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Abstract. Sepsis is the most common underlying disease of 
disseminated intravascular coagulation. Acute kidney injury is 
a common and serious complications of sepsis. In the present 
study, a lipopolysaccharide (LPS)‑induced human proximal 
tubule cell line (HK‑2 cells) was selected as an in vitro model 
of septic acute kidney injury. The aim of the present study was 
to investigate whether aquaporin 1 (AQP‑1) has a cytoprotec-
tive role in LPS‑induced HK‑2 cells. HK‑2 cells were treated 
with 0‑16 µg/ml LPS for 0‑24 h to establish the in vitro model 
of sepsis. The results demonstrated that AQP‑1 levels were the 
lowest of the eight AQP genes expressed in LPS‑induced HK‑2 
cells. Prior to LPS treatment, HK‑2 cells were transfected with 
pcDNA‑AQP‑1 or small interfering‑AQP‑1 and cell counting 
kint‑8 and flow cytometry assays were performed to assess 
cell viability and apoptosis rate, respectively. Changes in 
the expression of proinflammatory cytokines and chemo-
kines, as well as important factors in the p38, extracellular 
signal‑regulated kinase (ERK)1/2 and c‑Jun N‑terminal 
kinase (JNK) pathways, were assessed using reverse tran-
scription‑quantitative polymerase chain reaction, western 
blotting and ELISA, respectively. LPS treatment reduced 
viability, increased apoptosis and upregulated the expression 
of proinflammatory cytokines and chemokines in HK‑2 cells. 
AQP‑1 overexpression significantly reversed the effects of LPS 
and downregulated the expression of tumor necrosis factor‑α, 
interleukin (IL)‑8, IL‑1β and monocyte chemoattractant 
protein‑1. The p38, ERK1/2 and JNK pathways were activated 

by LPS; however, the p38 and ERK1/2 pathways were blocked 
in AQP‑1‑overexpressing cells. AQP‑1 overexpression was 
demonstrated to confer a survival advantage to LPS‑injured 
HK‑2 cells by controlling cell viability, apoptosis and inflam-
mation, possibly via modulation of the p38 and ERK1/2 
pathways. The results of the present study suggest that AQP‑1 
may be an effective treatment for acute kidney injury caused 
by sepsis.

Introduction

Disseminated intravascular coagulation (DIC) is a severe 
clinical condition that is caused by an underlying disease (1). 
The primary symptom is marked, continuous, widespread 
coagulation activation in circulating blood and the formation 
of microvascular thrombi (1). It has been reported that the 
underlying diseases that most commonly cause DIC include 
sepsis, aortic aneurysm, solid cancer, clotting disorders, acute 
promyelocytic leukemia and fibrinolysis (2). Sepsis‑induced 
DIC models have been investigated by many studies (3‑5).

Sepsis is characterized by physiologic, pathologic and 
biochemical abnormalities and has been identified as a 
life‑threatening organ dysfunction  (6). Sepsis arises when 
the body's response to infection injures its own tissues and 
organs and severe sepsis may cause serious complications (7), 
including acute kidney injury (8). Renal inflammation is one 
of the main pathological changes observed in acute kidney 
injury (9). Lipopolysaccharide (LPS), an important inflamma-
tory factor, is the product of Gram‑negative bacteria and has 
been used to establish renal inflammation models for the inves-
tigation of inflammation‑associated renal diseases (10‑12).

At present, 13 mammalian aquaporins (AQPs) have 
been identified, comprising two subgroups: Water‑selective 
channels called orthodox AQPs and aquaglyceroporins that 
may be permeated by water, glycerol and other small mole-
cules (13). Of the known AQPs, eight (AQP‑1, ‑2, ‑3, ‑4, ‑6, ‑7, 
‑8 and ‑11) are expressed in mammalian kidneys (13). However, 
the expression and functions of AQPs in LPS‑induced HK‑2 
cells remain to be elucidated. In the present study, it was 
demonstrated that, of the eight AQPs expressed, AQP‑1 had 
the lowest expression in LPS‑induced HK‑2 cells. It has been 
reported that AQP‑1 overexpression in hepatocytes improves 
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LPS‑induced cholestasis (14). Furthermore, a previous study 
demonstrated that AQP‑1 overexpression inhibits the aristolo-
chic acid I‑induced epithelial‑mesenchymal transition of HK‑2 
cells, suggesting that AQP‑1 may be a target for aristolochic 
acid nephropathy clinical therapy (15). AQP‑1 overexpression 
significantly reversed LPS‑induced damage in HK‑2 cells and 
reduced the levels of tumor necrosis factor (TNF)‑α, inter-
leukin (IL)‑8, IL‑1β and monocyte chemoattractant protein 
(MCP)‑1. The results of the present study also revealed that 
LPS‑induced p38 and extracellular signal‑regulated kinase 
(ERK)1/2 pathways were blocked in AQP‑1‑overexpressing 
cells and were aggravated in AQP‑1‑knockdown cells. 
However, AQP‑1 did not affect the c‑Jun N‑terminal kinase 
(JNK) pathway. These results suggest that AQP‑1 is able to 
reverse the LPS‑induced decrease in cell viability, increase in 
apoptosis and inflammation in HK‑2 cells, possibly via the p38 
and ERK1/2 pathways.

Materials and methods

Cell culture and transfection. Renal tubular epithelial HK‑2 
cells (a proximal tubular cell line derived from normal kidney; 
CRL‑2190), were purchased from the ATCC (Manassas, 
VA, USA) and incubated at 37˚C for 2 days in a humidified 
atmosphere containing 5% CO2 with DMEM‑F12 medium 
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
containing 10% fetal bovine serum (FBS; Gibco; Thermo 
Fisher Scientific, Inc.) and 1% penicillin‑streptomycin.

Cell transfection. HK‑2 cells were transfected with 100 nM 
pcDNA3.1, pcDNA‑AQP‑1, small interfering‑negative control 
RNA (si‑NC) or si‑AQP‑1 for 48  h (Guangzhou RiboBio 
Co., Ltd., Guangzhou, China) using Lipofectamine® 3000 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's protocols. Following transfection, cells were 
stimulated with 8 µg/ml LPS (Sigma‑Aldrich; Merck KGaA, 
Darmstadt, Germany) and harvested. Total RNA and protein 
prepared from HK‑2 cells were used to check the levels of 
mRNA or proteins.

RNA extraction and reverse transcription‑quantitative poly‑
merase chain reaction (RT‑qPCR). Total RNA was extracted 
from HK‑2 cells using TRIzol reagent (Axygen; Corning 
Incorporated, Corning, NY, USA) according to the manufac-
turer's protocols. Purifed RNA (0.5 µg/µl) was mixed with 
nuclease‑free water for the cDNA synthesis using a Script 
cDNA Synthesis kit (Bio‑Rad Laboratories, Inc., Hercules, 
CA, USA) at 37˚C for 15 min and 85˚C for 5 sec. RT‑qPCR 
was performed using a Bio‑Rad CFX96 real‑time PCR System 
(Bio‑Rad Laboratories, Inc.). The qPCR reaction volume was 
50 µl and included 1 µl dNTPs (10 mM), 5 µl cDNA solu-
tion, 1 µl of each primer (50 pM), 1 µl Taq DNA polymerase 
(Invitrogen; Thermo Fisher Scientific, Inc.), 33 µl water, 3 µl 
of MgCl2 (15 mM), and 5 µl of PCR buffer (10X). The ampli-
fication was performed according to the following condition: 
Denaturation was performed at 94˚C for 1 min, annealing at 
59˚C for 1 min and elongation at 72˚C for 1 min for 32 cycles, 
followed by 72˚C for 10 min. The expression of AQP‑1, AQP‑2, 
AQP‑3, AQP‑4, AQP‑6, AQP‑7, AQP‑8, AQP‑11, TNF‑α, IL‑8, 
IL‑1β and MCP‑1 was detected by using the SYBR‑Green PCR 

kit (Takara Bio, Inc., Otsu, Japan). Primers are listed in Table I 
and GAPDH was used as an internal reference. Results were 
normalized using the 2‑ΔΔCq method (16) and each experiment 
was performed in triplicate.

Cell viability. A Cell Counting Kit‑8 (CCK‑8; Dojindo 
Molecular Technologies, Inc., Kumamoto, Japan) assay was 
performed to assess cell viability. Normal or transfected 
HK‑2 cells were seeded in 96‑well plates at a density of 
2x104 cells/well for 24 h. Following LPS treatment, CCK‑8 
reagents were separately added to well. The cell viability rates 
were assessed by measuring the optical density at 450 nm 
using a microplate reader (Thermo Fisher Scientific, Inc.).

Annexin V‑fluorescein isothiocyanate (FITC)/propidium 
iodide (PI) analysis. Flow cytometry was performed to quan-
tify apoptotic cells using an Annexin V‑FITC/PI Apoptosis 
Detection kit (BioVision, Inc., Milpitas, CA, USA). HK‑2 
cells were harvested and washed in ice‑cold PBS twice and 
double‑stained with Annexin V‑FITC and PI at room tempera-
ture for 30 min in the dark. All samples were quantitatively 
analyzed using a FACSCalibur flow cytometer at 488 nm 
emission and 570 nm excitation (BD Biosciences, San Jose, 
CA, USA) and analyzed by CellQuest software (version 3.0; 
BD Biosciences).

Apoptosis detection. According to a previous study  (17), 
apoptosis was determined using a Cell Death Detection 
ELISAPLUS kit (cat. no.  11774425001; Roche Diagnostics, 
Basel, Switzerland) that measures cytoplasmic DNA‑histone 
complexes generated during apoptotic DNA fragmentation. 
Cell apoptosis detection was performed according to the 
manufacturer's protocol and monitored at 405 nm.

Caspase‑3 activity assay. A caspase‑3 fluorescent assay kit 
(Nanjing KeyGen Biotech. Co., Ltd., Nanjing, China) was used 
to detect caspase activity according to previous study (14). 
Briefly, cells were lysed using the lysis buffer provided by the 
kit and centrifuged at 10,000 x g for 1 min at 4˚C. Supernatants 
were collected, equal amounts (30 µg) of protein were reacted 
with the synthetic fluorescent substrates, which were provided 
by the kit, at 37˚C for 90 min and fluorescence was measured 
at 405 nm using a microplate reader.

Western blot analysis. Following treatment, HK‑2 cells were 
washed twice in cold PBS and lysed in radioimmunoprecipita-
tion assay lysis buffer (EMD Millipore, Billerica, MA, USA) 
with protease inhibitor cocktail (Roche Diagnostics) to extract 
proteins. The protein concentration was quantified using a 
BCA Protein Assay kit (Beyotime Institute of Biotechnology, 
Haimen, China) and samples (50 µg/lane) were separated by 
10% SDS‑PAGE. Blots were transferred to polyvinylidene 
fluoride membranes (EMD Millipore) bloc which were 
subsequently blocked in 5% skimmed milk diluted with TBST 
at room temperature for 2 h and incubated overnight at 4˚C 
with the following primary antibodies: Anti‑AQP‑1 antibody 
(ab15080; 1:1,000; Abcam, Cambridge, MA, USA), phosphory-
lated (p)‑p38 (#4511), total (t)‑p38 (#8690), p‑ERK1/2 (#8544), 
t‑ERK1/2 (#4695), p‑JNK (#9251), t‑JNK (#9252), anti‑B‑cell 
lymphoma (Bcl)‑2 antibody (#3498) and anti‑v‑2‑associated 
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protein X (Bax) antibody (#2772; all 1:1,000; all Cell Signaling 
Technology, Inc., Danvers, MA, USA). Membranes were 
subsequently incubated with a goat anti‑mouse IgG conjugated 
to horseradish peroxidase (#7076; 1:1,000; Cell Signaling 
Technology, Inc.) for 2 h at room temperature. Proteins were 
visualized using enhanced chemiluminescence‑plus reagents 
(GE Healthcare Life Sciences, Little Chalfont, UK). The 
density of the bands was measured using the Image J software 
(version 1.45s; National Institutes of Health, Bethesda, MA, 
USA) and values were normalized to the densitometric values 
of α‑tubulin (T5168; 1:1,000; Sigma‑Aldrich; Merck KGaA), 
GAPDH (#5174) or β‑actin (#3700; both 1:1,000; both Cell 
Signaling Technology, Inc.).

Measurement of TNF‑α, IL‑8, IL‑1β and MCP‑1 levels. The 
supernatants of HK‑2 cells were collected after treatment and 
the concentrations of TNF‑α, IL‑8, IL‑1β and MCP‑1 were 
measured using a sandwich ELISA kit (R&D Systems, Inc., 
Minneapolis, MN, USA) according to the manufacturer's 
instruction and as previously described (9). Briefly, the primary 
antibody (provided in kit) was coated onto ELISA plates and 
incubated for 2 h at room temperature. Samples and standards 
were added to the wells and incubated for 1 h, following which 

wells were washed and a biotinylated antibody (provided in 
kit) was added for 1 h at room temperature. The plates were 
washed again and streptavidin conjugated to horseradish 
peroxidase was added for 10 min at room temperature. Plates 
were washed and tetramethylbenzidine was added for color 
development about 30 min at room temperature and the reac-
tion was terminated with 1 mol/l H2SO4. Absorbance was 
measured at 490 nm by using an automated ELISA reader 
(Thermo Fisher Scientific, Inc.). Concentrations in the samples 
were calculated using a standard curve and values were 
expressed as pg/ml.

Statistical analysis. All statistical analyses were performed 
using GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, 
CA, USA). Data are presented as the mean ± standard error of 
the mean. Data were statistically analyzed using a two‑tailed 
Student's t‑test or one‑way analysis of variance. P<0.05 was 
considered to indicate a statistically significant difference.

Results

LPS‑induced injury in HK‑2 cells. HK‑2 cells were stimulated 
with 0, 1, 2, 4, 8 and 16 µg/ml LPS for 8 h and the results 

Table I. Primers used for reverse transcription‑quantitative polymerase chain reaction.

Gene	 Direction	 Primer sequence (5'‑3')

AQP‑1	 Forward	 CTGGGCATCGAGATCATCGG
	 Reverse	 ATCCCACAGCCAGTGTAGTCA
AQP‑2	 Forward	 GCTCCGCTCCATAGCCTTC
	 Reverse	 GGGTGCCAATACCCAAGCC
AQP‑3	 Forward	 GGGGAGATGCTCCACATCC
	 Reverse	 AAAGGCCAGGTTGATGGTGAG
AQP‑4	 Forward	 AGCAGTCACAGCGGAATTTCT
	 Reverse	 TCTGTTCCACCCCAGTTGATG
AQP‑6	 Forward	 GTCTTCGCTTCCACCGACAG
	 Reverse	 GCGGGCTGGATTCATGGAG
AQP‑7	 Forward	 ACCCGTGGCTCCAAAATGG
	 Reverse	 GGAACCAAGGCCGAATACCA
AQP‑8	 Forward	 GCGAGTGTCCTGGTACGAAC
	 Reverse	 CAGGCACCCGATGAAGATGAA
AQP‑11	 Forward	 TGACCCAGTATCACGTCAGC
	 Reverse	 TGACCGCTTTGAGCAAGTCG
Tumor necrosis factor‑α	 Forward	 CACCACTTCGAAACCTGGGA
	 Reverse	 TGTAGGCCCCAGTGAGTTCT
IL‑8	 Forward	 ACCACCGGAAGGAACCATCT
	 Reverse	 AGCACTCCTTGGCAAAACTG
IL‑1β	 Forward	 AACCTCTTCGAGGCACAAGG
	 Reverse	 GGCGAGCTCAGGTACTTCTG
Monocyte chemoattractant protein‑1	 Forward	 GATCTCAGTGCAGAGGCTCG
	 Reverse	 TTTGCTTGTCCAGGTGGTCC
GAPDH	 Forward	 CACCCACTCCTCCACCTTTG
	 Reverse	 CCACCACCCTGTTGCTGTAG

AQP, aquaporin; IL, interleukin.
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indicated that cell viability was significantly decreased with 
2  µg/ml LPS (Fig.  1A). HK‑2 cells were stimulated with 
8 µg/ml LPS for 0, 1.5, 3, 6, 12 and 24 h and cell viability 
was significantly decreased following 6 h treatment (Fig. 1B). 
These results suggest that LPS is able to damage HK‑2 
cells in a concentration‑ and time‑dependent manner and 
8 µg/ml LPS treatment for 12 h was selected for following 

experiments. Flow cytometry and ELISA assays revealed 
that LPS dramatically induced apoptosis inHK‑2 cells 
(Fig. 1C and D). Furthermore, Bax expression was increased 
and Bcl‑2 expression was decreased following LPS treatment 
(Fig. 1E). A caspase‑3 assay was performed and the results 
revealed that LPS treatment significantly increase caspase‑3 
activity (Fig. 1F).

Figure 1. LPS‑induced damage in HK‑2 cells. HK‑2 cells were treated with (A) 0, 1, 2, 4, 8 and 16 µg/ml of LPS for 8 h or (B) 8 µg/ml LPS for 0, 1.5, 3, 6, 12 
and 24 h. HK‑2 cells were treated with 8 µg/ml LPS for 12 h and cell apoptosis was measured by (C) flow cytometric analysis and (D) nucleosomal degradation, 
respectively. (E) The expression of Bcl‑2 and Bax were determined by western blotting. (F) The activity of caspase‑3 was determined using a caspase‑3 activity 
detection assay. *P<0.05, **P<0.01 and ***P<0.001 vs. Con. LPS, lipopolysaccharide; Bcl‑2, B‑cell lymphoma 2; Bax, Bcl‑2‑associated protein X; Con, control; 
FITC, fluorescein isothiocyanate; OD, optical density.
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AQP‑1 expression in LPS‑induced HK‑2 cells. AQP‑1, ‑2, 
‑3, ‑4, ‑6, ‑7, ‑8 and ‑11 are expressed in the mammalian 
kidney (13). However, the expression and function of these 
genes in LPS‑stimulated HK‑2 cells remain to be eluci-
dated. The results of the present study revealed that AQP‑1 
mRNA expression levels were the lowest of the AQP genes in 
LPS‑induced HK‑2 cells (Fig. 2). AQP‑1 was therefore selected 
for the following experiments.

The effects of AQP‑1 in LPS‑stimulated apoptosis in HK‑2 
cells. Following transfection with pcDNA‑AQP‑1 or si‑AQP‑1, 
the expression of AQP‑1 was significantly increased or 
decreased in HK‑2 cells, respectively (Fig. 3A). The results 
revealed that AQP‑1 overexpression significantly increased the 
viability of LPS‑induced HK‑2 cells (Fig. 3B). Furthermore, 
AQP‑1 overexpression signif﻿icantly reversed the LPS‑induced 
increase in apoptosis (Fig. 3C). Furthermore, AQP‑1 over-
expression significantly downregulated Bax expression and 
upregulated Bcl2 expression (Fig. 3D), as well as inhibiting 
caspase‑3 activity in LPS‑induced HK‑2 cells (Fig.  3E). 
However, AQP‑1 knockdown aggravated the pro‑apoptotic 
effect of LPS on HK‑2 cells (Fig. 3A‑E). These results indicate 
that AQP‑1 overexpression is able to effectively protect HK‑2 
cells from LPS‑induced apoptosis.

Effect of AQP‑1 on LPS‑induced inflammatory cytokine 
and chemokine expression in HK‑2 cells. The expression 
levels of TNF‑α, IL‑8, IL‑1β and MCP‑1 mRNA and protein 
were significantly upregulated in LPS‑induced HK‑2 cells 
(Figs. 4 and 5). LPS‑induced increases in TNF‑α, IL‑8, IL‑1β 
and MCP‑1 mRNA and protein were significantly aggra-
vated in si‑AQP‑1‑transfected HK‑2 cells (Fig. 4). However, 
the effects of LPS on TNF‑α, IL‑8, IL‑1β and MCP‑1 were 
significantly reduced in pcDNA‑AQP‑1‑transfected HK‑2 cells 
(Fig. 5).

Effects of AQP‑1 on LPS‑induced renal MAPK p38, ERK1/2 
and JNK signaling pathways. The effects of AQP‑1 on 
LPS‑stimulated MAPK p38, ERK1/2 and JNK phosphoryla-
tion in HK‑2 cells were assessed. The results revealed that 

AQP‑1 knockdown increased the LPS‑induced upregulation of 
p‑p38 and p‑ERK1/2 (Fig. 6A). By contrast, the expression of 
p‑p38 and p‑ERK1/2 was significantly reduced in HK‑2 cells 
followed by transfection with pcDNA‑AQP‑1 (Fig. 6B). The 
expression of t‑p38 and t‑ERK1/2 protein was not affected. 
No significant differences in p‑JNK or t‑JNK were observed 
between groups (Fig.  6A and  B). These results suggest 
that AQP‑1 may protect HK‑2 cells against LPS‑induced 
inflammation and apoptosis via inhibiting the p38 and ERK1/2 
signaling pathways.

Discussion

The aim of the present study was to determine the functional 
roles of AQP‑1 in LPS‑stimulated HK‑2 cells, an in vitro septic 
acute kidney injury model of DIC, and to elucidate the mecha-
nism of AQP‑1 in this model. The results revealed that LPS 
treatment decreased HK‑2 cell viability as well as increasing 
apoptosis and the expression of proinflammatory cytokines 
and chemokines. AQP‑1 upregulation served a protective role 
by reversing LPS‑induced damage in HK‑2 cells. Furthermore, 
AQP‑1 was able to modulate the p38 and ERK1/2 signaling 
pathways.

It has been reported that LPS treatment induces apoptosis 
and caspase‑3 cleavage in tubular epithelial cells (18). In accor-
dance with previous reports, the results of the present study 
demonstrated that LPS treatment dramatically reduced the 
viability of HK‑2 cells and induced cell apoptosis (8). Previous 
studies have reported that the expression of AQP‑1 and AQP‑5 
was significantly reduced in rats with LPS‑induced acute lung 
injury (19‑22). Furthermore, Jin et al (23) demonstrated that 
the expression of AQP5 was downregulated in a rat model 
of LPS‑induced lung DIC (23). The expression of AQP‑2 has 
been reported to be decreased in rats with LPS‑induced acute 
kidney injury (24). However, the expression and role of AQPs in 
LPS‑induced acute kidney injury remain to be elucidated. In the 
present study, the expression levels of AQPs in LPS‑stimulated 
HK‑2 cells were assessed in vitro and the results revealed that 
AQP‑1 levels were the lowest of the eight AQPs expressed in 
HK‑2 cells. The effects of LPS on cell viability and apoptosis 
were partially reversed by AQP‑1 overexpression, suggesting 
that AQP‑1 protects against LPS‑induced injury in HK‑2 
cells. It was also demonstrated AQP‑1 knockdown aggravated 
the LPS‑induced decrease in the Bax/Bcl‑2 ratio and acti-
vated caspase‑3, whereas overexpression of AQP‑1 inhibited 
LPS‑induced apoptosis by increasing the Bax/Bcl‑2 ratio and 
increasing caspase 3 activity.

It has been reported that LPS stimulation increases the 
expression of proinflammatory cytokines and chemokines, 
including TNF‑α, IL‑1β and IL‑6 in human HK‑2 cells, 
resulting in endotoxemia and sepsis (25). The results of the 
present study support these findings. AQP‑1 overexpression 
partially the effects of LPS, whereas AQP‑1 knockdown 
aggravated them. The results of the present study suggest that 
AQP‑1 may serve an anti‑inflammatory role in LPS‑stimulated 
septic acute kidney injury.

NF‑κB is a well‑known transcription factor that regulates 
the expression of multiple inflammation‑associated proteins 
in response to various infections (26). ERK, p38 and c‑JNK 
are members of the MAPK family and are able to activate 

Figure 2. AQP‑1 expression was decreased in LPS‑induced HK‑2 cells. HK‑2 
cells were treated with 8 µg/ml LPS for 12 h and the expression of AQP‑1, 
‑2, ‑3, ‑4, ‑6, ‑7, ‑8 and ‑11 were detected using RT‑qPCR. **P<0.01 and 
***P<0.001 vs. Control. AQP, aquaporin; LPS, lipopolysaccharide.
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NF‑κB (27). ERK1/2 activation may further activate and trans-
locate NF‑κB to the nucleus (28). Furthermore, LPS‑induced 
NF‑κB activation may be associated with the phosphoryla-
tion of MAPKs. In the present study it was demonstrated 
that AQP‑1 overexpression was able to significantly reduce 
the phosphorylation of p38 and ERK1/2, whereas AQP‑1 
enhanced the phosphorylation of p38 and ERK1/2. However, 
the phosphorylation of JNK was not affected by AQP‑1. These 

results suggest that AQP‑1 exerts a cytoprotective role in 
LPS‑induced HK‑2 cells via the p38 and ERK1/2 signaling 
pathways.

In conclusion, the results of the present study suggest 
that AQP‑1 overexpression is able to partially reverse the 
LPS‑induced decrease in cell viability and increase in apop-
tosis, as well as reducing inflammation in HK‑2 cells. AQP‑1 
may have anti‑apoptotic and anti‑inflammatory functional 

Figure 3. Effects of AQP‑1 expression on LPS‑induced apoptosis in HK‑2 cells. Cells were transfected with pcDNA‑AQP‑1 or si‑AQP‑1 and treated with 8 µg/ml 
LPS for 12 h. (A) The expression of AQP‑1 was determined using western blotting. (B) Cell viability was assessed using a Cell Counting Kit‑8 assay. (C) Cell 
apoptosis was measured using an ELISA kit. (D) The expression of Bcl‑2 and Bax was determined using western blotting. (E) The activity of caspase‑3 was 
determined using a caspase‑3 activity detection assay. ##P<0.01 and ###P<0.001 vs. si‑NC; **P<0.01 vs. pcDNA3.1. AQP, aquaporin; LPS, lipopolysaccharide; si, 
small interfering RNA; Con, control; NC, negative control; Bcl‑2, B‑cell lymphoma 2; Bax, Bcl‑2‑associated X protein; OD, optical density.
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Figure 4. Effects of AQP‑1 knockdown on LPS‑induced inflammatory cytokine and chemokine expression in HK‑2 cells. Following transfection with si‑AQP‑1, 
HK‑2 cells were treated with 8 µg/ml LPS for 12 h. The expression levels of TNF‑α, IL‑8, IL‑1β and MCP‑1 protein and mRNA were determined by (A) reverse 
transcription‑quantitative polymerase chain reaction and (B) ELISA, respectively. The Con group was treated with vehicle alone. **P<0.01 and ***P<0.001 
vs. Con. ##P<0.01 vs. LPS+si‑NC. AQP, aquaporin; LPS, lipopolysaccharide; si, small interfering RNA; TNF, tumor necrosis factor; IL, interleukin; MCP, 
monocyte chemoattractant protein; Con, control; NC, negative control.
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Figure 5. Effects of AQP‑1 overexpression on LPS‑induced inflammatory cytokines and chemokines in HK‑2 cells. Following transfection with pcDNA‑AQP‑1, 
HK‑2 cells were treated with 8 µg/ml LPS for 12 h. The expression levels of TNF‑α, IL‑8, IL‑1β and MCP‑1 protein and mRNA were determined by (A) reverse 
transcription‑quantitative polymerase chain reaction and (B) ELISA, respectively. The Con group was treated with vehicle alone. ***P<0.001 vs. Con. #P<0.05 
and ##P<0.01 vs. LPS+pcDNA3.1. AQP, aquaporin; LPS, lipopolysaccharide; TNF, tumor necrosis factor; IL, interleukin; MCP, monocyte chemoattractant 
protein; Con, control; NC, negative control; si, small interfering RNA.
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roles in HK‑2 cells and these effects may be achieved via 
the p38 and ERK1/2 signaling pathways. These results may 
provide a basis for the used of AQP‑1 as a treatment for septic 
acute kidney injury in DIC.
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extracellular signal‑regulated kinase; JNK, c‑JUN N‑terminal kinase; si, small interfering RNA; p, phosphorylated; t, total; NC, negative control.
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