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Abstract
Thioredoxin-interacting protein (TXNIP) is associated with inflammation, tubulointerstitial fibrosis, and oxidative stress in
diabetic kidney disease, yet the potential role of TXNIP in nondiabetic renal injury is not well known. This study aimed to
investigate the effect of TXNIP on renal injury by creating a unilateral ureteral obstruction (UUO) model in TXNIP
knockout (TKO) mice. We performed sham or UUO surgery in 8-week-old TXNIP KO male mice and age and sex-matched
wild-type (WT) mice. Animals were killed at 3, 5, 7, or 14 days after surgery, and renal tissues were obtained for RNA,
protein, and other analysis. Our results show that the expression of TXNIP was increased in a time-dependent manner in the
ligated kidneys. TXNIP deletion reduced renal fibrosis, apoptosis, α-SMA, TGF-β1 and CTGF expression, and activation of
Smad3, p38 MAPK, and ERK1/2 in UUO kidneys. We also found UUO-induced renal F4/80+ macrophage infiltration,
MCP-1 expression and activation of NF-κB and NLRP3 inflammasome were attenuated in TKO mice. Furthermore, our
study revealed that TXNIP deficiency inhibited the expression of 8-OHdG, heme oxygenase-1 (HO-1) and NADPH oxidase
4 (Nox4) in UUO kidney. In summary, our study suggests that TXNIP plays a key role in the renal inflammation and fibrosis
induced by UUO. Inhibition of TXNIP may be a strategy to slow the progression of chronic kidney diseases.

Introduction

Chronic kidney disease (CKD) is a worldwide public health
problem. Renal interstitial fibrosis is considered as the final
common pathway of virtually all kinds of progressive CKD
leading to end-stage renal failure [1, 2]. Renal interstitial
fibrosis reflects the imbalance of different mechanisms
including renal cells apoptosis, inflammatory cell

infiltration, and oxidative stress generation. Oxidative stress
has been implicated in the pathogenesis of renal fibrosis in
UUO [3, 4]. Prevention of oxidative stress generation has
become a therapeutic target to halt the progression of renal
injury in UUO [5–7].

Thioredoxin-interacting protein (TXNIP) also known
as vitamin D3 up-regulated protein-1(VDUP-1) or
thioredoxin-binding protein-2 (TBP-2), is the endogenous
inhibitor of cellular thioredoxin (TRX), inactivating its anti-
oxidative function by binding to the redox-active cysteine
residues [8]. A recent study demonstrated that genetic
deletion of TXNIP resulted in reduced oxidative stress,
renal fibrosis and extracellular matrix accumulation, podo-
cyte injury and inflammation associated with diabetes [9].
Our previous studies have demonstrated that knockdown of
TXNIP reversed high glucose (HG)-induced reduction of
TRX activity and inhibited HG-induced ROS production,
apoptosis and epithelial-to-mesenchymal transition (EMT)
in mesangial cell and HK-2 cell [10, 11]. Knockdown of
TXNIP also inhibited TGF-β1-induced ROS generation and
EMT in HK-2 cells [11]. TXNIP overexpression resulted in
type IV collagen mRNA and protein induction in mesangial
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cells [12]. In addition, TXNIP deletion attenuated oxidative
stress, inflammatory cells infiltration, and hepatic fibrosis
[13]. However, the role of TXNIP in UUO-induced kidney
injury has not been documented.

Recently, it has been shown that nucleotide-binding oli-
gomerization domain-like pyrin domain containing protein 3
(NLRP3) inflammasome contributed to the pathogenesis of
renal injuries resulted from diabetes, ischemic, crystal,
antineutrophil cytoplasmic antibody, and UUO [14–18].
NLRP3 recruits the apoptosis-associated speck-like protein
containing a caspase recruitment domain (ASC) by pyrin
domain, and then ASC hydrolyzes procaspase-1. Finally,
active caspase-1 cleaves pro-IL-1β and IL-18 into their
mature form [19]. IL-1β and IL-18 are cardinal proin-
flammatory cytokines, which govern the outcome of renal
disease [20–22]. A previous study has demonstrated that
NLRP3−/− mice had less tubular injury, inflammation, and
fibrosis after UUO, associated with a reduction in caspase-1
activation and maturation of IL-1β and IL-18 [18]. Adi-
tionally, there is evidence that TXNIP is essential for acti-
vation of the NLRP3 inflammasome and IL-1β production
under oxidative stress [23]. In β cells, TXNIP mediates ER
stress-induced IL-1β mRNA transcription and IL-1β pro-
duction by the activation of NLRP3 inflammasome [24].
Palmitate-BSA triggered expression of TXNIP and its
interaction with NLRP3, resulting in activation of caspase-1
and IL-1β in human retinal endothelial cells [25]. TXNIP
knockdown by siRNA inhibited HG-induced NLRP3
inflammasome activation and IL-1β production in podocyte
[26]. Recent publications suggest a physical interaction
between TXNIP and NLRP3 [23, 27, 28]. The association of
TXNIP with NLRP3 indicates that TXNIP may play a major
role in the inflammation that contributes to CKD.

In the present study, we investigated renal expression of
TXNIP during the development of renal fibrosis in a UUO
model. We used TXNIP knockout (TXNIP−/−) mice with
UUO to investigate the roles of TXNIP in renal fibrosis,
inflammatory cells infiltration, cell apoptosis and NLRP3
inflammasome activation.

Materials and methods

Materials

Antibodies against NLRP3 (sc-66846), ASC (sc-22514-R),
caspase-1 p10 (sc-514), fibronectin (sc-6952) and 8-OHdG
(sc-66036) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). NF-κB p65 (ab6502), TXNIP
(ab188865), TRX (ab86255), Nox4 (ab218043), HO-1
(ab13243), CTGF (ab6992), MCP-1(ab25124), collagen IV
(ab6586), α-SMA (ab5694), Bax (ab32503), Bcl-2
(ab59348), IL-18 (ab71485), α-tubulin (ab7291), histone

H3 (ab24834) and F4/80 (ab111101) antibodies were
obtained from Abcam (Cambridge, UK). Antibodies for IL-
1β (12242), p-Smad3 (9520), Smad3 (9513), ERK1/2
(9102), p-ERK1/2 (9101), cleaved caspase-3 (9664), and
caspase-3 (9662) were purchased from Cell Signaling
Technology (Beverly, MA). TGF-β1 (18978-1-AP) and β-
actin (23660-1-AP) antibodies were obtained from Pro-
teintech (Chicago, IL). TRIzol reagent was obtained from
Invitrogen Life Technologies (Carlsbad, CA). Dead End
Fluorometric TUNEL System and the reverse transcription
system were obtained from Promega (Madison, WI). SYBR
Premix Ex TaqTMII was purchased from Takara (Shiga,
Japan).

Animals

TXNIP−/− (TXNIP knockout, TKO) mice (C57BL/6J
background) were generated by transcription activator-
like effector nucleases (TALEN) technique [29]. Wild-
type (WT) littermates were used as control. Mice were
housed in the animal facilities of Hebei Medical Uni-
versity. The animals underwent left ureteral obstruction
or sham operation. Mice were killed and the kidneys
were collected for further analysis at 3, 5, 7, and 14 days
after surgery. All experimental procedures were
approved by the Hebei Medical University Animal Ethics
Committee.

Histology and immunohistochemistry

Kidneys were fixed in 4% paraformaldehyde overnight,
embedded in paraffin and four-micrometer sections were
prepared. Periodic acid-Schiff (PAS) staining was used to
evaluate the tubular injury scoring as described previously
[30]. Briefly, ten randomly chosen, non-overlapping fields
(×400) were examined. Each field was evaluated for tubular
injury (tubular dilatation, epithelial simplification, and
interstitial expansions). Lesions were graded on a scale from
0 to 4: 0= normal; 1=mild, involvement of <25% of the
cortex; 2=moderate, involvement of 25–50% of the cortex;
3= severe, involvement of 50–75% of the cortex; 4=
involving >75% of the cortex. Sections were stained with
Masson’s trichrome according to a standard protocol. Then,
five fields in the cortex of the kidneys were used. The
collagen-positive areas were analyzed using HPIAS-2000
image analysis software (Champion Image Company,
Wuhan, China).

Immunohistochemistry for antibodies on renal sections
was performed with SP kit according to the instruction.
Paraffin-embedded tissue sections were deparaffinized in
xylene and rehydrated through graded ethanol. Internal
peroxidase was inactivated with 3% hydrogen peroxide in
100% methanol for 30 min. Antigen retrieval was
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subsequently performed by autoclaving for 15 min at 121 °
C in sodium citrate buffer (pH 6.0). After blocking with
10% normal goat serum for 30 min at room temperature, the
sections were incubated with primary antibodies for
TXNIP, TRX, NLRP3, ASC, caspase-1 p10, TGF-β1,
CTGF, F4/80, NF-κB p65, α-SMA, 8-OHdG, Nox4, HO-1,
and collagen IV overnight at 4 °C. Sections were then
washed and incubated with biotinylated secondary antibody
and horseradish peroxidase-conjugated streptavidin. Label-
ing was visualized with 3,3-diaminobenzidine to produce a
brown color, and sections were counterstained with
hematoxylin.

TUNEL assay

Investigation of apoptotic cells was performed using term-
inal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) with Dead End Fluorometric TUNEL
System, according to the manufacturer’s instructions. The
numbers of TUNEL positive apoptotic cells were counted
from ten different fields (×400) for each sample and were
averaged.

RNA isolation and quantitative real-time PCR

Total RNA was isolated from mouse kidney using TRIzol
reagent according to the manufacturer. The cDNA synthesis
was performed using M-MLV reverse transcription kit.
PCR primers (Table 1) were designed and synthesized from
Sangon Biotech Co, Ltd. (Shanghai, China). Real-time PCR
was performed in a 96-well optical reaction plate using
SYBR Premix Ex TaqTM II. Real-time PCR reactions were
performed on Agilent Mx3000P QPCR Systems (Agilent,
CA, USA). Relative changes in gene expression were cal-
culated using the 2−△△CT method, and all experiments
were repeated at least three times.

Protein extraction and Western blotting

Protein from homogenized frozen kidney was prepared in a
lysis buffer (Millipore, Billerica, MA) according to the
standard procedure. Nuclear and cytoplasmic proteins were
extracted from mouse kidneys using a commercial nuclear
extraction kit (Active Motif, Carlsbad, CA). Equal amounts
of 50 μg total protein were resolved by SDS-PAGE and
transferred onto polyvinylidene difluoride membranes
(Millipore, Billerica, MA). The membranes were incubated
overnight at 4 °C with primary antibodies for TXNIP, TRX,
collagen IV, fibronectin, NLRP3, ASC, caspase-1 p10, IL-
1β, IL-18, TGF-β1, CTGF, MCP-1, NF-κB p65, Bax, Bcl-2,
cleaved caspase-3, caspase-3, Smad3, p-Smad3, p38
MAPK, p-p38 MAPK, ERK1/2, p-ERK1/2, α-SMA, HO-1,
and Nox4, respectively. Immunoblots were visualized by
the ECL detection system (KPL Mandel Scientific) and then
scanned using the Odyssey Fc System (LI-COR, USA). The
densitometric analyses were conducted with Image J soft-
ware (National Institutes of Health).

Statistical analysis

All values are expressed as means ± s.e.m. Statistical ana-
lysis was performed by one-way ANOVA, followed by the
LSD post hoc t-test for multiple comparisons. P < 0.05 was
considered statistically significant.

Results

Renal TXNIP expression in mouse UUO

Renal TXNIP levels have not been previously examined in
UUO. Thus, we determined mRNA levels of TXNIP in
mouse kidneys of the different study groups by real-time

Table 1 Sequences of the real-
time PCR Primers

Genes Forward primers (5ʹ-3ʹ) Reverse primers (5ʹ-3ʹ)

TXNIP CCGTTAGGATCCTGGCTTGC GGCGCCTTGTACTCATATTTGTTTC

Fibronectin GAACAGTGGCAGAAAGAATA CAGGTCTACGGCAGTTGT

Collagen IV TCGGACCCACTGGTGATAAAG AAGCCCATTCCTCCAACTGA

NLRP3 TGGGGTACCCTTAGAGGTTTCA CCTGTTGATCGCAGCAAAGAT

ASC TCTGGAGTCGTATGGCTTGG TGCTTGCCTGTGCTGGTC

Caspase-1 CAGGAGGGAATATGTGGG CACCTTGGGCTTGTCTTT

α-SMA GAAGAGCATCCGACACTG GGCATAGCCCTCATAGATAG

MCP-1 GCCTGCTGTTCACAGTTGC CAGGTGAGTGGGGCGTTA

TGF-β1 GGCGGTGCTCGCTTTGTA TTTCTCATAGATGGCGTTGTT

CTGF CACAGAGTGGAGCGCCTG GATGCACTTTTTGCCCTTCTTAAG

Nox4 CGAGCCAAAGGGGCCCTGAAG AACAGCGTGCGTCTAACGGCA

HO-1 ATCGTGCTCGCATGAACACT CCAACACTGCTATTACATGGC

β-actin GGTACCACCATGTACCCAGG GAAAGGGTGTAAAACGCAGC
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PCR. As shown in Fig. 1a, TXNIP mRNA levels increased
in a time-dependent manner. We next examined the protein
expression of TXNIP in mouse kidneys by Western blot and
immunohistochemistry staining. Consistent with the mRNA
expression data, Western blot analysis revealed that UUO
induced significantly increase of TXNIP protein expression
(Fig. 1b). Immunohistochemistry staining for TXNIP
showed weak expression in WT sham mouse kidney
(Fig. 1d). Increased expression of TXNIP was found in
tubules of WT UUO mice at 14 days after UUO (Fig. 1d).
There was no significant difference in TRX protein

expression among four groups at 14 days after UUO
(Fig. 1c, d).

UUO-induced renal fibrosis is attenuated in TKO
mice

To investigate the role of TXNIP in the progression
of renal fibrosis, we analyzed tubular injury scores
using PAS-stained kidney sections. As shown in Fig. 2a, b,
we found that WT mice demonstrated significant
tubular injury at 14 days after UUO. However, TKO mice

Fig. 1 Renal TXNIP expression after unilateral ureteral obstruction
(UUO). TXNIP mRNA (a) and protein (b) expression of kidney tissue
from C57BL/6J mice at 0, 3, 5, 7, and 14 days after UUO were
detected by real-time PCR and Western blot. c Renal TRX protein

level was detected by Western blot. d Immunohistochemical staining
of TXNIP and TRX in mice kidney tissues. All values are expressed as
means ± s.e.m. N= 6. *P < 0.05,**P < 0.01 vs. control group (0 day)
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showed less tubular injury in the obstructed
kidneys than WT mice after UUO. Masson’s trichrome and
quantitative assessment confirmed that TKO mouse kidneys
showed a significant reduction in fibrosis at 14 days
after UUO compared with WT kidneys (Fig. 2a, c). The

expression levels of collagen IV and fibronectin
were significantly elevated in the UUO WT group com-
pared with WT sham group. These changes were
significantly remitted in TKO mice (Fig. 2a, d, e). Next,
we examined the effect of TXNIP on the mRNA expression

Fig. 2 TXNIP deletion alleviated tubular injury and renal tubu-
lointerstitial collagen deposition after UUO. a After 14 days UUO,
kidney sections were stained with periodic acid Schiff (PAS), Masson
trichrome, and immunohistochemical staining with collagen IV anti-
body. Tubular injury score (b) and fibrotic area (c) were measured. d

Representative Western blots for fibronectin and collagen IV. e
Semiquantitative analysis of the fibronectin and collagen IV from the
Western blot data. f Renal mRNA levels of fibronectin and collagen IV
were detected by real-time PCR. All values are expressed as means ± s.
e.m. N= 6. **P < 0.01 vs. WT+sham, #P < 0.05 vs. WT+UUO
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of fibronectin and collagen IV. As shown in Fig. 2f, a
marked induction of fibronectin and collagen IV
mRNA was observed in the kidneys of UUO WT mice
compared with sham control. TXNIP deficiency

significantly inhibited the mRNA expression of fibronectin
and collagen IV in UUO kidney. These results suggest that
TXNIP plays an important role in the induction of fibrosis
in UUO.

Fig. 3 TXNIP deletion inhibited renal expression of α-SMA, TGF-β1,
and CTGF in UUO mice. The mRNA levels of α-SMA (a), TGF-β1
(b), and CTGF (c) in kidney tissue were detected by real-time PCR. d
Immunohistochemical staining of kidney sections with α-SMA, TGF-
β1, and CTGF antibodies. e Representative Western blots for α-SMA,

TGF-β1, and CTGF. f Semiquantitative analysis of the α-SMA, TGF-
β1, and CTGF from the Western blot data. All values are expressed as
means ± s.e.m. N= 6. **P < 0.01 vs. WT+sham, #P < 0.05 vs. WT+
UUO
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We next measured the profibrotic gene expression in
UUO kidneys for α-SMA, TGF-β1, and CTGF. As shown
in Fig. 3a–c, the renal mRNA expression levels of α-SMA,
TGF-β1, and CTGF were significantly increased in UUO
WT mice compared with WT sham mice. UUO-induced
renal mRNA upregulation of α-SMA, TGF-β1, and CTGF
was markedly suppressed in the TKO mice. Increased
protein expression levels of α-SMA, TGF-β1, and CTGF
were observed in the kidneys at 14 days after UUO
(Fig. 3d–f). However, the increases in α-SMA, TGF-β1, and
CTGF expression were significantly depressed in the TKO
kidneys (Fig. 3d–f).

TXNIP deficiency prevents UUO-induced Smad3, p38
MAPK, and ERK1/2 phosphorylation

Because Smad3, p38 MAPK, and ERK1/2 signaling path-
ways play important role in UUO [4, 31, 32], we deter-
mined the phosphorylation levels of Smad3, p38 MAPK,
and ERK1/2 in kidneys at 14 days after UUO. As shown in
Fig. 4, Western blot showed that the phosphorylation levels
of Smad3, p38 MAPK, and ERK1/2 in kidneys were sig-
nificantly increased in UUO WT mice compared with sham
WT mice. The increased phosphorylation levels of Smad3,
p38 MAPK, and ERK1/2 were inhibited significantly by
TXNIP deficiency. Taken together, these data indicate that
TXNIP deficiency reduces renal damage through regulation
of Smad3, p38 MAPK, and ERK1/2 phosphorylation in
UUO.

TXNIP deletion reduces renal inflammation and NF-
κB activation in UUO

To determine whether UUO-induced renal inflammation
was associated with TXNIP, we detected F4/80 and MCP-1
expression in UUO mice kidneys. There was an increase in
the number of F4/80-positive macrophage infiltration at
14 days after UUO in WT mice (Fig. 5a, b). The increase in
F4/80-positive cells was significantly reduced in the TKO
kidneys (Fig. 5a, b). Consistent with the reduction in F4/80-
positive cells, UUO-induced MCP-1 expression was ame-
liorated in the kidneys of TKO mice (Fig. 5c, d).

Previous study has shown that nuclear factor κB (NF-κB)
activation played an important role in renal injury after
UUO [33]. We detected NF-κB p65 expression in UUO
kidneys using Western blot and immunohistochemistry
staining. At 14 days, TKO mice displayed less NF-κB
transfer from cytoplasm to nuclear compared with WT
UUO group (Fig. 5a, e, f). These results suggested that TKO
mice display obviously reduced renal inflammation and NF-
κB activation, which protects against the tubular injury after
UUO.

TXNIP deletion inhibits renal NLRP3 inflammasome
in UUO

A previous study has shown that activation of the NLRP3-
ASC-caspase-1-IL-β axis plays an important role in renal
malfunction following UUO [18]. Therefore, we evaluated

Fig. 4 TXNIP deletion inhibited Smad3, ERK1/2, and p38 MAPK
activation in UUO kidney. a The expression of p-Smad3, Smad3, p-
ERK1/2, ERK1/2, p-p38 MAPK, and p38 MAPK were detected by
Western blot. Semiquantitative densitometry analysis of p-Smad3 (b),

p-ERK1/2 (c), and p-p38 MAPK (d) from the Western blot data. All
values are expressed as means ± s.e.m. N= 6. **P < 0.01 vs. WT+
sham, #P < 0.05 vs. WT+UUO
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the role of TXNIP in activation of NLRP3 inflammasome in
UUO kidneys. As shown in Fig. 6a–d, the expression levels
of NLRP3, ASC, caspase-1 p10, IL-18, and cleaved IL-1β
in UUO kidneys were increased compared with sham

group. The increased expression levels of NLRP3, ASC,
caspase-1 p10, IL-18, and cleaved IL-1β in UUO kidneys
were inhibited significantly by TXNIP deficiency
(Fig. 6a–d). Moreover, UUO markedly induced NLRP3,

Fig. 5 TXNIP deletion reduced renal inflammation and NF-κB acti-
vation in UUO mice. a Immunohistochemistry of kidney tissues with
F4/80 and NF-κB p65 antibodies. b Quantitative analysis of F4/80-
positive cells in kidney of UUO mice. Renal MCP-1 mRNA (c) and
protein (d) levels were detected by real-time PCR and Western blot.

The expression levels of NF-κB p65 in nuclear extracts (e) and
cytoplasmic extracts (f) were detected by Western blot. All values are
expressed as means ± s.e.m. N= 6. **P < 0.01 vs. WT+ sham, #P <
0.05 vs. WT+UUO
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ASC, and caspase-1 mRNA expression in WT kidneys.
However, the induction of NLRP3, ASC, and caspase-1
mRNA expression by UUO was significantly prevented by
TXNIP deletion (Fig. 6e).

TXNIP deletion suppresses renal apoptosis in UUO

We next investigated whether TXNIP knockout affected
UUO-induced apoptosis in the kidneys. By TUNEL assay,
apoptosis was seen predominantly in the renal tubular cells
of mice at 14 days after UUO (Fig. 7a, b). UUO-induced
apoptosis was attenuated significantly by TXNIP deletion
(Fig. 7a, b). Increased apoptosis in UUO kidneys was fur-
ther confirmed by higher levels of cleaved caspase-3
expression comparing with the sham group, and TXNIP
deletion significantly reduced UUO-induced increase of
cleaved caspase-3 (Fig. 7c, d). Furthermore, we observed
the effect of TXNIP deficiency on expression of Bax and
Bcl-2 in UUO kidneys. Bax expression was increased and
Bcl-2 expression was decreased in kidneys from the WT
UUO group compared with WT sham group, and these
changes were significantly reversed by TXNIP deficiency
(Fig. 7c, e, f). These results suggest that TXNIP deficiency
protects the kidney from renal cell apoptosis of UUO.

TXNIP deletion attenuates UUO-induced oxidative
stress

Oxidative stress is believed to be an important mediator in
the development of renal fibrosis [6, 34]. Therefore, we
investigated the effect of TXNIP on UUO-induced oxidative
stress. We first examined the expression of 8-OHdG by
immunohistochemistry. The expression of 8-OHdG was
significantly increased in WT UUO kidneys compared with
WT sham group (Fig. 8a). TXNIP deletion reduced UUO-
induced 8-OHdG expression (Fig. 8a). Next, we evaluated
the effect of TXNIP deletion on Nox4 and HO-1 expression
after UUO. The expression levels of Nox4 and HO-1 were
significantly increased in kidneys at 14 days after UUO
(Fig. 8a–d). The UUO-induced renal Nox4 and HO-1
expression was reduced in TKO mice (Fig. 8a–d). Further-
more, the UUO-induced Nox4 and HO-1 mRNA expression
levels were also alleviated by TXNIP deletion (Fig. 8e, f).

Discussion

In this study, we found that the mRNA and protein
expression of TXNIP was significantly upregulated in kid-
neys after UUO. TXNIP deficiency inhibited the increase in
renal fibrosis, inflammatory cells infiltration, and cell
apoptosis in UUO mice. TXNIP deletion reduced renal
expression of α-SMA, TGF-β1, and CTGF, and activation
of Smad3, p38 MAPK, and ERK1/2 in UUO mice. UUO-
induced renal MCP-1 expression and activation of NF-κB
and NLRP3 inflammasome were attenuated in TXNIP KO
mice. Furthermore, TXNIP deficiency inhibited the
expression of 8-OHdG, HO-1, and Nox4 in UUO kidney.
These results indicate that inhibition of TXNIP protected
against the progression of renal interstitial fibrosis.

The expression of TXNIP markedly upregulated in dia-
betic kidney, and which has been suggested to play a role in
diabetic nephropathy [9, 35]. Previous studies have
demonstrated that transcription factors Krüppel-like factor 6
(KLF6), peroxisome proliferator-activated receptor-γ
(PPAR-γ) and epigenetic regulation were involved in reg-
ulation of TXNIP in diabetic kidney [36, 37]. It has been
reported that KLF6 was dramatically increased in UUO
kidney [38]. PPAR-γ activity was reduced by UUO and
PPAR-γ agonist could attenuate renal interstitial fibrosis and
inflammation in UUO mice [39, 40]. Taken together, these
data suggest that the expression of TXNIP may be mediated
by KLF6 and PPAR-γ in UUO kidney.

Previous studies have shown that oxidative stress con-
tributed importantly to the pathogenesis of UUO [3, 4].
Increased renal concentrations of reactive oxygen species
(ROS) have been observed in obstructed kidneys [34]. NAD
(P)H oxidase-derived generation of superoxide is recog-
nized as an important mediator of renal fibrosis [4, 41].
Several studies demonstrated a crucial role for Nox4 as the
source of ROS in kidneys after UUO [5, 42]. It has been
reported that TXNIP mediated HG-induced ROS generation
by mitochondrial and Nox4 in mesangial cells [43]. More-
over, TXNIP deficiency inhibited renal oxidative stress and
NOX4 expression in diabetic mice [9]. In this study, we
found that TXNIP mRNA and protein expression levels
were increased in kidneys after UUO. TXNIP knockout
significantly alleviated UUO-induced 8-OHdG, HO-1, and
Nox4 expression. Therefore, our findings suggest that
TXNIP is involved in ROS generation in kidneys after
UUO.

There is accumulating evidence that TXNIP plays a
pivotal role in renal fibrosis associated with diabetes.
Overexpression of TXNIP resulted in increased tissue col-
lagen accumulation in association with the development of
matrix accumulation and fibrosis in diabetic nephropathy
[12]. Knockdown of TXNIP resulted in attenuation of high
glucose-induced 3H-proline incorporation in mesangial

Fig. 6 TXNIP knockout prevented renal NLRP3 inflammasome acti-
vation. a Immunohistochemistry of kidney tissues with NLRP3, ASC,
and caspase-1 p10 antibodies. b Representative Western blots for
NLRP3, ASC, and caspase-1 p10, IL-1β, and IL-18. Semiquantitative
analysis of the NLRP3, ASC, and caspase-1 p10 (c) and cleaved IL-1β
and IL-18 (d) from the Western blot data. e Renal mRNA levels of
NLRP3, ASC, and caspase-1 were detected by real-time PCR. All
values are expressed as means ± s.e.m. N= 6. **P < 0.01 vs. WT+
sham, #P < 0.05 vs. WT+UUO
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cells and proximal tubules cells [35]. Our group demon-
strated that knockdown of TXNIP prevented HG or TGF-
β1-induced α-SMA expression in HK-2 cells [11].
Diabetes-induced matrix accumulation and fibrosis in the
kidneys were prevented by TXNIP deletion [9]. In this
study, we found that enhanced fibrosis was associated with
significantly increased expression of TXNIP in kidneys
after UUO. TXNIP KO alleviated UUO-induced tubular
injury, renal fibrosis, and profibrotic genes (α-SMA, TGF-
β1, and CTGF) expression in mice. Taken together, these
data suggest that TXNIP plays a role in pathogenesis of
renal fibrosis.

Inflammatory cell infiltration plays a key role in the onset
and progression of renal injury after UUO [44, 45]. Pre-
vious study demonstrated that TXNIP is mediated with
vascular inflammation under disturbed-flow [46]. Diabetes-
induced renal inflammation was prevented by TXNIP
deletion [9]. In our present study, obstructed kidneys of WT

mice presented a marked interstitial inflammatory cell
infiltration and increased inflammation cytokine MCP-1
expression at 14 days after UUO, whereas obstructed kid-
neys of TXNIP KO mice showed decreased interstitial
inflammatory cell infiltration and MCP-1 expression. Taken
together, TXNIP deficiency alleviates UUO-induced renal
injury by suppression of inflammation.

The NLRP3 inflammasome is an innate proteolytic
complex that is known to be activated by a variety of
nonmicrobial danger signals. Previous study has shown
that NLRP3 inflammasome was activated in kidneys after
UUO, and UUO-induced tubular injury, inflammation,
and fibrosis were ameliorated in NLRP3−/− or ASC−/−

mice [47]. It has been reported that TXNIP as a binding
partner to NLRP3, where association between these two
proteins was necessary for downstream inflammasome
activation [23]. Inhibition of TXNIP prevented TXNIP-
NLRP3 binding and subsequent NLRP3 inflammasome

Fig. 7 TXNIP knockout attenuated renal cell apoptosis in UUO mice.
a Apoptosis was assessed by TUNEL. b Apoptotic cells per field. c
The expression levels of cleaved caspase-3, Bax, and Bcl-2 were
detected by Western blot analysis. d The relative intensity of cleaved

caspase-3 was normalized to the caspase-3. The relative intensity of
Bax (e) and Bcl-2 (f) were normalized against β-actin. All values are
expressed as means ± s.e.m. N= 6. **P < 0.01 vs. WT+ sham, #P <
0.05 vs. WT+UUO
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activation in podocyte and glomerular injury during
hyperhomocysteinemia [48]. Furthermore, TXNIP could
induce IL-1β production through the activation of NLRP3
inflammasome and IL-1β mRNA transcription in β cell
[24]. In this study, we found that NLRP3 inflammasome is
activated in kidneys after UUO, and UUO-induced renal
NLRP3 inflammasome activation was attenuated in TKO
mice. TXNIP has been confirmed to be a critical signaling

molecule linking oxidative stress to NLRP3 inflamma-
some activation in a ROS-sensitive manner [49]. In this
study, we found that TXNIP deletion inhibited the
expression of 8-OHdG, HO-1, and Nox4 in kidney after
UUO. Our previous study has shown that knockdown of
TXNIP prevented TGF-β1-induced ROS generation in
HK-2 cells [11]. Taken together, these results suggest that
TXNIP deficiency attenuates UUO-induced renal injury

Fig. 8 Renal oxidative stress was reduced in TXNIP KO mice after
UUO. a Immunohistochemistry of kidney tissues with 8-OHdG, Nox4,
and HO-1 antibodies. b Representative Western blots for Nox4 and
HO-1. Semiquantitative analysis of the Nox4 (c) and HO-1 (d) from

the Western blot data. Renal mRNA levels of Nox4 (e) and HO-1 (f)
were detected by real-time PCR. All values are expressed as means ± s.
e.m. N= 6. **P < 0.01 vs. WT+ sham, #P < 0.05 vs. WT+UUO
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via inhibition of NLRP3 inflammasome activation medi-
ated by ROS generation.

It has been suggested that renal tubular apoptosis is
related to renal tissue loss and dysfunction in UUO [50].
Previous studies have shown that TXNIP contributed to the
beta-cell, mesangial cell, and podocyte apoptosis under high
glucose conditions [9, 10, 51]. In this study, tubular cell
apoptosis was enhanced in kidneys at 14 days after UUO,
whereas it was inhibited by TXNIP KO. Furthermore, we
evaluated the effect of TXNIP on cleaved caspase-3
expression in UUO kidneys. In accordance with the apop-
tosis, the expression of cleaved caspase-3 was markedly
down-regulated in TXNIP KO mice. In addition, we also
found TXNIP KO inhibited Bax expression and reversed
reduction of Bcl-2 expression in UUO kidneys. These data
suggest that TXNIP deletion protects renal tubular cells
from apoptosis after UUO injury.

Multiple intracellular signaling pathways are thought to be
involved in kidney injury after UUO, including TGF-β/
Smad3, p38 MAPK, and ERK1/2 [4, 31, 32]. Our recent
study has demonstrated that knockdown of TXNIP inhibited
high glucose-induced TGF-β1 expression, p38 MAPK, and
ERK1/2 activation in tubular epithelial cells [11]. In this
study, we found that UUO-induced TGF-β1 expression and
activation of Smad3, p38 MAPK, and ERK1/2 significantly
decreased in TXNIP knockout mice, suggesting that
attenuation of TGF-β/Smad3, p38 MAPK, and ERK1/2 sig-
naling pathways in UUO kidney by TXNIP deficiency may
be one of the downstream mechanisms underlying protection.

In summary, to our knowledge this is the first in vivo study
of UUO in TXNIP-knockout mice. We demonstrate that
TXNIP deficient mice showed significant protection from
renal injury in UUO models. The reduction in oxidative
stress, interstitial inflammation, fibrosis, NLRP3 inflamma-
some activity, and tubular cell apoptosis is an important
reflection of the ability of TXNIP to mediate tissue injury in
this model. Our results identify TXNIP as a potential ther-
apeutic target for renal fibrosis-associated kidney diseases.
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