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Abstract: T-box 1 (Tbx1) gene is closely involved in embryonic kidney development. To explore the role of Tbx1 in 
acute kidney injury (AKI) and the underlying mechanism, we detected the expression of Tbx1 and components of 
transforming growth factor-beta (TGF-β) signaling pathways including TGF-β, phosphorylated Smad2/3 (p-Smad2/3) 
and phosphorylated Smad1/5/8 (p-Smad1/5/8) in kidney tissues derived from a rat model for AKI induced by gen-
tamicin (GM). Apoptosis of renal cells was assessed by terminal deoxynucleotidyl transferase-mediated dUTP nick 
end-labeling (TUNEL), along with the expression of two essential genes involved in apoptosis, caspase-3 and Bcl-2. 
Correlation between Tbx1 expression and the number of TUNEL-positive cells was analyzed by a Spearman test. 
Expression of TGF-β, p-Smad2/3 and p-Smad1/5/8 in Tbx1-knockdown NRK cells was also analyzed by real-time 
RT-PCR and Western blotting. Markedly increased Tbx1 expression was found in the injured kidney tissues, which 
has activated the TGFβ-Smad2/3 pathway whilst suppressed Smad1/5/8 expression. Conversely, decreased TGF-β 
and p-Smad2/3 levels, and elevated p-Smad1/5/8 levels were detected in Tbx1-knockdown NRK cells. More apop-
totic cells were detected in the injured kidneys, which has well correlated with the expression of Tbx1. Expression 
of caspase-3 was markedly increased, while Bcl-2 was decreased in the injured kidney tissues. Above findings sug-
gested that activation of Tbx1 is involved in AKI through the TGFβ-Smad2/3 pathway. Tbx1 expression may therefore 
serve as a marker for AKI, and Tbx1-blocking therapies may provide an option for treating GM-induced nephropathy.
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Introduction

Gentamicin (GM) is a commonly used aminogly-
coside antibiotic which is effective for most 
gram-negative microorganisms. However, ther-
apeutic doses of GM can also induce kidney 
injury, that has occurred in 10~20% of patients 
undergoing the therapeutic regimen. GM- 
induced nephrotoxicity is among the most com-
mon causes of acute kidney injury (AKI), which 
can affect renal blood flow and urinary concen-
trating ability, and eventually lead to renal 
insufficiency [1].

Various transcription factors are expressed dur-
ing kidney injury and recovery, which include 
transforming growth factor-beta (TGF-β), hypox-
ia-inducible factors, α-smooth muscle actin, 
monocyte chemotactic protein-1, and U-STAT3. 
Notably, all such factors have also been shown 
to play a role in kidney development [2-6].

T-box genes are an evolutionary conserved fam-
ily of transcription factors involved in various 
developmental processes and signaling path-
ways. They play a key role in molecular mecha-
nisms underlying various processes of tissue 
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differentiation [7]. T-box 1 (Tbx1) gene plays an 
important role in embryogenesis. Its human 
homologue, TBX1, lies within a 1.5 Mb 
del22q11.2 region which is associated with a 
wide spectrum of birth defects (DiGeorge syn-
drome). In mice, mutations in Tbx1 can cause a 
DiGeorge syndrome-like phenotype in which 
development of aortic arch, thymus, parathy-
roid gland, skull, face, ears, kidneys, and teeth 
can be affected [8]. However, the role of TBX1 
in the development of genitourinary system has 
not yet been explored. A substantial proportion 
of 22q11 deletion carriers have genitourinary 
malformations [7, 9-12]. Studies have suggest-
ed that TBX1 is associated with at least five 
phenotypes of 22q11 deletion including those 
in the genitourinary system [13]. Fu et al. have 
demonstrated that Tbx1 can alter the TGF-β/
bone morphogenetic protein (BMP) signaling 
pathway through interacting with HOXD10 dur-
ing kidney development, which has shed light 
on the mechanism of TBX1 mutations that lead 
to renal malformations found in patients carry-
ing a 22q11 deletion [14].

TGF-β and downstream Smad signaling have 
been shown to play an essential role in kidney 
injury and diseases. The TGF-β superfamily sig-
naling comprises two branches: a TGF-β/nodal/
activin branch that signals through activation of 
Smad2/3, and a BMP/growth and differentia-
tion factor branch that signals through Smad1/ 
5/8 [15, 16]. These phosphorylated (p)-Smad 
proteins can then bind with Smad4 protein to 
regulate the transcription of target genes in a 
pathway-specific manner [17].

The present study was aimed to explore the 
potential role of the Tbx1 gene during AKI 
induced by GM and the underlying molecular 
mechanism.

Materials and methods

Animal care and treatment

Seventy 6-week-old male Wistar rats weighing 
190 ± 10 g each were obtained from the 
Laboratory Animal Center of China Medical 
University. The rats were housed in plastic 
cages under standard conditions and allowed 
free access to water and a standard diet. The 
rats were divided into two groups (35 each) 
based on average weight and received daily 
intramuscular injections of GM sulfate (Xia- 

ngfan Pharmaceutical Factory, Hubei, China) in 
saline at 0 mg/kg (saline only, designated as 
the CTRL group) or 150 mg/kg for 1, 2, or 3 
consecutive days (designated as the GM group) 
starting at day 0 [18]. Three animals from each 
group were sacrificed on day 0 (designated as 
the GM-0d group). Eight animals from each 
group were sacrificed on day 3 (designated as 
the GM-3d group) at 24 h following the third 
injection. Subsequently, eight animals from 
each group were sacrificed on days 7, 10, and 
21 (designated as GM-7d, GM-10d and GM-21d 
groups, respectively).

16 h before the sacrifice, the rats were placed 
in metabolic cages on a refrigerated collection 
rack for urine collection and measurement of 
urinary protein. They were then anaesthetized 
with sodium pentobarbital, with blood collected 
via the femoral artery for renal function test. 
Rat kidneys were quickly removed, longitudi-
nally sectioned, and placed in 10% buffered 
formalin (pH 7.4) for histological analysis. The 
remaining tissues were stored at -80°C for RNA 
and total protein isolation. The study protocol 
was approved by the Animal-Humane Ethics 
Committee of China Medical University.

Serum and urine analyses of kidney injury

Serum creatinine (Cr) and blood urea nitrogen 
(BUN) were determined with a KEYSYS bio-
chemical Analyzer (Boehringer, Mannheim, 
Germany). Urinary β2 microglobulin (β2-MG) and 
albumin (Alb) were measured on an electroche-
miluminescence platform (Meso Scale Dis- 
covery, Gaithersburg, MD, USA).

RNA isolation, reverse transcription and real-
time PCR

RNA was extracted from kidney tissues or NRK 
cells (a rat renal tubular cell line) using TRIzol 
reagent (Invitrogen, Shanghai, China) following 
the manufacturer’s protocol. cDNA was synthe-
sized using a RNA PCR kit (TaKaRa, Dalian, 
China). Using five pairs of primers (Table 1), 
real-time RT-PCR was carried out on an ABI 
7500 system (Applied Biosystems, Foster City, 
CA, USA). Relative concentrations of mRNA 
were calculated based on Ct values and nor-
malized to the level of β-actin mRNA of each 
sample. All reactions were performed with 
appropriate negative (template-free) controls. 
Four replicate wells were prepared for each 
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sample. All reactions were repeated twice to 
ensure the reproducibility of the results.

Western blotting

Frozen kidney tissues or cultured NRK cells 
were lysed in buffer. The protein concentration 
of each lysate was determined with a bicincho-
ninic acid kit (Keygen Biotech Co Ltd., Nanjing, 
China) following the manufacturer’s instruc-
tions. Total protein (30 μg) was applied to a 
12% SDS-polyacrylamide gel. After electropho-
resis and transfer to polyvinylidene fluoride 
membranes, the membranes were washed in 
Tris-buffered saline containing 0.1% Tween-20, 
and incubated with a primary antibody (goat 
anti-Tbx1, goat anti-phosho-Smad2/3, or goat 
anti-phosho-Smad1/5/8 diluted at 1:200; 
Santa Cruz Biotechnology, CA, USA). Mem- 
branes were then incubated with a secondary 
antibody (1:4000), and immunostained bands 
were detected with a ProtoBlot II AP System 
and a stabilized substrate (Promega, Madison, 
WI, USA). β-actin was used as an internal 
control.

Histopathology, immunohistochemistry and 
immunofluorescence assays

A formalin-preserved and paraffin-embedded 
kidney from each animal was sectioned longitu-
dinally at a thickness of 4 µm and stained with 
hematoxylin/eosin (HE). Histological sections 
were examined under a light microscope to 
evaluate changes of renal tubular pathology. An 
expert pathologist blinded to the treatment 
would use 4~6 sections to evaluate the degree 
of tubular injury based on the Klausner classifi-
cation [19]. The injuries were semiquantitative-
ly scored as minimal (score 1, < 5% of tubules 

involved), mild (score 2, 
5%~25% of tubules invo- 
lved), moderate (score 3, 
25%~75% of tubules inv- 
olved), and severe (score 
4, > 75% of tubules inv- 
olved).

For immunohistochemis-
try, the sections were incu-
bated with an anti-Tbx1 
monoclonal antibody (San- 
ta Cruz Biotechnology, CA, 
USA) at 1:100 dilutions. 
Normal mouse serum (San- 

Table 1. Primer sequences for real-time PCR
Target/control gene Primer sequences Amplicon size (bp)
Tbx1 F: 5’-TAACCTGCTGGACGACAA-3’ 121

R: 5’-GAAGTTCTCCTCTGCGTATT-3’
TGF-β F: 5’-GCAACAACGCAATCTATGA-3’ 201

R: 5’-CAAGGTAACGCCAGGAAT-3’
Caspase-3 F: 5’-CAAGTCGATGGACTCTGGAA-3’ 129

R: 5’-GTACCATTGCGAGCTGACAT-3’
Bcl-2 F: 5’-CCGGGAGAACAGGGTATGATAA-3’ 81

R: 5’-CCCACTCGTAGCCCCTCTG-3’
β-actin F: 5’-CCCATCTATGAGGGTTACGC-3’ 150

R: 5’-TTTAATGTCACGCACGATTTC-3’

ta Cruz Biotechnology, CA, USA) was used as 
the negative control. After staining, images 
were acquired under an Axiophot microscope 
equipped with a high sensibility color camera 
(Axiocam, Carl Zeiss, Germany). A set of images 
was analyzed to assess the percentage of posi-
tive tubular cells using KS400 software 
(Kontron System; Zeiss Vision, Oberkochen, 
Germany).

For immunofluorescence, frozen kidney sec-
tions were routinely prepared and incubated in 
normal goat serum (Sigma-Aldrich G9023, USA) 
to block non-specific binding. The sections 
were then incubated with a goat anti-Tbx1 anti-
body (Santa Cruz Biotechnology, CA, USA) at 
1:50 dilution overnight, followed by a donkey 
anti-goat secondary antibody (Santa Cruz 
Biotechnology, CA, USA) at 1:100 dilution for 2 
h. For the control, the primary antibody was 
omitted and no staining was detected (data not 
shown).

Detection of apoptotic tubular cells in tissue 
sections

A terminal deoxynucleotidyl transferase-medi-
ated dUTP nick end-labeling (TUNEL) assay was 
used to identify double-stranded DNA fragmen-
tation, which is characteristic of DNA degrada-
tion due to apoptosis. Briefly, tissue sections 
were deparaffinized and treated with protein-
ase K (20 μg/ml) for 20 min at room tempera-
ture. The sections were then quenched in 2% 
hydrogen peroxide. After rinsing in phosphate-
buffered saline (pH 7.4), the sections were incu-
bated in 1× equilibration buffer for 10~15 s. 
The sections were then incubated with terminal 
deoxynucleotidyl transferase (rTdT) for 1 h at 
37°C, blocked with a stop/washing buffer, fol-
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lowed by incubation with a peroxidase-conju-
gated anti-digoxigenin antibody for 30 min at 
room temperature. Finally, the sections were 
developed with diaminobenzidine (Promega, 
Madison, WI, USA). Counterstaining was per-
formed with hematoxylin, and commercially 
available rat lymph node sections were used as 
positive controls. Negative controls for the 
TUNEL assay was set by staining rat kidney tis-
sue in the same manner but without incubation 
with the rTdT enzyme. Nuclei were viewed and 
counted by two persons blinded to the expe- 
riment.

Cell culture and Tbx1-short interfering (si) RNA 
transfection

NRK cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) with 10% fetal bovine 
serum. After the cells have grown to conflu-
ence, they were placed in a quiescent medium 
(0.5% fetal bovine serum) for 16 h. To silence 
Tbx1 gene expression, siRNA transfection was 
carried out using Lipofectamine 2000 (Invi- 
trogen, Carlsbad, CA, USA). A short interfering 
RNA targeting rat Tbx1 (Tbx1-siRNA) was 
designed and synthesized by GenePharma, 
Shanghai, China. The sequences of Tbx1-siRNA 
were as follows: 5’-GGCGGUGUAGAUACAUGU- 
AGA-3’ and 5’-UACAUGUAUCUACACCGCCCG-3’. 
siRNA transfection was performed according to 
the manufacturer’s instruction (Targeting Sys- 
tems, San Diego, CA, USA). Tbx1-siRNA or scr- 
amble siRNA (negative control) was transfected 
into NRK cells at a final concentration of 100 
nmol/L. The efficacy of Tbx1 knockdown was 
assessed by real-time RT-PCR (48 h after trans-

fection) and Western blotting (72 h after trans- 
fection).

Statistics

All values were presented as mean ± standard 
deviation. One-way analysis of variance or 
t-tests were used to compare experimental 
groups and matched controls. For nonparamet-
ric data, the Mann-Whitney rank-sum test was 
used [20]. For correlation analyses of the num-
ber of TUNEL-positive cells, the Spearman test 
was used. P < 0.05 was considered to be statis-
tically significant. Data were analyzed using 
SPSS software (version 13.0; SPSS Inc, Chi- 
cago, IL, USA).

Results

Increased BUN, Cr, urinary β2-MG and Alb in 
GM-induced AKI

As shown in Table 2, urine and serum changes 
in the GM groups exhibited a trend with obvious 
magnitude and statistical differences. BUN 
was significantly elevated on days 3 and 7, and 
Cr was significantly elevated on days 7 and 10. 
Significant increases of urinary β2-MG and Alb 
levels were observed as early as 3 days post-
injection, which has peaked on day 7 and sho- 
wed a decreasing trend in the following days. By 
day 21, all had resolved to control levels.

Histological changes in GM-induced AKI

On days 3, 7, and 10, there were significant 
changes in the histopathology of the GM group 

Table 2. Group means for serum and urine biomarker assays

D Group n
Serum Urine

BUN (mmol/L) Cr (μmol/L) β2-MG (μg·mmol-1·Cr-1) Alb (mg·mmol-1·Cr-1)

0 CTRL 3 7.39 ± 1.36 40.48 ± 0.09 13.25 ± 6.36 0.65 ± 0.10
GM 3 7.98 ± 1.56 41.46 ± 0.11 12.26 ± 7.39 0.69 ± 0.11

3 CTRL 8 7.12 ± 2.07 39.55 ± 0.09 13.57 ± 9.73 0.91 ± 0.52
GM 8 29.21 ± 5.66a 85.69 ± 0.13a 139.27 ± 99.35a 3.66 ± 0.36a

7 CTRL 8 8.01 ± 2.12 40.58 ± 0.05 12.28 ± 8.37 0.86 ± 0.12
GM 8 38.06 ± 6.72b 122.58 ± 0.26b 253.68 ± 90.36b 9.25 ± 0.36b

10 CTRL 8 7.99 ± 1.28 41.70 ± 0.08 13.77 ± 7.33 0.78 ± 0.15
GM 8 22.46 ± 3.55c 103.28 ± 0.32c 152.20 ± 58.26c 6.33 ± 0.51c

21 CTRL 8 7.32 ± 1.27 39.33 ± 0.06 12.12 ± 7.31 0.98 ± 0.57
GM 8 8.05 ± 1.28d,e 42.35 ± 0.07d,e 15.46 ± 8.66d,e 1.23 ± 0.55d,e

Abbreviations: D: days from initial dose; n: number of rats in the group; β2-MG in μg/mmol urine creatinine (uCr); Alb in mg/
mmol uCr. aP < 0.01 vs. CTRL and GM-0d groups; bP < 0.01 vs. CTRL, GM-0d and GM-3d groups; cP < 0.01 vs. CTRL, GM-0d 
and GM-7d groups; dP > 0.05 vs. CTRL and GM-0d groups; eP < 0.01 vs. GM-7d and GM-10d groups.
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compared with the CTRL group. Kidney tissues 
from the CTRL group showed a normal glomeru-
lar and renal tubular structure. No significant 
degeneration or necrosis was observed in prox-
imal and distal tubules. The tubular epithelium 
appeared to be normal, and there was no inter-
stitial infiltration by mononuclear cells (Figure 
1A). In the GM group, there was a mild to severe 
degree of tubular damage including degenera-
tion and necrosis of renal tubules at each time 
point. A significant increase of necrosis was 
detected in the GM group on day 3, which has 
peaked on day 7 (Figure 1B and 1C), and atten-
uated on day 10. However, on day 21, there 
were no detectable differences in histopathol-
ogy between the GM and CTRL groups. For a 
semi-quantitative analysis of tubulo-interstitial 
injury by Klausner’s method, mean values for 
GM-0d, -3d, -7d, -10d and -21d groups were 0, 
1.50 ± 0.25, 2.90 ± 0.25, 1.75 ± 0.25 and 0, 
respectively. The scores were significantly high-
er in the GM-7d group than those in GM-0d, -3d, 
-10d and -21d groups (P < 0.01).

Elevated Tbx1 expression in GM-induced AKI

Expression of Tbx1 mRNA has significantly 
increased on days 3, 7 and 10 compared with 
the CTRL and GM-21d groups, which has 
peaked on day 7 and persisted until day 10. 
However, by day 21, the expression has 
returned to that of the CTRL group (Figure 1L). 
Western blotting also confirmed Tbx1 protein 
expression to be significantly up-regulated on 
days 3, 7 and 10, and peaked on day 7 (Figure 
1M). Immunohistochemistry indicated that 
Tbx1 was mildly expressed in renal tubular cells 
in adult rats (Figure 1E and 1F). At 7 days after 
GM injection, a strong expression of Tbx1 was 
detected in renal tubular cells (Figure 1G-I). 
Immunofluorescence staining also demonstrat-
ed that expression of Tbx1 was located pre-
dominantly in the cytoplasm of tubular epithe-

lial cells in the GM-7d group (Figure 1J and 
1K1).

Activation of the TGFβ-Smad2/3 pathway and 
inhibition of Smad1/5/8 in the injured kidney 
following GM administration

The Tbx1 mRNA level has been up-regulated 
following the kidney injury. The levels of TGF-β 
and its target proteins, p-Smad2/3, were 
increased accordingly (Figure 2A and 2B). The 
level of Tbx1 mRNA appeared to be strongly 
correlated with that of TGF-β mRNA and 
p-Smad2/3 (r = 0.982 and 0.967, respectively, 
P < 0.01). However, the p-Smad1/5/8 protein 
level was decreased while the expression of 
Tbx1 was up-regulated on day 7 (Figure 2C). We 
also found a negative correlation between the 
expression of Tbx1 and that of p-Smad1/5/8 
protein (r = -0.995, P < 0.01).

Elevated Smad1/5/8 levels and down-regulat-
ed TGFβ-Smad2/3 expression in Tbx1-knock-
down NRK cells

A reduction in the Tbx1 mRNA level was detect-
ed at 48 h by RT-PCR and at 72 h by Western 
blotting after transfection (Figure 2D and 2E). 
Furthermore, as determined by real-time 
RT-PCR or Western blotting, the expression of 
p-Smad1/5/8 increased after transfection, 
while TGF-β and p-Smad2/3 expression 
decreased compared with that in the controls 
(P < 0.01; Figure 2F-H).

Increased renal tubular cell apoptosis in 
GM-induced AKI and its correlation with Tbx1 
expression

Compared with the CTRL group, the number of 
TUNEL-positive renal tubular epithelial cells has 
significantly increased in the kidneys of the 
GM-7d group (Figure 3A-F). More such cells 
were detected in the cortex than medulla of the 

Figure 1. Expression of Tbx1 mRNA and protein in kidney tissues derived from a rat model for AKI induced by GM. (A-
C) CTRL rats have shown normal tubular epithelial cells (A). Swollen renal tubular epithelial cells, poorly defined cell 
boundaries, dissolved nuclei, disappearance of lumen structure (B), and shedding renal tubular epithelial cells were 
detected in the injured kidneys of the GM-7d group (C) (HE staining). (D-I) Immunohistochemical staining showed 
the expression and localization of Tbx1 in the kidneys of the GM-7d and CTRL groups. Tbx1 was predominantly 
expressed in the cytoplasm of renal tubular epithelial cells and collecting duct cells in the cortex and medulla (E-I), 
which was mild in the kidneys of the CTRL group (E, F), but markedly increased in the GM-7d group (G-I). Magnifica-
tion: ×400; scale = 50 μm. A negative control is also shown (D). (J-K2) Immunofluorescence staining demonstrated 
that Tbx1 expression was located predominantly in the cytoplasm of tubular epithelial cells of GM-7d rats (J, K1). 
The same image in K1 was also captured using DIC microscopy (K2). The arrowhead indicates the glomerulus that 
is not shown in K1. Magnification: ×400; scale = 50 μm. (L) Tbx1 mRNA expression was significantly up-regulated in 
the kidneys of the GM-7d group compared with the CTRL, GM-0d and GM-21d groups. (M) Tbx1 protein as detected 
by Western blotting has increased accordingly compared with the CTRL, GM-0d and GM-21d groups. **, P < 0.01 
vs. CTRL, GM-0d and GM-21d groups. No significant changes were found between the GM-0d and GM-21d groups.
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Figure 2. Altered expression of the TGFβ-Smad2/3 signaling pathway in GM-injured kidneys as well as Tbx1-knock-
down NRK cells. TGF-β mRNA expression was markedly increased in the kidneys of the GM-7d group (A). **, P < 
0.01, vs. GM-0d, -21d and CTRL groups. Representative Western blot and quantitative data for p-Smad2/3 (B) and 
p-Smad1/5/8 (C) in rat kidney tissues. Increased p-Smad2/3 levels and reduced p-Smad1/5/8 levels were de-
tected in the GM-7d group.**, P < 0.01 vs. GM-0d and GM-21d groups. Results are representative of at least three 
independent experiments. (D-F) NRK cells transiently transfected with Tbx1-specific siRNA (Tbx1-siRNA) or scramble 
siRNA. Tbx1 mRNA expression was determined by real-time PCR (D), and Tbx1 protein expression was detected by 
Western blotting (E). As detected by real-time RT-PCR and Western blotting, Tbx1 gene knockdown has resulted in 
decreased expression of TGF-β mRNA (F) and p-Smad2/3 protein (G), and increased Smad1/5/8 protein expres-
sion (H). β-actin was used as a control. **, P < 0.01 vs. CTRL group. TGF-β, transforming growth factor-beta gene.

GM-7d group (Figure 3G). There were signifi-
cantly more TUNEL-positive tubular cells/HPF 
(high powered field, HPF) in the kidneys of the 
GM-7d group compared with the CTRL, GM-0d 
and GM-21d groups (66.89 ± 5.36 vs. 8.79 ± 
1.26, 9.36 ± 1.57 and 8.39 ± 1.69, P < 0.01, 
respectively; Figure 3H), and no such differ-
ence was found among GM-0d, GM-21d and 
CTRL groups (P > 0.05; Figure 3H). By statisti-
cal analysis, the number of TUNEL-positive 
apoptotic tubular cells/HPF appeared to be 
strongly correlated with the mRNA level of Tbx1 
(r = 0.97, P < 0.01; Figure 3K).

As shown in Figure 3I, caspase-3 expression 
was stronger in the kidneys of the GM-7d group 

compared with the GM-0d, GM-21d and CTRL 
groups (P < 0.01). In addition, Bcl-2 expression 
in the kidneys of the GM-7d group was weaker 
compared with the GM-0d, GM-21d and CTRL 
groups (P < 0.01; Figure 3J). No significant dif-
ferences were found between the GM-0d, 
GM-21d and CTRL groups (P > 0.05; Figure 3J).

Discussion

As a critical gene involved in DiGeorge syn-
drome, TBX1 has been studied primarily for its 
relationship with heart malformations and cra-
niofacial anomalies [13, 21]. The role of TBX1 in 
kidney development has not yet been explored, 
despite that abundant expression of TBX1 has 
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been found in the kidneys [14]. The role of Tbx1 
in development is exquisitely dosage sensitive. 

Progressive reduction of Tbx1 mRNA has been 
associated with non-linear increases in pheno-

Figure 3. Apoptosis of kidney cells and its correlation with Tbx1 expression. (A-F) TUNEL staining (×400). Detec-
tion of TUNEL-positive renal tubular cells in the cortex and medulla of CTRL (A, D) and GM-7d (B, C, E, F) groups. 
Quantification of TUNEL-positive cells/HPF of the cortex and medulla in GM-7d rats (G). **, P < 0.01 vs. CTRL group. 
More TUNEL-positive tubular cells/HPF was detected in the cortex of kidneys in the GM-7d group (H). **, P < 0.01 
vs. GM-0d and GM-21d groups. Expression of caspase-3 and Bcl-2 genes, as determined by real-time RT-PCR, in 
the kidney tissues of GM-0d, GM-7d, GM-21d and CTRL groups (I, J). **, P < 0.01, vs. GM-0d, GM-21d and CTRL 
groups. There was a correlation between TUNEL-positive tubular cells in the cortex and mRNA expression of Tbx1 
(K). (r = 0.97, P < 0.01).
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typic severity, whereas over-expression of Tbx1 
may lead to structural heart and thymic defects 
[22, 23]. During mouse kidney development, 
expression of Tbx1 has peaked at embryonic 
day 0.5, reduces gradually, and then maintains 
at a low level throughout adulthood [14]. In the 
present study, mild expression of Tbx1 was 
detected in the renal tubules of normal adult 
rats. Tbx1 expression was up-regulated as early 
as on day 3 post-injury, peaked at day 7, and 
then gradually decreased. By day 21, the 
expression of Tbx1 has resolved to that of the 
control group, which has suggested that Tbx1 
probably plays a role in renal tubular injury 
induced by GM.

The TGF-β superfamily comprises more than 30 
structurally related dimeric cytokines including 
TGF-β, BMP/growth and differentiation factors, 
and activins. Activation of the TGF-β pathway 
plays a key role in the pathogenesis of renal 
injury by promoting apoptosis, epithelial-mes-
enchymal transition, matrix protein synthesis, 
and other pro-fibrotic events leading to disrup-
tion of renal structure and function [3, 24]. 
TGF-β exerts its biological functions largely via 
complex downstream signaling molecules 
including p-Smad proteins. The critical role of 
the TGFβ-Smad2/3 signaling pathway in the 
pathogenesis of renal injury and fibrosis is well 
recognized [3, 15, 24]. Smad2/3 is strongly 
activated in animal and human kidney diseases 
including diabetic nephropathy, obstructive kid-
ney diseases, 5/6 nephrectomy, and hyperten-
sive nephropathy [25]. In the present study, 
elevated TGF-β and p-Smad2/3 levels were 
found in AKI induced by GM. Expression of 
TGF-β was strongly correlated with that of Tbx1. 
Similarly, knockdown of Tbx1 in NRK cells has 
led to decreased TGF-β and Smad2/3 levels, 
which also suggested an association between 
Tbx1, TGF-β and Smad2/3. Tbx1 may therefore 
participate in kidney injury via the TGFβ-
Smad2/3 pathway.

It has been shown that Tbx1 can alter TGF-β/
BMP signaling by interacting with Hoxd10 dur-
ing kidney development [14]. As demonstrated 
by Fulcoli et al., Tbx1 can down-regulate the 
BMP/Smad1 signaling pathway through binding 
with Smad1 and suppressing BMP-4/Smad1 
signaling [26]. In the context of kidney injury, 
Smad1/5/8 is protective and plays an impor-
tant role in recovery following renal injury in 
addition to the renal protective effect of BMP-7 

[17, 27]. Expression of Smad1/5/8, target pro-
teins of BMP, was reduced in the injured kid-
neys along with increased Tbx1 expression. 
Knockdown of Tbx1 can result in increased 
Smad1/5/8 levels and a reduced TGF-β level in 
Tbx1-silenced NRK cells. Therefore, Tbx1 exp- 
ression probably has a suppressive effect on 
the Smad1/5/8 pathway in injured kidneys. 

Of note, more TUNEL-positive tubular cells and 
altered expression of caspase-3 and Bcl-2 were 
detected in GM-induced AKI. Expression of 
Tbx1 and TGF-β seemed to be strongly corre-
lated with the number of TUNEL-positive tubu-
lar cells. Evidence has shown that apoptosis is 
a prominent and characteristic feature of kid-
ney injury caused by nephrotoxic medications. 
Excessive apoptosis contributes to atrophy and 
promotes fibrosis and organ dysfunction. 
Activation of the TGF-β-Smad2/3 pathway may 
accelerate kidney injury by inducing renal tubu-
lar cell apoptosis [24]. An antibody against 
TGF-β can ameliorate tubular apoptosis in uni-
lateral ureteral obstruction [17, 28, 29]. Above 
observations appear to support that over-
expression of TGF-β, p-Smad2/3 and cas-
pase-3, and down-regulated expression of 
Bcl-2 in GM-induced kidney injury. A plausible 
explanation for this may be that activation of 
Tbx1 following GM administration can induce 
renal tubular cell apoptosis through the TGFβ-
Smad2/3 pathway in AKI.
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