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GSK-3β Inhibitor Induces Expression
of the TLR4/MyD88/NF-κB Signaling Pathway
to Protect Against Renal Ischemia-Reperfusion Injury
During Rat Kidney Transplantation

Shuai Su,1 Peng Zhang,2 Qilin Zhang,1 and Zhikang Yin1,3

Abstract— Ischemia-reperfusion injury (IRI) is an inevitable consequence of kidney transplan-
tation (KT). The aim of our study was to investigate the protective effect of a glycogen synthase
kinase 3β (GSK-3β) inhibitor against cold IRI in a rat renal transplantation (RT) model and a rat
cold-IRI model through the toll-like receptor 4 (TLR4)/myeloid differentiation factor 88
(MyD88)/nuclear factor κ-light-chain-enhancer of the activated B cell (NF-κB) signaling path-
way. We treated Sprague Dawley (SD) rats in the RT and cold-IRI models with 5 mg/kg and
1 mg/kg, respectively, of the GSK-3β inhibitor 4-benzyl-2-methyl-1,2,4-thiadiazolidine-3,5-
dione (TDZD-8). We then measured inflammatory factors, i.e., tumor necrosis factor alpha
(TNF-α) and interleukins-1β and IL-6 (IL-1β, IL-6), as well as oxidative stress markers, i.e.,
superoxide dismutase (SOD) and malondialdehyde (MDA), in serum and kidneys. Renal
function tests and pathological examinations were performed at 0, 1, 2, 3, and 7 days after RT
or cold IRI. We measured expression of TLR4, MyD88, inhibitor of NF-κB kinase (IκB),
phosphorylated IκB (p-IκB), NF-κB p65, p-p65, GSK-3β, and phosphorylated GSK-3β (p-
GSK-3β) byWestern blot and immunohistological staining. After intervention with the GSK-3β
inhibitor, renal function was improved; oxidative stress injury was reduced; expression of p-
GSK-3βwas upregulated; expression of p-IκB, TLR4, MyD88, and p-p65 was downregulated;
pathological damage was significantly reduced; and expression of TNF-α, IL-1β, and IL-6
messenger ribonucleic acid (mRNA) was downregulated. These results strongly suggested that
GSK-3β might be a key target for the treatment of IRI in KT. The GSK-3β inhibitor inhibited
phosphorylation of NF-κB p65 and IκB by inhibiting the TLR/MyD88 pathway, reducing
oxidative stress injury and the production of downstream inflammatory factors.
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INTRODUCTION

As the number of patients with chronic kidney
disease increases, kidney transplantation (KT) has be-
come the best treatment for end-stage nephropathy
[1]. Among the variables that affect the prognosis of
the transplanted kidney, one important risk factor is
ischemia-reperfusion injury (IRI). When the kidney is
preserved in cryopreservation fluid for a long time, it
will undergo cold ischemia. About 30% of delayed
graft dysfunctions after KT are caused by cold IRI [2,
3]. Therefore, IRI is an important process during KT
that seriously affects the early and delayed functions
of a renal allograft. Although different types of drugs
and molecules have been reported in the prevention
and treatment of renal IRI, the clinical efficacy of
drugs is not good.

The glycoprotein synthase kinase 3 (GSK-3) fam-
ily consists of 2 subtypes, GSK-3α and GSK-3β, which
play important roles in the repair and injury of renal
tubular epithelial cells [4]. Researchers have found that
GSK-3β participates in the regulation of multiple cel-
lular functions, such as insulin signaling, apoptosis,
cellular proliferation and division, and embryonic de-
velopment [5]. The inhibitory effect of GSK-3β inhib-
itors on nuclear factor κ-light-chain-enhancer of activat-
ed B cell (NF-κB) transcription has been demonstrated
in a recent study [6]. Toll-like receptors (TLRs) are a
family of transmembrane proteins produced constitu-
tively in renal cells; their activation results in transport
of NF-κB from the cytoplasm to the nucleus, resulting
in overexpression of inflammatory cytokines and thus
pro-inflammatory responses [7]. Inhibiting GSK-3β
significantly increases the production of pro-
inflammatory cytokines and inhibits the release of in-
flammatory cytokines stimulated with TLR ligands [8].
It is reported that TLR4 plays an indispensable role in
the pathogenesis of renal IRI, which is inevitable during
KT [9]. Two signaling pathways are involved in TLR4
signal transduction: the myeloid differentiation factor
88 (MyD88)-dependent pathway and the TIR domain-
containing adaptor protein inducing IFN-β (TRIF)-de-
pendent pathway [10]. The TLR4/MyD88 pathway me-
diates the release of pro-inflammatory cytokines [11].
Normally, NF-κB is stable in the cytoplasm but is inac-
tive and does not function to transcribe genes. NF-κB
dimers are retained in the cytoplasm in inactive form
through interaction with NF-κB kinase (IκB) proteins.
External stimuli such as bacteria, viruses, viral

metabolites, or cytokines can induce IκB phosphoryla-
tion, ubiquitination, and nuclear translocation; this leads
to the entry of p65/p50 heterodimer into the nucleus,
causing transcription of related genes [12]. But this
mechanism has not been confirmed in KT.

GSK-3β inhibitors have been demonstrated to protect
against organ damage in several animal models [13]. Cur-
rently, there are no specific treatments to prevent cold IRI
in clinical KT. In addition, the role of the TLR4/MyD88/
NF-κB signaling pathway in KT remains to be elucidated.
In our study, we applied a GSK-3β inhibitor to a rat renal
transplantation (RT) model and rat cold IRI model to
observe its protective effect against renal IRI and its mech-
anism of action. We expect GSK-3β inhibitors in general
to become new targets of research in the treatment of IRI in
KT.

MATERIALS AND METHODS

Animal Studies

All animal procedures for this study were per-
formed strictly according to the Guide for the Care
and Use of Laboratory Animals and were approved by
the Animal Care and Use Committee of Chongqing
Medical University, Chongqing, China. We used a
total of 48 male Sprague Dawley (SD) adult rats
weighing at least 250 g each as both kidney donors
and recipients. Food and water were available ad
libitum, although the animals were deprived of food
but not water 12 h before surgery. Anesthesia was
induced and maintained with pentobarbital (30 g/L,
300 mg/kg; Sigma-Aldrich, St. Louis, MO, USA) via
intraperitoneal injection.

Establishment of Animal Models

We established 2 different rat models, cold IRI and
RT. Our cold IRI model was established to simulate KT.
Both models received the same dose of drug intervention.

Cold IRI Model

Rats were divided into the following groups (n = 6
each): (1) sham operation group; (2) cold IRI group with-
out intervention, undergoing the operation described be-
low; (3) 5 mg/kg 4-benzyl-2-methyl-1,2,4-thiadiazolidine-
3,5-dione (TDZD-8) + cold IRI group; (4) 1 mg/kg TDZD-
8 + cold IRI group. In the TDZD-8 group, rats were given
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intravenous (i.v.) TDZD-8 5 min before we closed the
abdominal cavity. In the sham and cold IRI-only groups,
rats were given 10% dimethyl sulfoxide (DMSO; 1 mL/kg)
dissolved in normal saline (NS; i.v.) 5 min before we
closed the abdominal cavity.

RT Model

Rats were divided into the following 4 groups (n = 6
each): (1) sham operation group; (2) RT-only group: these
rats received vehicle (10% DMSO dissolved in NS, 1 mL/
kg, i.v.) 5 min before receiving transplanted kidneys; (3)
5 mg/kg TDZD-8 + RT group; (4) 1 mg/kg TDZD-8 + RT
group. In the TDZD-8 groups, rats were given TDZD-8
(i.v.) 5 min before recipients received KT.

RT Model

In donor rats, we used a midline laparotomy inci-
sion to enter the abdominal cavity and then bluntly
separated the perirenal fat from the tissue. Both kid-
neys (with ureters and vascular pedicles) were placed
into a treatment plate with cold saline (0 °C) for 1 h. In
recipient rats, the renal artery was anastomosed end-to-
side to the abdominal aorta, distal to the renal arteries,
and proximal to the bifurcation. We performed end-to-
end venous anastomosis with an 8-0 nylon suture be-
tween the graft and the recipient renal vein, and then
we used the bladder flap anastomosis technique to
suture the ureter [14]. Right recipient nephrectomy
was performed immediately after KT (Fig. 1(A–G)).

Cold IRI Model

After administering abdominal anesthesia to the rats,
we made a median incision in the abdomen, and then we
pushed the intestines to the right in order to free the left
kidney and left renal artery, vein, and abdominal aorta.
Next, we clamped the upper and lower ends of the abdom-
inal aorta and inferior renal vena cava with non-traumatic
vascular clamps. The upper-end clamp was higher than the
opening of the left renal artery on the abdominal aorta; the
lower-end clamp was lower than the opening of the corre-
sponding right renal artery. Ringer’s lactate (RL) solution
with heparin (25 U/L) was slowly and uniformly perfused
into the right renal artery using a 5-mL injector; the left
adrenal vein was used as the outlet for the perfusion fluid.
We performed continuous perfusion until the effluent was
clear and the left kidneywas pale.We ligated the right renal
pedicle, removed the right kidney, and clipped the left renal
artery and vein with a non-invasive blood vessel clamp.

The left kidneywas put into a homemade kidney bag of RL
solution (0 °C). After 1 h, all clips were removed to restore
blood flow to the left kidney (Fig. 1(A1–G1)).

Measurement of Oxidative Stress Biomarkers (SOD,
MDA)

After flushing the tissue with a precooled phosphate-
buffered saline (PBS) to remove residual blood, we mixed
it with 100 mmol/L tris hydrochloride (tris-HCl) buffer and
homogenized it at 10,000g for 20 min. Coomassie Brilliant
Blue staining was used to determine the total protein con-
centration. We measured superoxide dismutase (SOD) and
malondialdehyde (MDA) contents using commercial kits
(Xinfan Biotechnology, Shanghai, China).

Evaluation of NF-κB, TLR4, MyD88, IκB, and GSK-
3β Activity

Immunohistochemical Staining

We used immunohistochemical (IHC) with anti-
p65 and anti-GSK-3β antibodies (Cell Signaling Tech-
nology [CST], Danvers, MA, USA) to examine expres-
sion of p65 and GSK-3β in rat renal tissue. The wax
block of the kidney tissue was divided into 5-μm slices.
After being dried and dewaxed, the kidney slices were
repaired with citrate after each concentration gradient of
dimethylbenzene and ethanol. Finally, we perfused the
slices with H2O2 in order to clear endogenous hydrogen
peroxidase. Samples were then incubated with antibody
(p65, 1:100 dilution; GSK-3β, 1:100 dilution) over-
night at 4 °C. After washing them with PBS, we added
goat anti-mouse antibody (Bioss, Beijing, China), incu-
bated the sections for 30 min at 37 °C, and stained them
with dDAB (Boster Biological Technology, Ltd., Wu-
han, China) for 2 min. Staining was considered positive
when brownish-yellow particles occurred in tissue. Fi-
nally, we used Image-Pro Plus software version 6.0
(Media Cybernetics, Inc., Rockville, MD, USA) to de-
termine the cumulative light density of the positive
region.

Determination of Protein Concentration by Western Blot

Via Western blot, we detected p-p65, p-GSK-3β,
GSK-3β, p65 (CST), MyD88, (Abcam, Cambridge, UK),
IκB, p-IκB, and TLR4 (Santa Cruz Biotechnology, Dallas,
TX, USA) contents in rat kidney tissue. We used β-actin
(Abcam) and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH; Santa Cruz) as loading controls. The kidney
tissue in each group was homogenized on ice (0 °C), and
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nuclear protein was extracted using a Nuclear Protein
Extraction Kit (Beyotime Institute of Biotechnology,
Shanghai, China). A part of rat kidney tissue samples was
homogenized in ice-cold RIPA lysis buffer (Beyotime)
with 1 mM PMSF (Beyotime). The protein sample was
resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to
polyvinylidene difluoride (PVDF) membranes. Then, we
blocked the membranes with 5% nonfat milk for 2 h and
incubated them with primary antibody overnight at 4 °C.
After subsequently washing them with tris-buffered saline
+ Polysorbate 20 (TBST), we incubated the membranes
with a peroxidase-conjugated secondary antibody (1:2000;
B i o s s ) a n d v i s u a l i z e d r e s u l t s u s i n g a n
electrochemiluminescence (ECL) system (Bioss).

Pathological Section (Hematoxylin and Eosin) and
Renal Tubular Necrosis Score

We divided the wax block of the kidney tissue into 5-
μm slices, dewaxed and dehydrated them, dyed them with
hematoxylin and eosin (H&E), and observed changes in
renal histology under a microscope (Olympus Microscopy,
Tokyo, Japan), viewing areas with serious tissue lesions
under high magnification (× 400). We used 100 renal tu-
bules with 10 high-magnification visual fields for renal
tubule score according to Paller’s method.

Enzyme-Linked Immunosorbent Assay

Abdominal aortic blood was taken from rats in each
group 24 h post-operation, and the supernatant was obtain-
ed by centrifuging the blood at 3000 r/min for 15 min at
room temperature.We performed an enzyme-linked immu-
nosorbent assay (ELISA) on the supernatant using an
ELISA kit (R&D Systems, Minneapolis, MN, USA) per
manufacturer’s instructions: we incubated the ELISA plate
with sample and antibody working fluid at 37 °C for
60 min, washed it with PBS 3–5 times, and then added
enzyme-labeled reagent to terminate the reaction. We de-
termined absorbance at 450 nm (optical density [OD] 450)
and detected expression levels of IL-6, IL-1β, and TNF-α
in serum using a microplate reader (BioTek,Winooski, VT,
USA).

Quantitative Real-Time Polymerase Chain Reaction

We isolated total ribonucleic acid (RNA) of rat kidney
tissue using TRIzol Reagent (Takara, Otsu, Japan) and
determined RNA concentration by spectrophotometry.
Single-stranded complementary deoxyribonucleic acid
(cDNA) was synthesized using a quantitative real-time
polymerase chain reaction (RT-qPCR) kit (Thermo Fisher
Scientific, Waltham, MA, USA). We measured cDNA in
96-well plates in duplicate using an SYBR Green I kit
(Takara). The primers used for the assays are presented in

Fig. 1. Establishment of (A–G) rat RT model and (A1–G1) rat cold IRI model. (A) Middle abdominal incision. (B) Blunt separation of ureter. (C) Blunt
separation of blood vessel. (D) Perfusion (RL solution). (E) The left kidney was stored in NS (0 °C) for 1 h. (F) Vascular anastomosis (vein: end-to-end
anastomosis; artery: end-to-side anastomosis). (G) Closing the abdominal cavity. (A1) Middle abdominal incision. (B1) Blunt separation of renal artery and
vein. (C1) Perfusion from the right renal artery. (D1) Clipping renal artery and vein with non-invasive vascular clamp. (E1) The left kidney was stored at NS
(0 °C) for 1 h. (F1) The right kidney was removed. (G1) Closing the abdominal cavity.
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Table 1. For each sample, relative gene expression was
calculated using the comparative 2−ΔΔCt method with
the GAPDH as a reference.

Statistical Analysis

We used SPSS software version 22.0 (SPSS, Inc.,
Chicago, IL, USA) to carry out statistical analysis. Exper-
imental data are presented as the mean ± standard error of
the mean (SEM). P < 0.05 was considered statistically
significant. We performed univariate assessment of cate-
gorical variables using Student’s t test, one-way analysis of
variance (ANOVA), and chi-squared test.

RESULTS

Renal Function Test in RT and Cold IRI Models

To investigate the therapeutic effects of GSK-3β in-
hibition, we performed a time-history analysis of rat serum
creatinine (SCr) and blood urea nitrogen (BUN) levels, the
results of which are shown in Fig. 2. In both the RT and
cold IRI models, levels of SCr and BUN increased signif-
icantly on day 1 and began to decrease starting on day 2.
After TDZD-8 intervention, SCr and BUN levels signifi-
cantly decreased on days 1, 2, and 3, compared with the
RT-only or cold IRI-only group. However, in the RT mod-
el, the BUN level decrease in the RT + 5 mg/kg TDZD-8
group from the baseline level of the RT-only group was
greater than the corresponding decrease in the RT +
1 mg/kg TDZD-8 group on days 2 and 3. In the cold IRI
model, there was no obvious decrease in BUN levels in the
cold IRI + 1 mg/kg TDZD-8 group compared with the cold
IRI-only group on day 3, which showed that 5 mg/kg
TDZD-8 protected renal function better than 1 mg/kg

TDZD-8 did. There was no significant difference in the
decrease in SCr level between the 5 and 1 mg/kg TDZD-8
groups in either animal model.

Effect of GSK-3β Inhibitor on Inflammatory Factors

We waited 24 h post-surgery to detect changes in
inflammatory factors in rat arterial blood. Serum levels
of pro-inflammatory cytokines were significantly in-
creased in the cold IRI and RT groups compared with
the sham group. Compared with RT-only and cold IRI-
only groups, levels of inflammatory cytokines were
significantly lower in TDZD-8 groups. There was no
statistically significant difference between the 2
TDZD-8 treatment groups in either the RT model or
the cold IRI model. The RT + 5 mg/kg TDZD-8 group
showed a decrease in the IL-6 level, but it was not
statistically significant (Fig. 3).

As shown in Fig. 3d, TNF-α, IL-6, and IL-1β
mRNA expression was higher in the RT and cold IRI
groups than in the sham group. Interestingly, the in-
crease in IL-6, TNF-α, and IL-1β mRNA levels was
remarkably attenuated in the TDZD-8 groups com-
pared with the RT-only and cold IRI-only groups,
which was consistent with ELISA results.

The Effect of GSK-3β Inhibitor on Renal Pathological
Changes

Figures 4 and 5 display a time-history analysis of
renal pathological changes as shown by H&E staining.
Rat kidney tissue taken from the sham group at each time
point (days 0, 1, 2, 3, and 7) had normal tubular histology.
Rats that had undergone either RTor cold IRI demonstrated
severe pathological damage such as interstitial congestion,
cell exfoliation and necrosis, visible protein casts, glomer-
ular structural damage, and inflammatory cell infiltration.
The most severe pathological injuries occurred on days 1
and 2. Histological changes were significantly reduced in
TDZD-8 treatment groups in both models on days 1, 2, 3,
and 7. In these groups, we observed a marked reduction in
renal tubular epithelial cell necrosis and interstitial hyper-
emia; furthermore, reduction of pathological damage in the
5 mg/kg group was greater than that in the 1 mg/kg group.
However, compared with the sham group, both the cold IRI
and RT groups showed a significant change in the renal
tubular necrosis score, which decreased significantly on
day 1 and remained lower until day 7 after treatment with
TDZD-8 (Fig. 6).

Table 1. Primers Used for the Assays

TNF-α
Forward 5′-CTG AAC GAATTC GGG GTG ATC GG-3′
Reverse 5′-GGC TTG TCA CTC GAA-3′

IL-1β
Forward 5′-ACTATG GCA ACT GTC CCT GAAC-3
Reverse 5′-GTG CTT GGG TCC TCATCC TG-3′

IL-6
Forward 5′-TTC CTC TGG TCT TCT GGA GT-3′
Reverse 5′-TGT GAC TCC AGC TTATCT CTT GG-3′

GAPDH
Forward 5′-GGT CAC CAG GGC TGC CAT TTG-3′
Reverse 5′-CTG GTA CTC CATACA CTG GCT-3′
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Effect of GSK-3β Inhibitor on GSK-3β

In both the RT and cold IRI models, expression of p-
GSK-3β in kidney tissue from either the RT or cold IRI
group was significantly reduced compared with the sham
group. After treatment with TDZD-8, p-GSK-3β levels
significantly increased in both the 5 mg/kg and 1 mg/kg
TDZD-8 treatment groups vs. the cold IRI-only or RT-only
group, and the increase in p-GSK-3β in the 5 mg/kg
TDZD-8 group was higher than that in the 1 mg/kg
TDZD-8 group. However, total GSK-3β levels remained
unchanged (Fig. 7).

IHC results showed that sites positive for GSK-3β
were mainly in the cytoplasm of renal tubules and some
glomerular epithelial cells (Fig. 8). The sham group was
very weakly positive for expression of GSK-3β. By con-
trast, staining was significantly greater in the
tubulointerstitium of the kidneys in the RT and cold IRI
groups. TDZD-8 reduced the expression of GSK-3β, but in
the 2 TDZD-8 treatment groups of the RT model, this
decrease was not statistically significant (Fig. 8c). In the
cold IRI model, however, GSK-3β expression was more
greatly reduced in the 5 mg/kg TDZD-8 group than in the
1 mg/kg TDZD-8 group.

GSK-3β Inhibitor Regulated Inflammatory Responses
by Blocking TLR4/MyD88/NF-κB Pathway Activation

To determine the role of TLR4 in the development of
IRI, we examined its expression in the renal tissue of the
RT group. A time-course analysis of renal TLR4 expres-
sion is shown in Fig. 9c. TLR4 expression was significant-
ly increased in kidney tissue 24 h after induction of ische-
mia and reperfusion in the RT model, after which it de-
creased gradually.

We investigated whether GSK-3β inhibition
exerted its effects through the TLR4/MyD88/NF-κB
signaling pathway. In the RT model, compared with
the sham group, the RT groups showed a significant
increase in expression of TLR4, MyD88, p-IκB, and p-
p65. However, such expression was significantly de-
creased after intervention with TDZD-8, and there was
no significant difference in dose contrast between the 2
TDZD-8 groups. In the cold IRI model, there was a
significant increase in TLR4, MyD88, p-IκB, and p-
p65 expression; after TDZD-8 intervention, such ex-
pression was significantly decreased (Fig. 9).

IHC results for p65 showed that positive sites were
mainly in the cytoplasm and nuclei of renal tubules (Fig. 8).

Fig. 2. Serum levels of SCr and BUN on days 0, 1, 2, 3, and 7. a SCr content in rat cold IRI model. b SCr content in rat RT model. c BUN content in rat cold
IRI model. d BUN in rat RT model. *P < 0.05, **P < 0.01 compared with RT group or cold IRI group; n = 6 rat/group.
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There was almost no p65 expression in the sham group
of either the RT or cold IRI model; it was mainly
expressed in the cytoplasm and nuclei of renal tubular
epithelial cells in the RT and cold IRI groups. Com-
pared with the RT-only and cold IRI-only groups, the
TDZD-8 groups in each model showed a significant
reduction in nuclear displacement of renal tubular ep-
ithelial cells in cytoplasm and nuclei. The expression
level of p65 in the 5 mg/kg TDZD-8 group was sig-
nificantly lower than that in the 1 mg/kg TDZD-8
group (Fig. 8d).

Effect of TDZD-8 on MDA and SOD

Results showed that in both animal models, renal
SOD activity in the cold IRI and RT groups was lower
than that in the sham group (Fig. 8e), while the MDA
content was higher (Fig. 8f). In both models, SOD activity
increased and the MDA content decreased after treatment
with TDZD-8. There was no statistically significant differ-
ence in the reduction of MDA between the 5 mg/kg and
1 mg/kg TDZD-8 groups, but only the 5 mg/kg TDZD-8
group showed a significant increase in SOD expression.

Fig. 3. GSK3β inhibition reduced pro-inflammatory cytokines following RT and cold IRI. Effect of TDZD-8 administration (RT model, 5 mg/kg; cold IRI
model, 1 mg/kg; i.v.) on serum levels of a TNF-α, b IL-6, and c IL-1β. d The relative expression mRNA levels of TNF-α, IL-1β, and IL-6 were detected by
RT-qPCR. *P < 0.05 vs. sham group, **P < 0.01; #P < 0.05 vs. RT group, ##P < 0.01; &P < 0.05 vs. cold IRI group, &&P < 0.01.
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DISCUSSION

In our study, we identified the protective effect of the
GSK-3β inhibitor against acute kidney injury after KT.
First, GSK-3β has a certain inhibitory effect on TLR4
through the MyD88-dependent signaling pathway, which
protects against renal IRI after KT. Second, the GSK-3β
inhibitor could protect against IRI by inhibiting NF-κB
activation; at the same time, it could also protect kidney
function by reducing oxidative stress injury.

Cold IRI plays an indispensable role in the develop-
ment of renal function injury and chronic allograft ne-
phropathy after KT [15, 16]; renal IRI further worsens
inflammation and oxidation [17]. Therefore, we studied
IRI from both a simple cold IRI model (with IRI as the
single factor) and a complicated RT model (with multiple
factors such as IRI and immune rejection) to prove that the
simpler cold IRI model could replace the more complex RT
model.

Recent studies have shown that inhibiting GSK-3β
could alleviate inflammation in brain endothelial cells and
reduce levels of acute systemic inflammatory cytokines
[18, 19]. Ren showed that GSK-3β activation increases
in IRI and that pharmacological inhibitors can inhibit

activity of this enzyme [20]. Highly selective GSK-3β
inhibitors have been shown to suppress NF-κB activation,
inhibit the TLR/MyD88 signaling pathway, reduce
multiple-organ injury, and alleviate acute systemic inflam-
matory responses [6, 21]. TLR4/MyD88 and NF-κB are
upstream and downstream signal transduction pathways
that play indispensable roles in initiating cell inherent
immunoresponses [22, 23]. Finally, TLR4 regulates the
release of various inflammatory factors by increasing the
expression of its downstream factors, thereby causing dam-
age to the body [24]. Mice with a genetic deficiency in
TLR4 or the adaptor molecule MyD88 were shown to be
protected from renal insufficiency and histological damage
[25].

TLR4 signaling occurs through the TRIF- and
MyD88-dependent pathways. The TLR/MyD88 signaling
pathway plays a leading role in IRI-mediated renal injury
[26]. We assessed the association between the TLR4/
MyD88 pathway and acute kidney injury in our rat RT
and cold IRI models. The TLR4/MYD88/NF-κB pathway
has been found to form a signal axis and participate in
inflammatory response [27]. TLR4 binds to the adaptor
molecule MyD88 and activates IKK–IκB–NF-κB by a
series of cascade reactions, whereupon NF-κB is activated

Fig. 4. Pathological changes in rat RTmodel on days 0, 1, 2, 3, and 7 (H&E-stained; × 200). Black arrowhead: pathological damage (hemorrhage, necrosis of
renal tubular epithelial cells, infiltration of inflammatory cells, loss of brush border). After intervention with TDZD-8, pathological damage was reduced
significantly (at both 5 mg/kg and 1 mg/kg, but 5 mg/kg had a better effect).
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by nuclear localization sequence (NLS) from the cyto-
plasm to the nucleus. κB can be bound to specific κB
sequences on target genes, subsequently synthesizing and
releasing TNF-α, IL-1, and other inflammatory factors.

The GSK-3β inhibitor has been shown to reduce
kidney, lung, neuromuscular, and liver injury as well as
systemic release of pro-inflammatory cytokines. Inhibiting
GSK-3β activity downregulates the activation of the

TLR4/MyD88/NF-κB pathway and inhibits production of
inflammatory mediators [28, 29]. Various studies have
reported that GSK-3β could affect TLR4/MyD88/NF-κB
activity by several different mechanisms: (1) facilitating
translocation of p50/p65 to the nucleus and binding to
DNA, (2) p65 phosphorylation, (3) IκB phosphorylation,
or (4) via cAMP-response element binding protein (CREB)
[6, 30–32]. Schwabe et al. examined the amino acid

Fig. 5. Pathological changes in the rat cold IRI model on days 0, 1, 2, 3, and 7 (H&E-stained; × 200). Red arrowhead: pathological damage (bleeding,
inflammatory cell infiltration, loss of brush border). After intervention with TDZD-8, pathological damage was reduced significantly (at both 5 mg/kg and
1 mg/kg, but 5 mg/kg had a better effect).

Fig. 6. Renal tubular necrosis score of rat a RTmodel and b cold IRI model on days 0, 1, 2, 3, and 7. Necrosis score reduced significantly on day 1, and this
reduction lasted until day 7 after treatment with TDZD-8. *P < 0.05, **P < 0.01, compared with RT group or cold IRI group.
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sequence of RelA/p65 and proved that it contains a variety
of potential phosphorylation consensus motifs of GSK-3β
[33]. Recent studies [34] have shown that reperfusion
injury stimulates NF-κB p65 Ser536 phosphorylation and
promotes NF-κB activation.

We found that expression of TLR4 and its endoge-
nous ligands increased after RT and that complete devel-
opment of renal IRI depended on the TLR4/MyD88 sig-
naling pathway. Our research confirmed that TDZD-8
significantly reduced phosphorylation of NF-κB p65 and
IκB as well as expression of TLR4 and MyD88 in rat renal
tissue. GSK-3β is usually active in the cell and plays a
biological role via its phosphorylated downstream sub-
strates. When an external stimulus is received, GSK-3β
is phosphorylated to reduce its activity, thereby changing
the activity and function of the downstream components.
Consequently, we confirmed that TDZD-8 can significant-
ly increase phosphorylation and reduce activity of GSK-
3β. The binding of TLR4 to its ligands induces a variety of
downstream effects, including activation and expression of
pro-inflammatory cytokines [35]. Inflammatory factors
such as IL-6, IL-1, TNF-α, and IL-8 are involved in the
process of KT [36, 37]. IL-1 can induce neutrophils to
infiltrate renal tissue, aggravating renal injury. TNF-α not
only has direct cytotoxicity but also promotes the

production of IL-1, IL-6, and other cytokines, creating an
amplifying effect that aggravates the infiltration and aggre-
gation of inflammatory cells [38]. In our study, levels of IL-
6, IL-1β, and TNF-α increased significantly in cold IRI
and RT groups compared with sham groups, suggesting
that renal reperfusion can stimulate the formation of IL-6,
IL-1β, and TNF-α. However, after treatment with TDZD-
8, levels of all 3 cytokines plus SCr and BUN were signif-
icantly lower than in the cold IRI-only and RT-only groups.
This indicated that TDZD-8 could be used as an anti-
inflammatory substance to reduce release of TNF-α, IL-
1β, and IL-6 induced by ischemia-reperfusion in RT, pro-
tect renal function, and exert an anti-inflammatory effect.

Oxyradicals and active oxygen play very important
roles in IRI [39]. In the body, one system produces free
radicals and another eliminates them, jointly maintaining
oxidation-antioxidant balance [40]. One study found that a
large number of oxygen free radicals produced by
ischemia-reperfusion exceeded the scavenging ability of
local tissues, resulting in tissue damage [41]. SOD is a
scavenger of free radicals, and therefore, SOD levels can
reflect an organism’s ability to scavenge oxygen free rad-
icals [42]; in addition, SOD activity can reflect the kidney’s
ability to resist lipid peroxidation [43]. MDA is a relatively
stable metabolic intermediate in lipid peroxidation; the

Fig. 7. The effects of TDZD-8 administration on GSK-3β phosphorylation of rat renal tissues at 24 h after ischemia-reperfusion as detected byWestern blot.
a Expression of p-GSK-3β and GSK-3β in the rat RT model. b Expression of p-GSK-3β and GSK-3β in the rat cold IRI model. c, dDensitometric analysis
of the bands is expressed as the relative optical density (ROD) of p-GSK-3β, corrected with the corresponding total GSK-3β content. *P < 0.05 vs. sham
group, **P < 0.01; #P < 0.05 vs. RT group, ##P < 0.01; &P < 0.05 vs. cold IRI group, &&P < 0.01.
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Fig. 8. GSK-3β inhibition reduced oxidative stress injury and the expression of GSK-3β and p65. Expression levels of GSK-3β and p65 in a cold IRImodel
and bRTmodel revealed by IHC. Original magnification × 200. c, d Integrated optical density (IOD) of GSK-3β and p65 expression in renal tissue. Serum e
SOD and f MDA content in renal tissue of each group. *P < 0.05 vs. sham group, **P < 0.01; #P < 0.05 vs. RT group, ##P < 0.01; &P < 0.05 vs. cold IRI
group, &&P < 0.01.
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MDA content can reflect the oxygen free radical content in
tissue and lipid peroxidation level, as well as the ability of
such free radicals in tissue damage [44]. Some studies have
suggested that IRI increases production of reactive oxygen

species (ROS) and levels of MDA while reducing SOD
activity [39, 45, 46]. Our study proved that the GSK-3β
inhibitor could decrease MDA levels and improve SOD
activity, attenuating renal oxidative injury.

Fig. 9. Effect of GSK-3β inhibitor on expression of the TLR4/MyD88/NF-κB signaling pathway. Expression levels of TLR4,MyD88, p-IκB, IκB, p65, and
p-p65 in rat a RTand b cold IRI models were analyzed 24 h after ischemia-reperfusion. c Time-course analysis of renal TLR4 expression. TLR4 expression
increased 12 h after IRI, peaked 24 h after IRI, and then decreased gradually. d, e p-IκB/IκB ratio based on relative band density (RBD) in rat cold IRI and RT
models. f, gQuantitation of RBD forMyD88 in rat cold IRI and RTmodels. h, iQuantitation of RBD for TLR4 in rat RTand cold IRI models. j, k p-p65/p65
ratio based on RBD in rat RT and cold IRI models. *P < 0.05 vs. sham group, **P < 0.01; #P < 0.05 vs. RT group, ##P < 0.01; &P < 0.05 vs. cold IRI group,
&&P < 0.01.

Su, Zhang, Zhang, and Yin2116



CONCLUSION

The GSK-3β inhibitor we investigated, TDZD-8, could
inhibit phosphorylation of NF-κB p65 and IκB by inhibiting
the TLR/MyD88 pathway, thereby reducing the production
of downstream inflammatory factors such as TNF-α, IL-1β,
and IL-6. It could also reduce oxidative stress injury, ulti-
mately reducing IRI during KT. In conclusion, our findings
suggested that GSK-3β inhibitors in general could serve as
new types of inflammatory renal disease modulators and
markers and might therefore prove novel therapeutic targets
for treating inflammatory injury in KT.
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