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Abstract: To study the effects of Tristetraprolin (TTP) on Doxorubicin (DOX)-induced experimental kidney injury (KI). 
DOX was used to induce kidney injury in Balb/c male mice (in vivo) and in human kidney proximal tubular epithelial 
cell line (HK-2) and normal rat kidney epithelial cell line (NRK-52E) (in vitro). Body weight of experimental mice were 
recorded daily. Histological changes were observed using hematoxylin-eosin (HE) staining, and levels of blood urea 
nitrogen, serum creatinine and serum cystatin C in KI mice, and MDA, LDH and SOD in cells were detected using 
the corresponding kits. Meanwhile, the 2, 7-dichlorodihydrofluorescein diacetate (DCF-DA) fluorescent staining was 
used to assess intracellular levels of reactive oxygen species (ROS). TTP and Kim-1 expressions were measured by 
immunohistochemistry and western blot. The TNF-α, IL-1β and IL-6 levels were evaluated by ELISA. Expressions of 
IL-13, STAT6, p-STAT6, Bcl-2, Bax, cleaved-caspase3 were detected using western blot, respectively. Cell Counting 
Kit-8 (CCK-8) was conducted for analyzing cell viability, and cells apoptosis were assessed by DAPI staining and flow 
cytometry. DOX treatment decreased body weight and aggravated renal injury without changes in water and food 
intake. DOX significantly reduced TTP expression, stimulated IL-13/STAT6 pathway and elevated the levels of several 
factors related to renal injury, including inflammatory response, oxidative stress and cell apoptosis, which were sig-
nificantly restored by the treatment of overexpression TTP in vitro. Overexpression of TTP significantly reduces DOX-
induced adverse outcomes so as to prevent renal injury. Inhibition of IL-13/STAT6 pathway may be the functional 
mechanism under TTP in experimental KI.
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Introduction 

Nephrotic syndrome (NS), accompaning by kid-
ney injury, is one condition of the primary glo-
merulonephritis, which is characterized by pro-
teinuria and generalized edema, oxidative 
stress, chronic inflammation [1]. In the absence 
of timely prevention and treatment, the final 
outcome of NS is renal failure. Therefore, it is 
urgent to seek an effective therapeutic target. 

RNA-binding protein tristetraprolin (TTP) is 
encoded by Zfp36 gene, and plays a vital role in 
regulating pro-inflammatory immune respons-
es by destabilizing target mRNAs via binding to 
their AU-rich elements (AREs) within the 3’ 
untranslated region (3’-UTRs) [2]. When inflam-
mation is activated, TTP expression is alleviat-

ed by TTP phosphorylation [3], allowing for the 
increase in TNF-α mRNAs copies. As a direct 
consequence of its role as a suppressor of 
inflammatory signaling, loss of TTP in mice 
results in the elevated levels of circulating  
cytokines and chronic inflammation [4]. Most  
of the characterized suppressor functions of 
TTP have been associated with its known target 
genes, including inflammatory cytokines, such 
as IL-8, IL-6 and IL-23 [5-7]. In glioma, interleu-
kin-13 (IL-13) is involved in cell migration and 
invasion, which is equipped with ARE in the 
3’-UTR, providing the possibility that TTP inhib-
its cell invasion and metastasis by degrading 
IL-13 post-transcriptionally [8]. TTP also sup-
presses cell growth and induces apoptosis in 
cell hematopoietic. In leukemia, a striking 
decrease of TTP induced a sharp increase in 
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proto-oncogenes, including c-Myc, Bcl-2 and 
IL-23 [9, 10]. IL-4 could elevate the phosphory-
lation level of signal transducer and activator  
of transcription 6 (STAT6), thereby induce TTP 
expression and inhibit TNF-α production th- 
rough IL-4/STAT6 pathway in mast cells [11]. 
When STAT6 is activated and phosphorylated,  
it is transported from the cytoplasm to the 
nucleus. In the nucleus, it regulates gene 
expression in various cell types to mediate 
many pathologic features of lung inflamma- 
tory responses in animal models including Th2 
cell differentiation, epithelial mucus produc-
tion, airway eosinophilia and smooth muscle 
changes [12]. In pneumonia, IL-4/IL-13 signal-
ing regulates the downstream key protein 
STAT6 [12, 13]. The IL-13/STAT6 signaling path-
way induced mucus hypersecretion and airway 
inflammation [14]. However, there is rare data 
about the roles of TTP and IL-13/STAT6 signal-
ing pathway in experimental renal disease.

Doxorubicin (DOX) is composed of a water-
insoluble planar tetracycline that binds to the 
water-soluble sugar daunosamin. DOX may be 
biotransformed into a free radical, which direct-
ly react with oxygen to produce superoxide, 
causing oxidative stress and ultimately cell 
death [15]. However, the exact mechanism of 
DOX-induced toxicity remains unclear. Some 
researchers hold that the toxicity of DOX was 
most likely induced by the formation of an iron-
anthracycline complex that generates reac- 
tive free radicals (ROS) [16, 17]. Previous stud-
ies in animals had indicated that DOX caused  
a renal toxicity and produced progressive glo-
merular injuries [15]. To study the functions of 
TTP in the progression of NS, Balb/c mice were 
treated with DOX as a vivo model, and human 
kidney proximal tubular epithelial cell (HK-2) 
and normal rat kidney epithelial cell (NRK-52E) 
induced with DOX were used as vitro models.

The main aim of the present study was to 
explore the precise mechanism and exact 
effects of TTP in DOX-induced NS, excavating 
methods for ameliorations in an experimental 
renal disease.

Materials and methods

Animals

Male Balb/c mice (6-8 weeks old; weighing 
20-25 g) were purchased from the Laboratory 

Animal Center of Henan Province (Zhengzhou, 
China). Mice were raised under standard l 
aboratory conditions at constant temperature 
of 24±2°C and relative humidity of 55±5%  
with a 12 h of light/dark rhythm with free 
access to water and diet. The present study 
was approved by the Ethics Committee of  
The First Affiliated Hospital of Zhengzhou 
University (Henan, China). All experimental pro-
tocols conducted in the mice were strictly fol-
lowed the Guide for the Care and Use of 
Laboratory Animals by the National Institutes of 
Health.

Experimental protocol

Mice were randomly assigned into two groups, 
control group (n=10) and DOX group (n=10). 
Mice in DOX group received intraperitoneal 
(i.p.) injection with a final dose of doxorubicin (5 
mg/kg dissolved in 0.9% normal saline) every 
other day for 2 weeks. Control mice received 
the same volume of normal saline. Before sac-
rifice, the body weight of all mice was recorded 
daily throughout the experimental period (14 
days). All mice were then sacrificed under anes-
thesia with i.p. injection of sodium pentobarbi-
tal (50 mg/kg) on day 15.

Blood samples and renal tissues collection

All mice were euthanatized, and blood sam- 
ples and renal tissues were collected, respec-
tively. Blood samples from the abdominal  
aorta were then centrifuged at 3500 rpm for 
15 min at 4°C and the serum obtained was 
used for biochemical analysis. Renal tissues 
were cut into two parts. One part was quickly 
frozen in liquid nitrogen and stored at -80°C  
for ELISA and western blot analysis or as a 
backup, and the other part was fixed in 10% 
neutral formalin phosphate buffer for HE stain-
ing and immunohistochemistry analysis. 

Detection of serum biochemical parameters

Blood urea nitrogen (BUN), serum creatinine 
(Scr) and serum cystatin C (CYS-C) levels in 
serum of mice were assessed according to 
instructions of commercial assay kits.

HE staining of renal tissues

The renal tissue samples were fixed in 4% para-
formaldehyde buffer (Sigma). Tissue samples 
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were cleared in xylene and embedded in paraf-
fin after dehydrated in different concentrations 
of ethanol solution with ascending concentra-
tion (70%, 80%, 96%, 100%). The 5-μm thick 
sections were stained with 0.5% hematoxylin-
eosin (HE). The morphological changes in the 
kidney were blindly assessed under a light 
microscope (TE2000, Nikon, Japan) (magnifica-
tion, ×200).

Immunohistochemistry analysis

Similar to HE staining, the tissues were fixed 
into paraffin and next cut into paraffin-embed-
ded renal sections using a microtome. Tissue 
sections were then dewaxed, rehydrated and 
subjected to antigen retrieval in the 0.01 M 
citrate buffer (pH 6.0). After washing with PBS 
(0.01 M, pH7.4) twice, the sections were pre-
pared for blocking and incubating with primary 
antibodies against TTP and Kim-1 overnight 
and then detected by the biotin-labeled sec-
ondary antibody. The bound antibodies were 
visualized by DAB staining and imaged using a 
light microscope (TE2000, Nikon, Japan) (mag-
nification, ×200). Brown granules staining in 
the cytoplasm and/or nucleus represent the 
positive expression of TTP and Kim-1.

Cell culture and treatment

HK-2 and NRK-52E cells were purchased from 
the cell bank of Chinese Academy of Sciences 
(China). Cells were cultured in RPMI 1640 sup-
plemented with 10% fetal bovine serum (FBS, 
Sigma), 100 U/ml penicillin and 100 μg/ml 
streptomycin. To mimic nephropathy in vitro, 
HK-2 and NRK-52E cells at 80% confluence 
were treated with various doses of DOX dis-
solved in dimethyl sulfoxide (DMSO) (0, 1, 3, 5, 
7 and 10 μM) for 24 h. Next, cell viability was 
assessed after treatment with different doses 
of DOX to verify the most appropriate DOX dose 
for the subsequent experiments.

Cell transfection and grouping

According to cell viability, 5 μM of DOX were 
chosen to induce cells. The overexpression-TTP 
or negative control (NC) plasmids (Fenghui 
Biotech, Hunan, China) were transfected into 
HK-2 and NRK-52E cells using Lipofectamine 
2000 (Invitrogen). 24 h after transfection, cells 
were divided into the following groups, 1) con-
trol group, cells were treated with DMSO; 2) 

DOX group, cells were treated with 5 μM of 
DOX; 3) overexpression-NC group, cells were 
transfected with overexpression-NC after treat-
ed with 5 μM of DOX; 4) overexpression-TTP, 
cells were transfected with overexpression-TTP 
after treated with 5 μM of DOX; 5) overexpres-
sion-TTP+IL-13 group, cells were transfected 
with overexpression-TTP and treated with IL-13 
(10 ng/ml) after treated with 5 μM of DOX.

Cell viability assay

The viability of HK-2 and NRK-52E cells was 
determined using the CCK-8 according to the 
manufacturer’s instructions. Briefly, cells were 
seeded into 96-well plates with a density of 
2.5×104 cells/well, and then were predispo- 
sed with different concentrations of DOX (0, 1, 
3, 5, 7 and 10 μM for 24 h). Additionally, after 
transfection, cells were incubated for 24, 48, 
and 72 h. Subsequently, 10 μl of CCK-8 solu-
tion was added to the cells for 4 h of incuba- 
tion at 37°C, and the OD values resulting from 
CCK-8 staining were measured under a micro-
plate reader at a wavelength (450 nm), which 
indirectly reflects the viabilities of cells.

Enzyme-linked immunosorbent assay (ELISA)

The levels of TNF-α, IL-1β and IL-6 in mice 
serums, renal tissue homogenate and cells 
supernatant were determined by ELISA, using 
the TNF-α, IL-1β and IL-6 ELISA kits (Shanghai 
Enzyme-linked Biotechnology Co., Ltd., China) 
following the manufacturer’s instructions. Bri- 
efly, samples were placed into the 96-well 
plates and incubated for 1 h at 37°C with bio-
tin-conjugated antibodies targeting TNF-α, IL- 
1β and IL-6, followed by culture with enzymatic 
working solution for 30 min at 37°C. The absor-
bance at 450 nm were finally detected for 
quantitation of cytokines levels. 

Detection of MDA, LDH and ROS contents and 
SOD activity

The level of superoxide dismutase (SOD) activi-
ty indirectly reflects the ability of the body to 
scavenge ROS, while the level of malondialde-
hyde (MDA) indirectly reflects the severity of 
cells attacked by ROS. The lactate dehydroge-
nase (LDH) is rapidly released when cell mem-
brane damages, which activity represented the 
degree of cell damage. HK-2 and NRK-52E cells 
were collected for preparing cell supernatant 
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samples. The samples were added to 96-well 
culture dishes and measured with commercial 
assay kits for MDA, LDH, ROS and SOD, respec-
tively as described [18].

Detection of intracellular ROS level

The intracellular ROS levels were detected 
using 2, 7-dichlorodihydrofluorescein diacetate 
(DCFH-DA) staining. In the presence of ROS, 
DCFH is oxidized to the enhanced green fluo-
rescent substance DCF that cannot penetrate 
the cell membrane, and its fluorescence inten-
sity is proportional to the level of intracellular 
ROS. Briefly, 10 μM of DCF-DA was added into 
the medium, the HK-2 and NRK-52E cells were 
incubated for 1 h at 37°C in the dark. After 
DCF-DA staining, ROS generation in the cells 
was also observed using a fluorescence mi- 
croscopy (Olympus) (magnification, ×200). 

DAPI staining assay by confocal microscope

After different treatments, the HK-2 and NRK-
52E cells in 6-well plates were fixed with 4% 
formaldehyde at room temperature for 20 min 
and then stained with DAPI (5 µM) solution. The 
DAPI-stained cells were observed with a fluo-
rescence microscope (magnification, ×100) for 
estimation of the percentage of cells not under-
going apoptosis.

Cell apoptosis assay

After different treatments, the HK-2 and NRK-
52E cells were cultured until cell confluence 
reached 80%. Next, cells were seeded into a 
6-well plate, and then harvested and washed 
twice with PBS. Subsequently, Annexin V-FITC 
(5 μl) and PI (5 μl) were added to the cells and 
incubated for 10 min at room temperature in 
the dark, and then cell samples were process- 
ed immediately in a BD FACS flow cytometry 
(BD Biosciences, USA).

Western blot assay

Total protein was extracted from renal tissues, 
HK-2 or NRK-52E cells using the RIPA lysate 
and the protein concentration was detected 
using BCA method. Protein samples (20 μg) 
were respectively separated on 10% or 12% 
SDS polyacrylamide gel for electrophoresis, 
and then electrophoretically transferred onto 
PVDF membranes. Thereafter, the PVDF mem-

branes were hybridized in blocking buffer over-
night at 4°C together with primary antibodies, 
including TTP (71632; 1:1000; Cell Signaling 
Technology, Inc.), Kim-1 (ab47635; 1:1000; 
Abcam), TNF-α (3707; 1:1000; Cell Signaling 
Technology, Inc.), IL-1β (12242; 1:1000; Cell 
Signaling Technology, Inc.), IL-6 (12912; 
1:1000; Cell Signaling Technology, Inc.), IL-13 
(ab106732; 1:1000; Abcam), p-STAT6 (56554; 
1:1000; Cell Signaling Technology, Inc.), STAT6 
(5397; 1:1000; Cell Signaling Technology, Inc.), 
cleaved-caspase3 (9661; 1:1000; Cell Signal- 
ing Technology, Inc.), caspase3 (9662; 1:1000; 
Cell Signaling Technology, Inc.), Bax (ab32- 
503; 1:1,000; Abcam) and Bcl-2 (ab196495; 
1:1,000; Abcam). On the next day, the mem-
branes were washed with PBS for 8 mins*5 
times; then the membranes were probed by 
incubation with a secondary antibody for 2 h at 
room temperature and washed with PBS for 7 
mins*6 times before exposure. Finally, the 
membranes were visualized with ECL chemilu-
minescence solution and imaged by using a 
Tanon 4500 System (Tanon, Shanghai, China). 
All proteins expression were analyzed as de- 
scribed [19] and GAPDH was used as the load-
ing control.

RT-qPCR

Total RNA was isolated from the HK-2 and  
NRK-52E cells, according to the instructions 
provided by the manufacturer, using TRIzol 
reagent (Invitrogen). Subsequently, cDNA was 
synthesized from RNA (10 μl) through a re- 
verse transcriptase reaction using the First 
Strand cDNA synthesis kit (Invitrogen). To  
quantify the relative mRNA expression of TTP 
(Zfp36 gene), the primers were synthesized  
following, forward 5’-GACTGAGCTATGTCGGAC- 
CTT-3’, and reverse 5’-GAGTTCCGTCTTGTATT- 
TGGGG-3’, with GAPDH used as the endoge-
nous control. Real-time PCR was performed 
using the qPCR SYBR Green Mix (Bio-Rad, 
Hercules, USA) on an AB 7300 Real time PCR 
system. Quantitative PCR results were calcu-
lated using the 2-ΔΔCt method.

Statistical analysis

Data were presented as the means ± standard 
deviation (SD) and analyzed using SPSS 13.0 
software (IBM). The differences between differ-
ent groups were analyzed by the one-way  
analysis of variance (ANOVA), and the differ-



Effects of tristetraprolin in experimental kidney injury

1207	 Am J Transl Res 2020;12(4):1203-1221

ences between the two groups were deter-
mined using the Student’s t-test followed by 
post hoc Dunnett’s test. The correlations bet- 
ween variables were examined using Pear- 
son’s correlation coefficient. Differences with 
P<0.05 were considered statistically signifi- 
cant.

Results

DOX induced the changes of body weight, his-
tological morphology of renal tissue and serum 
biochemical parameters in DOX mice

Mice in the DOX group lost a significant amo- 
unt of body weight throughout the experiment, 
in comparison with control group (Figure 1A, 
P<0.001 at day 14). The Figure 1B showed 
results of histological examination of renal tis-
sues from normal mice and DOX-induced mice. 
Compared with the control group, section of 
renal tissue from the DOX group exhibited  
tubular brush-border loss, interstitial edema, 

necrosis of epithelium, as well as hyaline  
casts, tubular vacuoles and protein casts. In 
addition, serum biochemical parameters were 
also examined. The serum levels of BUN, Scr 
and CYS-C were significantly higher in DOX-
induced mice than those in the control mice 
(Figure 1C-E, P<0.01 and P<0.001).

The expressions of TTP and Kim-1 in renal tis-
sues

Western blot and immunohistochemically st- 
aining demonstrated that DOX induced a sig- 
nificant decrease in TTP expression and a dra-
matic increase in Kim-1expression in the kid-
ney tissue in comparison to those in the con- 
trol group (Figure 2A and 2B, P<0.05 and 
P<0.01). Based on these data, the correlation 
between TTP and Kim-1 was analyzed using 
Pearson’s correlation coefficient analysis and  
a significantly negative correlation was found 
(Figure 2C, R2=0.7907), indicating that TTP 
might be negatively related to renal injury.

Figure 1. The body weight, morphological changes of renal tissues and serum biochemical parameters in DOX-
induced mice. (A) Measurement of body weight daily throughout the experimental period (14 days) in the control 
and DOX groups. (B) Representative pictures of HE-stained sections of the renal tissues in the control and DOX 
groups showed the condition of the structures in kidney (200×). The red arrow indicates tissue necrosis and tubular 
vacuoles. Bar graphs presented the actual measurements of the levels of blood urea nitrogen (BUN) (C), serum cre-
atinine (Scr) (D) and serum cystatin C (CYS-C) (E) in serum in the control and DOX groups. All values were expressed 
as means ± SD, n=10. **P<0.01 and ***P<0.001 vs. Control.
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DOX induced an increase in the expression of 
inflammatory factors and IL-13/STAT6 pathway 
genes in renal tissue, and serum cytokines 
containing TNF-α, IL-1β and IL-6

In the renal tissue, the protein expressions of 
inflammatory factors, including TNF-α, IL-1β 
and IL-6, were notably increased in the mice 
predisposed with DOX compared with those in 
the control mice (Figure 3A, P<0.05 and 
P<0.001). As shown in Figure 3B, DOX also sig-
nificantly enhanced the levels of TNF-α, IL-1β 
and IL-6 (vs. the control group, P<0.001). In 
addition, western blot results of IL-13/STAT6 
pathway-related proteins in renal tissues were 
presented in Figure 3C. DOX-induced mice had 
significantly higher protein expressions of IL-13 
and p-STAT6 compared to those in control mice 
(P<0.01 and P<0.001).

Effects of different doses of DOX treatment on 
the expression of TTP and cell viability in HK-2 
and NRK-52E cells

Western blot and RT-qPCR results indicated 
that different doses of DOX (0, 1, 3, 5, 7 and 10 
μM for 24 h) distinctly reduced TTP expression 

both in HK-2 (Figure 4A) and NRK-52E (Figure 
4B) cells, hinting the inhibitory impact of DOX 
on TTP in a dose-dependent manner. Simi- 
larly, cell viability of HK-2 (Figure 4C) and NRK-
52E (Figure 4D) cells was remarkably weak-
ened after DOX treatment, and this decrease 
was strengthened with increasing dose. Due  
to the above finding that cell viability was 
decreased to near 50% and TTP expression 
decreased significantly (P<0.001) under DOX 
treatment at the dose of 5 μM, we chosen DOX 
at the dose of 5 μM (for 24 h) for subsequent 
experiments.

Effect of TTP on cell viability

After transfection with overexpression-TTP or 
overexpression-NC, western blot and RT-qPCR 
were performed to confirm the transfection  
efficiency of overexpression-TTP in HK-2 and 
NRK-52E cell lines. The protein and mRNA 
expression of TTP in HK-2 and NRK-52E cells 
was obviously elevated after 24-h overexpres-
sion-TTP transfection under DOX treatment 
(Figure 5A and 5B; P<0.01 and P<0.001). In- 
terestingly, overexpression of TTP could im- 
prove the decreased viability of HK-2 and NRK-

Figure 2. Expressions of Tristetraprolin (TTP) and Kim-1 in DOX-induced mice. A. Western blot analysis for total 
TTP and Kim-1 and GAPDH in renal tissues. The bar graphs represented the relative expression compared to GAP-
DH. *P<0.05 and **P<0.01 vs. Control. B. Immunohistochemical staining in the renal tissues of control and DOX 
groups, showing the TTP and Kim-1 expression (200×). C. Pearson’s correlation coefficient analysis demonstrated 
a significantly negative correlation between TTP and Kim-1. R2=0.7907. All values were expressed as means ± SD, 
n=10.
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52E cells caused by DOX treatment (Fig- 
ure 5C and 5D; P<0.01 at 48 h and P<0.001  
at 72 h), indicating that existence of TTP was 
beneficial to cell survival.

Effect of TTP on IL-13/STAT6 signal pathway

Western blot revealed that DOX treatment 
remarkably increased IL-13 and p-STAT6 ex- 
pressions in HK-2 and NRK-52E cells, com-
pared with the control cells (Figure 6A and  
6B, P<0.001), and TTP overexpression could 
reduce DOX-promoted IL-13 and p-STAT6 
expressions (Figure 6A and 6B; P<0.01 and 
P<0.001). However, IL-13 and p-STAT6 expres-
sions were up-regulated in in HK-2 cells after 

addition of IL-13 (10 ng/ml) compared with 
overexpression-TTP group (Figure 6A; P<0.01). 
Meanwhile, IL-13 treatment raised IL-13 ex- 
pression (Figure 6B; P<0.05) and also in- 
duced p-STAT6 expression (Figure 6B; P>0.05) 
in NRK-52E cells compared with overexpres-
sion-TTP group. There was no significant differ-
ences of total (t)-STAT6 expression under these 
treatments.

Effects of TTP on pro-inflammatory and oxida-
tive stress 

Compared with negative control group, pro-
inflammatory factors (TNF-α, IL-1β and IL-6)  
levels in HK-2 and NRK-52E cells were signifi-

Figure 3. Levels of pro-inflammatory cytokines (TNF-α, IL-1β and IL-6) and IL-13/STAT6 pathway in the renal tissues 
and serum. A. The protein expression of TNF-α, IL-1β and IL-6 in the renal tissues was determined by western blot. 
Left part: representative pictures of immunoblots. Right part: densitometric analysis of proteins. B. Serum levels of 
TNF-α, IL-1β and IL-6 were determined by ELISA kits. C. Western blot for IL-13, phosphorylated (p)-STAT6 and total (t)-
STAT6 expression in renal tissues in both control and DOX groups. All values were expressed as means ± SD, n=10. 
*P<0.05, **P<0.01 and ***P<0.001 vs. Control.
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cantly high in DOX group (Figure 6C and 6D, 
P<0.001). Besides, TTP overexpression indu- 
ced obvious decrease in TNF-α, IL-1β and IL-6 
levels compared to DOX+overexpression-NC 
group (Figure 6C and 6D, P<0.001). These 
changes were reversed when cells were ad- 
ded with IL-13 (P<0.001). 

Additionally, DOX-induced group presented  
distinct elevations in the levels of oxidative 
stress markers (ROS, MDA and LDH) and a 
sharp decrease in SOD level in HK-2 and NRK-
52E cells compared to control cells (Figure 7A 
and 7B; P<0.001). Moreover, transfection wi- 

th overexpression-TTP resulted in significant 
attenuations of the ROS, MDA and LDH levels 
(P<0.001) but a significant rise of SOD level 
(P<0.001) in both HK-2 and NRK-52E cells 
compared to those in DOX+overexpression-NC 
group. Subsequently, administration of IL-13 
(10 ng/ml) rescued the variations of ROS, MDA, 
LDH and SOD levels in HK-2 and NRK-52E cells 
in contrast with overexpression-TTP group 
(Figure 7A and 7B; P<0.001). 

More convincingly, the presence of DCF-DA-
positive cells confirmed the formation of ROS  
in HK-2 and NRK-52E cells with DOX-induced 

Figure 4. Expressions of Tristetraprolin (TTP) and cell viability in HK-2 and NRK-52E cells after treatment with dif-
ferent doses of DOX. After DOX treatment with various doses (0, 1, 3, 5, 7 and 10 μM), TTP protein expression and 
mRNA expression in the (A) HK-2 cells and (B) NRK-52E cells were detected using western blot and RT-qPCR, respec-
tively. After DOX treatment at different doses (0, 1, 3, 5, 7, 10 μM), cell viability of (C) HK-2 cells and (D) NRK-52E 
cells was assessed using CCK-8 assay. All values were expressed as means ± SD, n=5, *P<0.05, **P<0.01 and 
***P<0.001 vs. 0 μM.
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oxidative damage. Treatment with DOX signifi-
cantly elevated DCF-DA fluorescence in HK-2 
(Figure 7C) and NRK-52E (Figure 7D) cells com-
pared to those in control group. Under treat-
ment with DOX, the DCF-DA fluorescence was 
significantly lessened through enhancement of 
TTP. Notably, treatment with IL-13 induced a 
significant increase in ROS formation (DCF-DA 
fluorescence) in TTP-overexpressed cells ex- 
posed to DOX (Figure 7C and 7D). 

Effects of TTP on cell apoptosis and apoptotic 
markers

After staining with DAPI, the morphology of  
the nuclei of HK-2 and NRK-52E cells was pre-
sented in the Figure 8A and 8B. Chromatin  
condensation and nuclear fragmentation of 
cells represented the induction of apoptosis. In 
the control group, the nuclei were uniformly  
distributed with normal morphology, but a dra-

Figure 5. Effect of Tristetraprolin (TTP) on cell viability in HK-2 and NRK-52E cells after treatment with DOX. After 
transfection of overexpression-TTP, the expressions of TTP protein and mRNA in DOX-treated (A) HK-2 cells and (B) 
NRK-52E cells were detected by western blot and RT-qPCR, respectively. The cell viability of DOX-treated (C) HK-2 
cells and (D) NRK-52E cells was valued by CCK-8 assay after treatment with overexpression-TTP. All values were 
expressed as means ± SD, n=5, **P<0.01 and ***P<0.001 vs. DOX.
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matic decrease in the number of nucleus (blue 
dots) appeared in the DOX groups. Fortunately, 
these were ameliorated to some degree after 
cells were transfected with overexpression-TTP, 
suggesting that TTP could alleviate cell apo- 
ptosis in vitro. However, IL-13 treatment could 
stimulate cell apoptosis as aforementioned 
with a decrease in the number of DAPI cya- 
notic cells both in HK-2 and NRK-52E cells 
(Figure 8A and 8B).

Meanwhile, the cell apoptosis was measured 
using flow cytometry by analyzing the percent-
age of cells in the third quadrant (Q3). As  
shown in Figure 8C (HK-2) and 8D (NRK-52E), 
in the control group, the cells were normal,  
and the apoptosis rate was very small. The 
apoptosis rate increased significantly after DOX 
treatment (P<0.001). In contrast, transfection 
with overexpression-TTP reduced the apoptosis 
rate noticeably (P<0.001). The apoptosis rate 
in the overexpression-TTP+IL-13 group also 
increased when compared with that in the over-
expression-TTP group (P<0.001). 

In order to determine the anti-apoptotic effect 
of TTP, the expression of anti-apoptotic protein 
(Bcl-2) and pro-apoptotic proteins (Bax and 
Caspase3) were detected in the present study. 
As shown in Figure 9A and 9B, western blot 
results revealed that the expression of Bax  
and Cleaved-caspase3 were increased and  
the expression of Bcl-2 was decreased sig- 
nificantly in both HK-2 and NRK-52E cells 
(P<0.001) after treatment with DOX. Mean- 
while, overexpression TTP could suppress the 
increase of Bax and Cleaved-caspase3 and  
the decrease of Bcl-2 noticeably when com-
pared with DOX+overexpression-NC group (P< 
0.01 and P<0.001). Compared with overexpr- 
ession-TTP group, treatment with IL-13 reduc- 
ed the expression of Bcl-2 significantly and up-
regulated the expression of Bax and Cleaved-
caspase3 in HK-2 cells (P<0.05, P<0.01 and 
P<0.001). In addition, IL-13 addition elevated 
the Bax expression significantly in NRK-52E 
cells (P<0.05), with no significant effects on the 
expression of Bcl-2 and Cleaved-caspase3 (P> 
0.05) comparing to overexpression-TTP group. 

However, no statistically significant difference 
was observed in the caspase3 expression 
among five groups.

Discussion

A classical NS model [20], with the treatment  
of DOX, is used in the present study. Ad- 
ministration of DOX caused significant reduc-
tion in body weight of mice, which might be  
due to either decrease food intake or the  
mobilization and utilization of fat [21]. Also, in 
the DOX-induced group, the significant in- 
creases in BUN, Scr and CYS-C suggested 
impairment of the kidney function, which coin-
cides with Alimba et al., who has reported that 
the dramatic increase proteinuria are impor-
tant for the diagnosis of NS [22]. In the pre- 
sent study, we also found DOX significantly 
stimulated the production of serum TNF-α, 
IL-1β and IL-6, and their up-regulated expres-
sion in the kidney injury mice. Consistent with 
our findings, previous studies have shown that 
Huang Qi Huai (HQH) granules prevent podo-
cyte injury in kidney injury rats by suppressing 
the pro-inflammatory cytokines, such as IL-1β 
and TNF-α, etc. [23]. The anti-inflammatory 
molecule TTP can inhibit the expression of  
several critical genes involved in the chronic 
inflammatory diseases and cancers [24]. The 
kidney injury molecule-1 (Kim-1) is a sensitive 
and valuable classic biomarker of renal dam-
age [25], and its overexpression is an interme-
diate step in the sequence of progression from 
primary tubular activation to end-stage tubu-
lointerstitial damage [26]. Consistent with the- 
se studies, in vivo experiments demonstrated a 
significant elevation of Kim-1 in DOX-treated 
mice with a striking decrease of TTP compared 
to normal rats from the western blot quantifica-
tion and immunohistological localization. Addi- 
tionally, Kim-1 had a significant negative corre-
lation with TTP. These findings indicated that 
TTP played a vital role in maintaining the nor-
mal morphology of renal tubular cells and 
retaining normal kidney function.

TTP expression was also significantly decrea- 
sed in HK-2 and NRK-52E cells after DOX induc-

Figure 6. Effects of Tristetraprolin (TTP) on IL-13/STAT6 signaling and inflammation in HK-2 and NRK-52E cells 
post treatment with DOX. Western blot was carried out in (A) HK-2 and (B) NRK-52E cells of five different groups, 
showing the IL-13, p-STAT6 and t-STAT6 expressions. ELISA assay was used to measure the levels of TNF-α, IL-1β 
and IL-6 in (C) HK-2 and (D) NRK-52E cells of the five different groups. All values were expressed as means ± SD, 
n=5, *P<0.05, **P<0.01 and ***P<0.001 vs. Control; #P<0.05, ##P<0.01 and ###P<0.001 vs. DOX; ΔP<0.05, 
ΔΔP<0.01 and ΔΔΔP<0.001 vs. Overexpression-TTP.
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Figure 7. Effect of Tristetraprolin (TTP) on oxidative stress in HK-2 and NRK-52E cells after DOX treatment. (A) The commercial assay kits were conducted to measure 
the levels of ROS, MDA, LDH and SOD in (A) HK-2 and (B) NRK-52E cells of the five groups. ROS generation was also observed by measuring the DCF-DA fluorescence 
intensity in (C) HK-2 and (D) NRK-52E cells under a fluorescence microscope at 200× magnification after same treatments as previously described. All values were 
expressed as means ± SD, n=5, **P<0.01 and ***P<0.001 vs. Control; ##P<0.01 and ###P<0.001 vs. DOX; ΔΔΔP<0.001 vs. Overexpression-TTP.
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Figure 8. Effect of Tristetraprolin (TTP) on cell apoptosis in HK-2 and NRK-52E cells post DOX treatment. Morphology of (A) HK-2 and (B) NRK-52E cells stained 
with DAPI typical images were from one of three independent experiments. Cyanotic cells represent living cells (100×). Apoptosis of (C) HK-2 and (D) NRK-52E 
cells was evaluated by Annexin V-FITC and PI staining using a flow cytometry, and percent of apoptotic cells was quantified. Numbers represent the percentage of 
the frequency in each quadrant. All values were expressed as means ± SD, n=5, ***P<0.001 vs. Control; ##P<0.01 and ###P<0.001 vs. DOX; ΔΔΔP<0.001 vs. 
Overexpression-TTP.
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Figure 9. Effect of Tristetraprolin (TTP) on cell apoptosis markers (Bax, Bcl-2 and Caspase-3) in HK-2 and NRK-52E cells after treatment of DOX. Western blot for 
the detection of Bax, Bcl-2, Cleaved-caspase3, Caspase3 and GAPDH in (A) HK-2 and (B) NRK-52E cells. The bar graphs represented the relative expressions com-
pared to GAPDH. All values were expressed as means ± SD, n=5, **P<0.01 and ***P<0.001 vs. Control; #P<0.05, ##P<0.01 and ###P<0.001 vs. DOX; ΔP<0.05, 
ΔΔP<0.01 and ΔΔΔP<0.001 vs. Overexpression-TTP.
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tion. We used different doses of DOX to stimu-
late the two cell lines and found that TTP 
expression gradually decreased with the in- 
crease of dose of DOX, and the cell activity also 
decreased gradually, which also indicated that 
TTP had a positive effect on maintaining nor-
mal cell activity. A relative low dose of DOX 
dose at 5 μM (above 50% cell viability) was 
selected for subsequent experiments. Due to 
the assumption of the positive effect of TTP on 
cell activity in NS mice, we overexpressed TTP 
in cell models in vitro. In this experiment, TTP 
overexpression could restore cell viability that 
was inhibited by DOX induction. 

TTP, one of the best characterized RNA-bin- 
ding proteins, participated in inhibiting the 
expression of pro-inflammatory cytokines in 
macrophages. A study had shown that TTP  
suppressed IL-27 production by targeting the 
p28 mRNA for degradation, thereby suppress-
ing CD8 T-cell functions [27]. TTP acts as a 
tumor suppressor by targeting downstream 
gene IL-13 in the tumorigenesis of glioma [28]. 
Th2 cytokines, including IL-4, IL-5, IL-10, IL-13, 
were involved in the onset and progression  
of NS in minimal change disease (MCNS) [29], 
and raised level of IL-13 is found in NS and  
has a role in the pathogenesis of disease [30]. 
STAT6, a critical transcription factor activated 
in response to IL-13 [31], becomes phosphory-
lated at its conserved tyrosine residue Y641, 
and dimerizes and translocates into the nucle-
us where it induces the transcription of target 
genes [32]. The STAT6 mRNA expression was 
significantly increased and correlated with  
early unfavorable course of NS in children [33], 
and STAT6 genes may be associated with pre-
disposition to MCNS [34, 35]. In human epithe-
lial cells from airway, esophagus and intestine, 
the regulation of eotaxin-3 expression by IL-13 
has been shown to require STAT6 activation 
[36]. IL-13 exposure causes STAT6 activation in 
up to one third of minimal change disease 
patients [37]. The above studies suggest that 
IL-13/STAT6 signaling pathway may play a key 
role in NS. Similar to these results, we found 
that the IL-13/STAT6 signaling pathway was 
activated both in vivo and in vitro, and that 
IL-13 promoted STAT6 phosphorylation and 
nuclear translocation to aggravate kidney inju-
ry. What was interesting was that after TTP was 
overexpressed in vitro cell model (both in HK-2 
and NRK-52E cells), the IL-13/STAT6 signaling 

was inhibited, which was restored after IL-13 
re-supplementation. These findings firstly indi-
cated that TTP probably negatively regulated 
the downstream IL-13 signaling pathway and 
played a protective role in KI.

Inflammation and apoptosis were involved in 
the pathogenesis of many diseases, such as 
renal diseases [38]. Meanwhile, we also ob- 
served increased expression of pro-inflamma-
tory cytokines (TNF-α, IL-1β and IL-6) both in 
vivo and in vitro. After TTP overexpression  
was administered in vitro, decreased pro-in- 
flammatory cytokines and pro-apoptotic factors 
(Bax and Cleaved-caspase3) were observed, 
whereas the expression of anti-apoptotic pro-
tein (Bcl-2) was increased. However, after IL-13 
was added to the cells for activation of the 
IL-13/STAT6 signaling pathway, the levels of 
inflammation and cell apoptosis were signifi-
cantly strengthened, indicating that the IL-13/
STAT6 signaling pathway might participate in 
the regulation of inflammation and apoptosis in 
kidney injury. The results of DAPI staining and 
flow cytometry in our study also validated this 
conclusion. 

In the same manner, to explore the anti- 
oxidation of TTP in the DOX-induced toxicity in 
cells, we analyzed the ROS generation, MDA 
and LDH content, and SOD activity using kits 
and DCF-DA fluorescent staining. ROS are high-
ly reactive free radicals and induce the oxida-
tive reaction of nucleic acids, proteins and cel-
lular lipids, and cell death due to disruption  
of the intracellular redox balance [39]. ROS  
has been postulated to explain the underlying 
mechanisms of DOX-induced nephropathy [40]. 
MDA is a typical oxidative marker of the pero- 
xidation of polyunsaturated fatty acids [41] and 
the LDH release is used to value the integrity of 
the cell membrane [42]. SOD is known as one 
of the important enzymatic antioxidant defens-
es against superoxide radicals [43]. In consis-
tent with these data, we found out enhanced 
redox state in HK-2 and NRK-52E cells from 
DOX group in the form of significant increases 
in ROS, MDA and LDH and a significant deple-
tion in SOD. Overexpression of TTP lowered oxi-
dative stress noticeably, while activation of 
IL-13/STAT6 signaling could induce excessive 
ROS accumulation in cells again to cause the 
oxidative damage. 
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These findings showed that TTP could alle- 
viate cells injury in DOX-induced KI in vitro. We 
could conclude that the protective mechanism 
of TTP seemed to be realized through regulat-
ing the IL-13/ATAT6 signaling pathway. The limi-
tation of our study lies in the lack of interven-
tion experiments in vivo to verify the protective 
effects of TTP. Based on the conclusion of this 
study, subsequent experiments will focus on 
exploring the underlying mechanism of TTP on 
DOX-induced KI in animals. 

This was the first time to reveal that TTP  
exhibited a significant protective effect against 
DOX-induced kidney injury, which might be 
related to the downregulation of the IL-13/
STAT6 signaling pathway. Our findings demon-
strated that TTP significantly downregulated 
inflammation, apoptosis and oxidative stress, 
and suppressed IL-13/STAT6 signaling. There- 
fore, we hypothesized that TTP probably pre-
vented renal injury via regulating the IL-13/
STAT6 signaling pathway. Although more addi-
tional studies need to be perform to confirm 
these findings, the findings in the present study 
may provide a theoretical foundation for the 
development of the treatment of NS.
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