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 Background: Aquaporin-2 (AQP2) plays a major role in water reabsorption in the renal collecting duct, and is involved in 
a variety of renal disease. Recent studies have indicate that sirtuin1 (SIRT1) exerts renoprotective properties 
against kidney diseases. This study aimed to determine the potential role of SIRT1 in AQP2 expression induced 
by tumor necrosis factor-alpha (TNF-a) and to disclose the underlying mechanism in renal inner medullary col-
lecting duct (IMCD) cells.

 Material/Methods: Quantitative real-time PCR and Western blotting were respectively identified mRNA and protein expression. 
Immunofluorescence staining was used to detect the localization of AQP2. Small-interfering RNA (siRNA) was 
carried out for mechanism study.

 Results: Results showed that AQP2 was clearly increased in the plasma membrane and decreased in the cytoplasm of 
IMCD cells treated with AVP. TNF-a treatment in IMCD cells significantly reduced SIRT1 and AQP2 expression, 
and increased acetylated NF-kBp65 protein level in time- and concentration-dependent manners. Moreover, 
SIRT1 overexpression or the activator SRT1720 augmented AQP2 expression and reduced the acetylation of 
NF-kBp65, which was reversed by SIRT1 siRNA or the inhibitors Ex527 and sirtinol in TNF-a-induced IMCD cells. 
Knockdown of NF-kBp65 or NF-kBp65 inhibition by pyrrolidine dithiocarbamate (PDTC) enhanced AQP2 ex-
pression in IMCD cells exposed to TNF-a. Importantly, knockdown of NF-kBp65 augmented the up-regulation 
of SIRT1 on AQP2 expression in IMCD cells induced by TNF-a.

 Conclusions: These findings indicate that SIRT1 increases AQP2 expression in TNF-a-induced IMCD cells via the NF-kB-
dependent signalling pathway, which might provide novel insight to understanding the renoprotective effects 
of SIRT1 in kidney diseases.
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Background

Sirtuin 1 (SIRT1), a member of the evolutionarily conserved 
family of NAD+-dependent histone deacetylase, is implicated 
in a wide range of cellular functions involved in the pathogen-
esis of diseases including cardiovascular diseases, kidney dis-
ease [1,2]. Recently, emerging evidences has suggested that 
SIRT1 is a novel target for prevention of kidney diseases [2–4]. 
Kidney-specific overexpression of SIRT1 rescues cisplatin-in-
duced acute kidney injury (AKI) in transgenic mice [5], while 
SIRT1 knockout in diabetes and AKI mice shows aggravation 
of renal changes occurring [6,7]. It is well known that AKI is 
characterized by structural alterations in renal tubule epithelia, 
and concomitant with impaired urinary concentration and so-
dium and water reabsorption [8,9]. Aquaporins (AQPs; a fam-
ily of water channel proteins), especially AQP2, plays a major 
role in water reabsorption in the renal inner medullary collect-
ing duct (IMCD). AQP2 has been shown to be decreased mark-
edly in the proximal tubule and IMCD in rats with AKI induced 
by ischemia/reperfusion injury or sepsis [9,10]. However, there 
is no direct evidence to demonstrate the relationship between 
SIRT1 and AQP2. Therefore, this study was conducted to ex-
plore the possible effect of SIRT1 on AQP2 expression in renal 
IMCD cells induced by TNF-a. Furthermore, it’s well accepted 
that the renoprotective properties of SIRT1 are closely related 
to the regulation of nuclear transcription factor (NF-kB) [11,12]. 
It has been shown that NF-kB is involved in AQP2 expression 
in renal collecting duct principal cells [13], in mouse cortical 
collecting duct cells [14], and kidneys of rats with sepsis-in-
duced acute renal failure [15]. So, we also investigated wheth-
er NF-kB pathway contributed to the regulation of SIRT1 on 
AQP2 expression in renal IMCD cells.

Material and Methods

Reagents and cell transfection

TNF-a was ordered from PeproTech (Rocky Hill, NJ, USA). 
SRT1720 and Ex527 were obtained from Selleck Chemicals 
(Houston, TX, USA). Sirtinol and pyrrolidine dithiocarbamate 
(PDTC) were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). SIRT1 siRNA, NF-kBp65 siRNA, and the scrambled neg-
ative controls were purchased from GenePharma (Shanghai, 
China). Recombinant plasmid pcDNA3.1(+) was sponsored by 
Dr. Bu. To overexpress SIRT1, the cells cultured in 6-well plates 
were transfected with recombinant plasmid pcDNA3.1(+)-
SIRT1. To knockdown endogenous SIRT1 and NF-kB, IMCD 
cells were transfected with 100 nM SIRT1 siRNA or NF-kBp65 
siRNA. Transfection was carried by using Lipofectamine 2000 
(Invitrogen, NY, USA) according to the manufacturer’s proto-
col. The cells were harvested 48 h after transfection to assess 
the expression of SIRT1 or NF-kBp65.

Cell culture

Primary cultures enriched in IMCD cells were prepared from 
male Sprague-Dawley rats (120–140 g body wt), as previously 
described [16]. All experimental protocols were approved by the 
Review Committee for the Use of Human or Animal Subjects of 
Yanshan University. Both kidneys were rapidly removed from 
rats under light diethyl ether inhalation anaesthesia. After kid-
ney excision, the renal inner medullas including papilla were 
rapidly removed, cut into small pieces, and digested in phos-
phate-buffered saline (PBS) containing 1 mg/ml hyaluronidase 
and 2.2 mg/ml collagenase type CLS-II at 37°C under continuous 
agitation for 90 min. After centrifugation, the pellet was washed 
in prewarmed culture medium (High glucose Dulbecco’s mod-
ified Eagle’s medium containing 100 mM NaCl, 100 mM urea, 
1% non-essential amino acids, 1% ultroser, 500 μM DBcAMP, 
20 U/ml nystatin and 0.25 μg/ml gentamicin). The IMCD cell 
suspension was then seeded in collagen type IV-coated cham-
ber slides for immunocytochemical analysis or in a 60-mm cul-
ture dish for immunoblot analysis. After 24 h, wash cells twice 
with 600 mosmol hypertonic culture medium (High glucose 
Dulbecco’s modified Eagle’s medium containing 100 mM NaCl 
and 100 mM urea) and add fresh medium at 37°C in 5% CO2 
and 95% air for 3 days and then in medium without DBcAMP 
and nystatin for 24 h before starting the experiment on day 6.

Immunofluorescence staining

IMCD cells were fixed in 10% paraformaldehyde-PBS for 30 min. 
The fixed cell membrane was fenestrated with 0.5% Triton X-100 
in PBS for 5 min, and then blocked with 5% goat serum for 30 
min. The cells were incubated with polyclonal anti-rabbit AQP2 
antibody (sc-28629, 1: 100, Santa Cruz, CA, USA) overnight at 
4°C, and then incubated with a TRITC-conjugated goat anti-rabbit 
IgG polyclonal antibody (1: 100 dilutions) for 2 h. After the nuclei 
were stained with 4’-6-diamidino-2-phenylindole (DAPI) dye (1: 
800 dilutions) for 15 min, the stained cells were investigated us-
ing a confocal laser scanning microscopy (Nikon, Tokyo, Japan).

Western blot analysis

Cell samples were collected and lysed at 4°C in RIPA buf-
fer with the protease inhibitor cocktail (Roche, Mannheim, 
Germany). The protein was separated on 12% SDS PAGE gels 
and then transferred onto polyvinylidene difluoride mem-
branes (Millipore). The membranes were blocked with 5% 
non-fat milk for 1 h and then incubated at 4°C overnight with 
rabbit polyclonal anti-SIRT1 (sc-15404, 1: 500, Santa Cruz, CA, 
USA), anti-AQP2 (sc-28629, 1: 100, Santa Cruz, CA, USA), anti-
acetyl-NF-kBp65 (Lys 310) (Ac-p65) (ab19870, 1: 400, Abcam, 
Cambridge, MA, UK), anti-NF-kBp65 (ab16502, 1: 400, Abcam), 
and anti-GAPDH (TDY052, 1: 5000, TDY biotech, Beijing, China) 
respectively. GAPDH was used as internal standard. Then, the 
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membranes were incubated with HRP-conjugated secondary 
antibodies (S004, 1: 10000, TDY biotech) for 45 min. Protein 
signals were subsequently detected using the enhanced che-
miluminescence (Pierce, Rockford, USA).

Quantitative real-time polymerase chain reaction 
(qRT-PCR)

Total RNA was isolated from IMCD cells using TRIzol reagent 
(Life Technologies, Foster, CA, USA). Complementary DNA 

was synthesized using a PrimeScript RT reagent kit (TaKaRa, 
Dalian, China). qRT-PCR was performed using the SYBR Green 
PCR Master Mix (TaKaRa) on a Bio-Rad CFX connect real-time 
system (Hercules, CA, USA) according to the manufactur-
er’s instructions. All primers were as follows: SIRT1 forward 
5’-CAGTTCCAGCCATCTCTGTG-3’and reverse 5’-GCAACCTGC 
TCCAAGGTATC-3’; AQP2 forward 5’-TTCCTTCGAGCTGCCTTCTA-
3’and reverse 5’-TTGTGGAGAGCATTGACAGC-3’; GAPDH 
forward 5’-ACAGCAACAGGGTGG TGGAC-3’and reverse 
5’-TTTGAGGGTGCAGCGAACTT-3’. GAPDH was used as an internal 
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Figure 1.  TNF-a decreased AQP2 expression in IMCD cells. (A) Immunofluorescence microscopy of aquaporin 2 (AQP2) in primary 
IMCD cells. IMCD cells were left under control conditions or stimulated with 100 nM AVP for 30 min at 37°C. AQP2 was 
stained with anti-AQP2 antibody (coloured in red/indicated by the arrow). The nuclear protein was stained with DAPI (blue). 
Merge represents the combined image of AQP2 fluorescence and nuclear staining. Images of cells were generated on a 
microscope at 200× magnification, bar=50μm (n=5). (B, C) The cells were treated with different concentrations of TNF-a 
(10, 20 and 40 μg/L) for 24 h, and the protein and mRNA expression of AQP2 was examined by Western blotting and RT-
qPCR, respectively. (D, E) The cells were stimulated with TNF-a (20 μg/L) for the indicated time, and the protein and mRNA 
expression of AQP2 was examined by Western blotting and RT-qPCR, respectively. * P<0.05 and ** P<0.01 vs. control group. 
The data are presented as the mean ± standard deviation from 3 independent experiments.
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control. Quantification of relative gene expression was calcu-
lated with 2–DDCt method as described by the manufacturer.

Statistical analysis

Data were expressed as the mean ± standard deviation. Data 
were analysed by one-way ANOVA, followed by a post hoc test. 
P<0.05 was considered statistically significant.

Results

TNF-a decreased AQP2 expression in IMCD cells

AQP2 immunofluorescent labeling was largely dispersed along 
the cytoplasm of primary cultured IMCD cells in the absence of 
1-desamino-8-D-arginine vasopressin (dDAVP) stimulation in 
control group. In contrast, treatment with 100 nM AVP for 30 
clearly increased the AQP2 expression in the plasma membrane 

and decreased it in the cytoplasm (Figure 1A), indicating that 
the IMCD cells were correctly cultured.

To study the effect of TNF-a on AQP2 expression, the IMCD 
cells were treated with TNF-a (10, 20 and 40 μg/L) for 24 h, 
and the expression of AQP2 protein and mRNA was determined 
by Western blot analysis and qRT-PCR, respectively. The results 
showed that TNF-a significantly decreased the expression of 
AQP2 mRNA and protein in a concentration-dependent man-
ner (Figure 1B, 1C). We further investigate the time courses of 
AQP2 stimulated with TNF-a (20 μg/L) for 4, 8, 12 and 24 h. As 
shown in Figure 1D,1E, TNF-a time-dependently reduced the 
expression of AQP2 mRNA and protein in IMCD cells.

TNF-a down-regulated SIRT1 expression in IMCD cells

We next investigated the effect of TNF-a on SIRT1 expres-
sion in IMCD cells, the IMCD cells were treated with TNF-a 
(10, 20 and 40 μg/L) for 24 h. The results showed that TNF-a 
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Figure 2.  TNF-a reduced SIRT1 expression 
in IMCD cells. (A, B) The cells were 
treated with different concentrations 
of TNF-a (10, 20 and 40 μg/L) for 24 h, 
and the protein and mRNA expression 
of SIRT1 was examined by Western 
blotting and RT-qPCR, respectively. 
(C, D) The cells were stimulated with 
TNF-a (20 μg/L) for the indicated time, 
and the protein and mRNA expression 
of SIRT1 was examined by Western 
blotting and RT-qPCR, respectively. 
* P<0.05 and ** P<0.01 vs. control 
group. The data are presented as the 
mean ± standard deviation from 3 
independent experiments.
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down-regulated SIRT1 expression at protein and mRNA level in 
IMCD cells in a concentration-dependent manner (Figure 2A, 2B). 
To study the time courses of SIRT1 expression, the IMCD cells 
were treated with TNF-a (20 μg/L) for 4, 8, 12 and 24 h. The 
results revealed that TNF-a inhibited the protein and mRNA ex-
pression of SIRT1 in a time-dependent manner (Figure 2C, 2D).

SIRT1 increased AQP2 expression in TNF-a-induced IMCD 
cells

To identify the role of SIRT1 in the expression of AQP2 in TNF-
a-induced IMCD cells, we overexpressed the expressions of 
SIRT1 in IMCD cells. After treatment with the SIRT1 activator 
SRT1720 (10 μM) or the pcDNA3.1(+)-SIRT1 plasmid, increas-
es in SIRT1 expression were observed in IMCD cells compared 
with the control group (Figure 3A, 3E, 3F). Then the IMCD cells 
were pretreated with SRT1720 for 1 h or pcDNA3.1(+)-SIRT1 
for 48 h, and then stimulated with TNF-a (20μg/L) for 24 h. 
SIRT1 activator SRT1720 obviously increased the expression of 
SIRT1 and AQP2 in TNF-a-induced IMCD cells (Figure 3B–3D). 
Overexpression of SIRT1 is further supported the results by 
inducing expression of AQP2 compared with the TNF-a group 
(Figure 3G, 3H). Then, we silenced the expression of SIRT1 in 
IMCD cells. Treatment of IMCD cells with the SIRT1 inhibitors 
Ex527 (1 μM) and sirtinol (10 μM) or SIRT1 siRNA strikingly re-
duced the expression of SIRT1 (Figure 3A, 3L). Moreover, the 

IMCD cells were pretreated with Ex527 or sirtinol for 1 h or 
SIRT1 siRNA for 48 h, and then stimulated with TNF-a (20 μg/L) 
for 24 h. The results showed that SIRT1 inhibitors Ex527 and 
sirtinol decreased the expression of SIRT1 and AQP2 in TNF-a-
induced IMCD cells (Figure 3I–3K). In addition, knockdown of 
SIRT1 remarkably decreased AQP2 mRNA and protein expres-
sion in IMCD cells exposed to TNF-a (Figure 3M, 3N).

NF-kB pathway inhibited AQP2 expression in TNF-a-
induced IMCD cells

To assess the acetylation of NF-kBp65 in TNF-a-induced IMCD 
cells, Western blot was performed. The results showed that 
treatment of IMCD cells with TNF-a (10, 20 and 40 μg/L) for 
24 h significantly increased Ac-p65 protein expression in a con-
centration-dependent manner (Figure 4A). We further studied 
the time courses of Ac-p65 expression in IMCD cells by treating 
with TNF-a (20 μg/L) for 4, 8, 12 and 24 h. The results showed 
that TNF-a up-regulated Ac-p65 protein expression in a time-
dependent manner (Figure 4B).

To further assess whether NF-kB pathway was associated with 
the expression of AQP2 in TNF-a-induced IMCD cells, we si-
lenced NF-kB pathway. Pretreatment with the NF-kB inhibi-
tor PDTC (10 μM) or NF-kBp65 siRNA strikingly decreased Ac-
p65 protein expression (Figure 4C, 4F). Then the IMCD cells 

Figure 3.  SIRT1 increased AQP2 expression in TNF-a-induced IMCD cells. (A) The cells were treated with SRT1720 (10 μM), Ex527 
(1 μM) or sirtinol (10 μM) for 24 h, and the expression of SIRT1 was examined by Western blotting. ** P<0.01 vs. control 
group. (B–D) The cells were pretreated with SRT1720 (10 μM) for 1 h prior to stimulation with TNF-a (20 μg/L) for 24 h, and 
the expression of SIRT1 and AQP2 was examined. ** P<0.01 vs. control group; ## P<0.01 vs. TNF-a group. (E, F) The IMCD cells 
were transfected with pcDNA3.1(+)-SIRT1 for 48 h, and the protein and mRNA expression of SIRT1 was examined by Western 
blotting and RT-qPCR, respectively. ** P<0.01 vs. pcDNA3.1 group. (G, H) The SIRT1-overexpressing cells were stimulated 
with TNF-a (20 μg/L) for 24 h, and the protein and mRNA expression of AQP2 was examined by Western blotting and RT-
qPCR, respectively. ** P<0.01 vs. pcDNA3.1 group; ## P<0.01 vs. pcDNA3.1 + TNF-a group. The data are presented as mean 
± standard deviation from 3 independent experiments. (I–K) The cells were pretreated with Ex527 (1 μM) or sirtinol (10 μM) 
for 1 h prior to stimulation with TNF-a (20 μg/L) for 24 h, and the expression of SIRT1 and AQP2 was examined. ** P<0.01 
vs. control group; # P<0.05 and ## P<0.01 vs. TNF-a group. (L) The IMCD cells were transfected with negative control siRNA 
(NC siRNA) or SIRT1 siRNA for 48 h, and the protein expression of SIRT1 was detected by Western blotting. ** P<0.01 vs. NC 
siRNA group. (M, N) The SIRT1-knockdown cells were stimulated with TNF-a (20 μg/L) for 24 h, and the protein and mRNA 
expression of AQP2 was examined by Western blotting and RT-qPCR, respectively. * P<0.05 and ** P<0.01 vs. NC siRNA 
group; ## P<0.01 vs. NC siRNA + TNF-a group. The data are presented as the mean ± standard deviation from 3 independent 
experiments.
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were treated with PDTC for 1 h or NF-kBp65 siRNA for 48 h, 
and then stimulated with TNF-a (20μg/L) for 24 h. The results 
showed that PDTC visibly increased AQP2 mRNA and pro-
tein expression in TNF-a-induced IMCD cells (Figure 4D, 4E). 
Knockdown of NF-kBp65 was further supported the above re-
sults by increasing the expression of AQP2 in IMCD cells in-
duce by TNF-a (Figure 4G, 4H).
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Figure 4.  NF-kB pathway inhibited AQP2 expression in TNF-a-induced IMCD cells. (A) The cells were treated with different 
concentrations of TNF-a (10, 20 and 40 μg/L) for 24 h, and the expression of Ac-NF-kBp65 (Ac-p65) was examined. * P<0.05 
and ** P<0.01 vs. control group. (B) The cells were stimulated with TNF-a (20 μg/L) for the indicated time, and the expression 
of Ac-NF-kBp65 (Ac-p65) was examined. ** P<0.01 vs. control group. (C–E) The IMCD cells were pretreated with PDTC 
(10 μM) for 1 h prior to stimulation with TNF-a (20 μg/L) for 24 h, and the expression of AQP2 and Ac-p65 was examined. 
** P<0.01 vs. control group; ## P<0.01 vs. TNF-a group. (F) The IMCD cells were transfected with negative control siRNA 
(NC siRNA) or NF-kBp65 siRNA for 48 h, and the protein expression of Ac-p65 was detected by Western blotting. ** P<0.01 
vs. NC siRNA group. (G, H) The NF-kBp65-knockdown cells were stimulated with TNF-a (20 μg/L) for 24 h, and the protein 
and mRNA expression of AQP2 was examined by Western blotting and real-time PCR, respectively. ** P<0.01 vs. NC siRNA 
group; ## P<0.01 vs. NC siRNA + TNF-a group. The data are presented as the mean ± standard deviation from 3 independent 
experiments.

SIRT1 increased AQP2 expression via NF-kB pathway in 
TNF-a-induced IMCD cells

To prove the relationship between SIRT1 and NF-kB in IMCD 
cells, the expression of Ac-p65 was assessed. We found that 
the SIRT1 activator SRT1720 significantly reduced Ac-p65 ex-
pression, which was reversed by the SIRT1 inhibitors Ex527 and 
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sirtinol in TNF-a-induced IMCD cells (Figure 5A). Moreover, the 
SIRT1 overexpressing or knockdown cells were used to further 
verify the above results. The results revealed that SIRT1 overex-
pression significantly decreased TNF-a-induced Ac-p65 expres-
sion (Figure 5B), while knockdown of SIRT1 obviously increased 
Ac-p65 expression in IMCD cells expose to TNF-a (Figure 5C).

To further clarify the underlying mechanism involved in SIRT1-
regulated AQP2 expression, NF-kB signaling was included. The 
results revealed that the expression of AQP2 was correspond-
ingly increased after preconditioning of NF-kBp65 knockdown 
cells with pcDNA3.1(+)-SIRT1, compared with NF-kBp65 siR-
NA or pcDNA3.1(+)-SIRT1 single treatment in TNF-a-induced 
IMCD cells (Figure 5D). These results imply that SIRT1 can reg-
ulate AQP2 expression in IMCD cells stimulated with TNF-a via 
suppression of NF-kB signalling.

Discussions

Emerging evidence has suggested that SIRT1 expresses in 
medullary tubular cells, and protects and maintains kidney 

cell function [17]. Our present study found that treatment of 
IMCD cells with TNF-a significantly decreased SIRT1 expres-
sion at mRNA and protein levels in a time-and concentration-
dependent manner. It has also revealed that high glucose ob-
viously decreased SIRT1 mRNA and protein expression in rat 
mesangial cells [18]. Other studies have reported that SIRT1 
expression was decreased in rats with gentamicin or cispla-
tin-induced nephrotoxicity [19,20]. Moreover, reduced SIRT1 
expression has been found in mouse cortical collecting duct 
cells [14], in human kidney proximal tubule epithelial cells [21], 
and in rats with AKI induced by severe burns [22] and renal 
ischaemia-reperfusion injury [23]. Therefore, these findings 
imply that the decrease in SIRT1 expression is involved in re-
nal injury processes in vivo and in vitro.

It has been shown that the abundance of AQP2 is decreased in 
collecting duct cells in a variety of water balance disorders as 
demonstrated in many studies [24]. The present study found 
that the expression of AQP2 mRNA and protein was time- 
and concentration- dependently decreased in IMCD cells in 
response to TNF-a. Hasler et al. revealed that LPS decreased 
AQP2 expression in cultured collecting duct principal cells [13]. 
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Figure 5.  SIRT1 increased AQP2 expression 
via NF-kB pathway in TNF-a-
induced IMCD cells. (A) The cells 
were treated with SRT1720 (10 
μM), Ex527 (1 μM) or sirtinol (10 
μM) 1 h prior to stimulation with 
TNF-a (20 μg/L) for 24 h, and the 
expression of Ac-NF-kBp65 (Ac-p65) 
was examined. ** P<0.01 vs. control 
group; ## P<0.01 vs. TNF-a group. 
(B) SIRT1 overexpressing cells were 
stimulated with TNF-a (20 μg/L) for 
24 h, and the expression of Ac-p65 
was examined. * P<0.05 vs. pcDNA3.1 
group; ## P<0.01 vs. pcDNA3.1 + TNF-a 
group. (C) SIRT1 knockdown cells 
were stimulated with TNF-a (20 μg/L) 
for 24 h, and the expression of Ac-
p65 was examined. ** P<0.01 vs. NC 
siRNA group, ## P<0.01 vs. NC siRNA + 
TNF-a group. (D) NF-kBp65 siRNA cells 
were transfected with pcDNA3.1(+)-
SIRT1 for 48 h, and subsequently 
treated with TNF-a (20 μg/L) for 24 h, 
and the protein expression of AQP2 
was examined by Western blotting. 
## P<0.01 vs. TNF-a group; @@ P<0.01 
vs. NF-kBp65 siRNA + pcDNA3.1(+)-
SIRT1 + TNF-a group. The data are 
presented as the mean ± standard 
deviation from 3 independent 
experiments.
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In addition to in vitro experiment, the in vivo study also found 
that AQP2 expression was significantly reduced in the renal 
cortex and papillas in rats with sepsis-induced acute renal fail-
ure [15]. Conversely, AQP2 mRNA expression was significant-
ly up-regulated in the kidneys of cirrhotic rats [25]. These dif-
ferent results imply that AQP2 might play different roles in 
types of renal-related disease in response to different stimuli. 
More importantly, the present study found that SIRT1 overex-
pression or activation by SRT1720 increased AQP2 expression 
in IMCD cells treated with TNF-a. The corresponding changes 
were also observed when silencing SIRT1 expression by SIRT1 
siRNA or he inhibitors Ex527 and sirtinol. Our results suggest 
that SIRT1 can regulate AQP2 expression in IMCD cells. This 
is consistent with the results of the latest study showing that 
resveratrol increased the expression of AQP2 in mouse cortical 
collecting duct cells induced by 4-hydroxy-2-hexenal, a induc-
er for tubular injury, by activating SIRT1 pathway [14]. These 
results indicate that SIRT1 increased AQP2 expression which 
was involved in water balance disorders-associated diseases.

It is well recognized that the renoprotective effect of SIRT1 is 
due to deacetylating its target proteins, such as NF-kB, a mas-
ter transcription factor involved in the development of renal 
disease [11,26]. The transcriptional activity of NF-kB requires 
acetylation at lysine 310 [27,28]. In the present study, TNF-a 
significantly increased the acetylation of NF-kBp65 (Lys 310) 
expression, which was reversed by SIRT1 overexpression or 
the activator SRT1720, and augmented by SIRT1 siRNA or the 
inhibitors Ex527 and sirtinol in IMCD cells. Other study fur-
ther supported that TNF-a increased the acetylation of NF-kB 
at lysine 310 in fibroblasts, while this effect was inhibited by 

resveratrol via a SIRT1-dependent manner [29]. These findings 
show that SIRT1 plays renoprotective role in antagonizing in-
flammatory renal injury in IMCD cells through deacetylation 
of NF-kBp65 at lysine 310. Furthermore, it has been revealed 
that activation of NF-kB observed in renal diseases most likely 
accounts for the observed decrease in AQP2 expression [30]. 
The present study found that knockdown of NF-kB or the 
NF-kB inhibitor PDTC remarkably antagonized the downreg-
ulation of AQP2 induced by TNF-a in IMCD cells. Our results 
further found that knockdown of NF-kBp65 significantly aug-
mented the effect of SIRT1 on increased expression of AQP2 in 
IMCD cells exposed to TNF-a. Similarly, SIRT1 activator resve-
ratrol significantly increased AQP2 expression by suppressing 
the nuclear localization of the NF-kBp65 subunit in vitro [14]. 
Taken together, these findings suggest that SIRT1-mediated 
rescuing of AQP2 expression was due, at least in part, to in-
hibited NF-kB signalling in IMCD cells.

Conclusions

Our results provide a crucial role of SIRT1 in the regulation of 
AQP2 expression. Activation of SIRT1 efficiently inhibits wa-
ter balance disorders. These findings might be important to 
understand the potential role of SIRT1 activation in water bal-
ance disorders-related diseases.
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