β/GSK3β ratios expressed as immunoblot densitometric ratios of the molecules as
folds of the control group. Abbreviation: Ctrl, Control; Mito, mitochondria. *P<0.05 versus
other groups; (n=6).
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Figure 2. GSK3β is a mitochondrial molecule and phosphorylates cyclophilin F and VDAC, key
regulators of MPT
(a) Immunofluorescence staining of GSK3β and mitochondria (Mito) (by Mito Tracker
Green) in TKPT cells. (b) Immunofluorescence staining of GSK3β and cyclophilin F (Cyp-
F) in TKPT cells. (c) Immunofluorescence staining of GSK3β and VDAC in TKPT cells. (d)
Lysates of TKPT cells were subjected to immunoprecipitation by an anti-cyclophilin F
antibody, and immunoprecipitates were probed for cyclophilin F and GSK3β. (e) Lysates of
TKPT cells were subjected to immunoprecipitation by an anti-VDAC antibody, and
immunoprecipitates were probed for VDAC and GSK3β. (f) TKPT cells were transfected
with indicated vectors. Relative kinase activity of GSK3β located in the cytosolic and
mitochondrial fractions extracted from the transfected cells were estimated separately
following treatment with paraquat (0.25mM) or vehicle for 24h. (g, h) Mitochondrial lysates
were subjected to immunoprecipitation by an anti-cyclophilin F antibody or an anti-VDAC
antibody, and immunoprecipitates were probed respectively for either cyclophilin F and p-
serine (p-Ser), or VDAC and p-threonine (p-Thr). (i) Mitochondria permeability transition
was assessed by the decrease in spectrophotometric absorbance of calcium-challenged
mitochondria at 540 nm. (j) Cell viability of transfected cells was estimated by MTT assay.
Abbreviation: DAPI, 4′, 6-diamidino-2-phenylindole; EV, empty vector; S9A, vectors
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encoding the constitutively active mutant GSK3β (S9A-GSK3β-HA/pcDNA3); KD, vectors
encoding kinase-dead mutant GSK3β (GSK-3β-KD/pcDNA3). *P<0.05 vs other groups.
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Figure 3. GSK3β inhibition improves general conditions and acute kidney dysfunction in
paraquat-injured mice
Mice were subjected to paraquat (30 mg/kg) and/or TDZD-8 (10mg/kg) treatments. All mice
were sacrificed 72 h after paraquat injury. (a) The kidney-to-body weight ratio was
measured as the weight of two kidneys per body weight (mg/g). (b) Mice treated with
TDZD-8 significantly reduced serum creatinine levels elicited by parauqat injury.(c) Blood
urea nitrogen (BUN) was measured in mice on day 0, day 1, day 2 and day 3. TDZD-8
significantly reduced BUN levels elicited by parauqat injury. (d) Urine NGAL was
measured by ELISA on urine samples collected from mice on day 3. *P<0.05 versus other
groups (n=6).
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Figure 4. Inhibition of GSK3β ameliorates histological injury and prevents tubular cell death in
paraquat injured mice
Mice were subjected to paraquat (30 mg/kg) and/or TDZD-8 (10mg/kg) treatments. All mice
were sacrificed 72h after paraquat administration. (a) Representative micrographs of
hematoxylin eosin staining (× 200 and hgih-power view). (b) Histological changes were
semi-quantitatively scored. (c) Western immunoblot analysis of NGAL expression in kidney
homogenates. (d) Representative micrographs of TUNEL staining (counterstained with
Evan’s blue; × 100). (e) TUNEL positive cells were counted and expressed as cells per
mm2. (f) Western immunoblot analysis of kidney homogenates for pro-caspase-3 and active
caspase-3 in mice. β-actin served as a loading control. Arbitrary units of active caspase-3/
pro-caspase-3 ratios expressed as immunoblot densitometric ratios of the molecules as folds
of the control group. *P<0.05 versus other groups (n=6).
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Figure 5. Inhibition of GSK3β obliterates phosphorylation of cyclophilin F and VDAC,
desensitizes MPT and reduces oxidative stress in paraquat injured kidney
(a) Western immunoblot analysis of renal cytosol and mitochondria for p-GSK3β and
GSK3β. (b) Kidney homogenates were subjected to immunoprecipitation by an anti-
cyclophilin F antibody, and immunoprecipitates were probed for cyclophilin F or p-serine.
(c) Kidney homogenates were subjected to immunoprecipitation by an anti-VDAC antibody,
and immunoprecipitates were probed for VDAC or p-threonine. (d) Mitochondria were
isolated from kidneys. Mitochondria permeability transition was assessed by the decrease in
spectrophotometric absorbance of calcium-challenged mitochondria at 540 nm. (e)
Representative micrographs of DCF staining of fresh kidney cryostat sections; (f) ROS
generation was evaluated as the fluorescence intensity of DCF in the kidney tissues
expressed as fold induction over the control group. *P<0.05 versus other groups (n=6).
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Figure 6. Inhibition of GSK3β ameliorates liver injury in paraquat injured mice
Mice were subjected to paraquat (30 mg/kg) and/or TDZD-8 (10mg/kg) treatments. All mice
were sacrificed 72h after paraquat injury. (a) Representative micrographs of TUNEL
staining (counterstained with Evan’s blue; × 100). (b) TUNEL positive cells were counted
and expressed as cells per mm2. (c) Western immunoblot analysis of active caspase-3
expression in kidney homogenates, β-actin was used as a loading control. Liver
homogenates were subjected to immunoprecipitation by an anti-cyclophilin F or an anti-
VDAC antibody, and immunoprecipitates were probed for either cyclophilin F and p-serine,
or VDAC and p-threonine. *P<0.05 versus other groups (n=6).
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Figure 7. Schematic diagram depicts the mechanisms of action of the GSK3β controlled MPT
and the ensuing oxidative injury and cell death induced by paraquat
Paraquat induces reactive oxygen species (ROS) overproduction in renal tubular cells,
followed by enhanced activity of GSK3β. Cyclophilin F and VDAC, key regulators of MPT,
physically interact with GSK3β and are cognate substrates for GSK3β. Enhanced GSK3β
activity promotes cyclophilin F and VDAC phosphorylation. Subsequently, increased
activities of cyclophilin F and VDAC potentiate MPT pore opening upon ROS challenge,
and this eventually aggravates necroapoptotic cell death, amplifies ROS release and results
in acute kidney injury. TDZD-8, a highly selective small molecule inhibitor of GSK3β,
blocked GSK3βactivity, diminishes cyclophilin F and VDAC phosphorylation, desensitizes
MPT and thereby reduces oxidative injury and ameliorates necroapoptotic cell death and
acute kidney injury. Abbreviation:ROS, reactive oxygen species; Cyp-F, cyclophilin F.
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