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Abstract
Background Lipopolysaccharide (LPS)-induced acute kidney injury (AKI) is associated with an abnormal immune response. 
Accumulating evidence has demonstrated that aquaporin 1 (AQP1) prevents kidney tissue injury in LPS-induced AKI by 
mediating immune response. However, the underlying mechanisms remain obscure. Macrophages as immune cells with 
multiple phenotypes are important mediators in tissue homeostasis and host defense. We propose that macrophage polariza-
tion is implicated in AQP1-mediated immune response.
Methods Herein we established sepsis-induced AKI model rats through intraperitoneal injection of LPS into Wistar rats 
to reveal immune mechanism of damage. We also used LPS-induced mouse RAW264.7 cells to elucidate the molecular 
mechanism of macropage polarization.
Results Histopathology showed that renal tubular epithelial cells in the model group were swollen, inflammatory exudation 
was obvious and the inflammatory factors, interleukin-6 (IL-6) and tumor necrosis factor α (TNF-α) were increased. Western 
blotting showed PI3K was upregulated in the model group. Serum creatinine and urea nitrogen increased after LPS injec-
tion. Renal AQP1 mRNA is downregulated and serum AQP1 protein increased first and then decreased in LPS-induced AKI 
rats. M2 macrophage markers (Arg-1, CD206) were increased in repair stage. In addition, treatment of murine macrophages 
(RAW264.7) with AQP1 siRNA resulted in decreased PI3K activation and M2 polarization, but increased IL-6 and TNF-α. 
Moreover, inhibiting PI3K with wortmannin imitated the results of AQP1 silencing.
Conclusions Macrophage M2 polarization is likely the cellular mechanism underlying the anti-AKI property of AQP1, and 
PI3K activation is involved in the AQP1-induced M2 phenotype switch.
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Introduction

Sepsis is a complex clinical condition characterized by an 
abnormal whole-body inflammatory response induced by a 
harmful response to infection [1]. It plays a critical role in 
the onset of acute injury of multiple organs, with the kidney 
being one of the most frequently involved [2]. Acute kidney 
injury (AKI) is the first reason for septic patients’ death. 

To date, the main clinical therapies for LPS-induced AKI, 
such as supportive care, fluid resuscitation and hemodialy-
sis, emphasize the role of renal hemodynamic, metabolic 
and systemic changes. These treatments improve clinical 
symptoms, however, the mortality rate due to AKI remains 
unacceptably high at 30% [3]. There must be another patho-
logical mechanism in the process of AKI except for hemo-
dynamic change. An increasing number of studies have 
indicated that renal inflammation is one of the main patho-
logical changes observed in AKI [4]. Therefore, controlling 
abnormal immune responses in the kidney may prevent AKI 
and improve the clinical prognosis of sepsis.

Overwhelming evidence suggests that aquaporins are 
not only involved in the molecular transport, but are also 
associated with several pathological conditions, including 
malignancies, glaucoma and inflammatory diseases [5–7]. 
Many studies have found that downregulation of aquaporin 
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expression is a major pathological mechanism of inflam-
matory organ injury, through weakening the inhibition of 
overactivated inflammation [8, 9]. At present, 13 mamma-
lian aquaporins have been identified, of which AQP1 is the 
principal subtype that plays a major role in the regulation of 
inflammation [10]. Moreover, AQP1 is highly expressed in 
proximal tubular epithelial cells [10]. It has been reported 
that AQP1 overexpression in hepatocytes improves LPS-
induced cholestasis [11]. Furthermore, a previous study has 
demonstrated that AQP1 overexpression inhibited the aris-
tolochic acid I-induced epithelial–mesenchymal transition 
of HK-2 cells, suggesting that AQP1 may be a target for 
aristolochic acid nephropathy clinical therapy [12]. Another 
study that supports the protective effect of AQP1 on AKI 
found that AQP1 inhibits M2 polarization under normal con-
ditions and promotes M2 polarization after LPS stimulation 
[13] to regulate the inflammatory response. Our previous 
studies have also found that AQP1 expression was elevated 
in the early stage of AKI [14]. Furthermore, overexpression 
of the AQP1 gene reduced the release of inflammation fac-
tors and alleviated cell apoptosis in LPS-induced HK-2 cells 
[15]. Whether AQP1 alleviates inflammation by promoting 
M2 polarization remains largely unknown. The protective 
effect of AQP1 on LPS-induced RAW264.7 cells remains 
to be elucidated.

Organ hypoperfusion caused by hemodynamic distur-
bance has long been considered as a major pathological 
mechanism of acute renal injury caused by sepsis [16]. 
However, with the advances in research on the inflammation 
mechanism of renal injury, it appears that AKI is an inflam-
matory disease [1]. Cell damage and inflammation are the 
two critical pathological mechanisms of AKI. Inflammatory 
cell infiltration and renal tubular epithelial cell swelling as 
well as degeneration and partial necrosis have been observed 
in rat renal tissues exposed to LPS. Typically, inflammatory 
cell infiltration is primarily ascribed to lymphocytes and 
neutrophils. However, other cell types have also been found 
to play an important role in the initiation and progression 
of inflammation, including macrophages [17]. Macrophage 
polarization is a unique form of inflammatory cell activation 
that is dependent on activation of specific intracellular sign-
aling pathways. Damage and repair stimuli can polarize rest-
ing macrophages into proinflammatory M1 and pro-repair 
M2 cells, respectively [18]. Recently, it has been reported 
that macrophage polarization is involved in LPS-induced 
inflammation [19, 20] and that the macrophage polariza-
tion state determines the inflammation outcome, suggesting 
a potential role for macrophage polarization in AKI induced 
by sepsis.

Located in the renal tissue, macrophages constitute a 
protective barrier against pathogen infection. In addition, 
macrophage activation is a crucial and initial stage in the 
development of AKI caused by sepsis [21, 22]. The different 

polarization subtypes of macrophages determine the inflam-
mation outcome. However, phenotypic transformation of 
macrophages requires precise regulation of complex signal-
ing pathways. PI3K is considered to be a classical signaling 
pathway for promoting autophagy and regulating inflamma-
tion; extracellular signaling molecules can active PI3K to 
induce the activation of downstream molecules, ultimately 
leading to pathophysiological changes [23]. Recent studies 
have shown that PI3K activation in macrophages promoted 
macrophage M2 polarization, alleviated tissue damage and 
promoted repair. Additionally, a PI3K inhibitor decreased 
peritoneal macrophage M2 polarization induced by IL-4/
IL-13 [13, 24]. Herein we used PI3K inhibitors to confirm 
the effect of PI3K on macrophage M2 polarization in LPS-
induced RAW264.7 cells.

Previous studies have shown that AQP1 can alleviate 
LPS-induced cell injury [15], however, the cellular and 
molecular mechanisms remain unknown, which prevents 
the application of targeted therapy for AKI. We therefore 
conducted the present study to explore the potential role of 
AQP1 in macrophage polarization in a rat model of AKI. We 
also investigated the molecular and signaling mechanisms 
underlying the AQP1 effect.

Materials and methods

Animals and establishment of AKI model

Nine-week-old male Wistar rats (180–200 g) were purchased 
from the Laboratory Animal Center of Harbin Medical Uni-
versity and were kept under standard animal room condi-
tions of 22 ± 1 °C and of 55 ± 5% humidity. The rats had free 
access to water and food.

The study protocol was approved by the Animal Care 
and Use Committee of Harbin Medical University and the 
experimental procedures were in accordance with the recom-
mendations of the Guide for the Care and Use of Laboratory 
Animals, published by the US National Institutes of Health 
(NIH Publication no. 85–23. Revised 196).

The rats were randomly divided into five groups (three 
animals in each group): normal saline group (NS), 12 h of 
LPS treatment group (12 h), 24 h of LPS treatment group 
(24 h), 48 h of LPS treatment group (48 h) and 72 h of LPS 
treatment group (72 h).

To establish the endotoxemic AKI model, the rats were 
injected intraperitoneally with 10 mg·kg−1 body weight of 
LPS (Sigma–Aldrich, St. Louis, MO, USA; dissolved in 
600 µL of pyrogen-free saline). The control group received 
600 µL of pyrogen-free saline. The rats were euthanized 
with 10% chloral hydrate and killed. Blood was collected 
in heparinized tubes and bilateral kidneys were removed, 
with one kept at – 80 °C [for enzyme-linked immunosorbent 
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assay (ELISA), qPCR and western blot analysis] and the 
other fixed in 4% paraformaldehyde (for histopathology and 
immunofluorescence staining).

Biochemical analysis of renal function

To assess renal function, blood samples were collected and 
centrifuged at 2000 g for 10 min at room temperature and the 
supernatant was placed in sterile tubes for storage at – 80 °C. 
Serum urea nitrogen (BUN) and creatinine were measured 
with an automatic biochemical analyzer  (Vitros® V5600, 
Ortho Clinical Diagnostics, Raritan, NJ, USA). A 1.5-fold 
increase in creatinine compared with the control group rep-
resents a successful establishment of the AKI model.

Kidney tissues histopathology

Kidney tissues were removed from the rats and fixed with 
4% paraformaldehyde, followed by embedding in Optimum 
Cutting Temperature (OCT) compound (SAKURA, San 
Francisco, CA, USA) for evaluation of kidney tubular cell 
damage and inflammatory exudation. Renal sections of 4 μm 
thickness were stained with hematoxylin and eosin (H&E) 
using standard procedures.

RNA extraction and real‑time qPCR

Total RNA from kidney tissues and cells was extracted using 
TRIzol reagent (Invitrogen, Carlsbad, CA, USA), accord-
ing to the manufacturer’s protocol. The concentration and 
purity of extracted RNA were determined with an ultramicro 
spectrophotometer K5600 (KAIAO, Beijing, China). The 
RNA was incubated in a metal bath (HB120-s) at 65 °C for 
5 min, and then a Script cDNA synthesis kit (Bio-Rad, Her-
cules, CA, USA) was used for the reverse transcription of 
the extracted RNA. Changes in target genes’ mRNA levels 
were measured by relative real-time qPCR with a Bio-Rad 
CFX96 real-time qPCR Detection System.

The qPCR reaction volume was 20 µL and included 
cDNA, dNTPs, primers, SYBR Green Supermix (Bio-Rad) 
and nuclease-free water. Amplifications were carried out 
with the following cycling conditions: 40 cycles of dena-
turation at 95 °C for 5 s, annealing at 55 °C for 10 s and 
elongation at 72 °C for 15 s. The expression of AQP1 mRNA 
was normalized to the mRNA level of GAPDH. Results were 
calculated using the  2−ΔΔCt method and each experiment was 
performed in triplicate. The primer sequences used for the 
experiment are as follows: AQP1: 5′-ACC TGC TGG CCA TTG 
ACT AC-3′ and 5′-CCA GGG CAC TCC CAA TGA AT-3′; Actin: 
5′-CGC GAG TAC AAC CTT CTT GC-3′ and 5′-CCA GGG CAC 
TCC CAA TGA AT-3’.

Cell culture, transfections and treatment

Cell culture

The mouse macrophage cell line RAW264.7 was obtained 
from American Type Culture Collection and maintained 
in Dulbecco’s modified eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS; Gibco; Thermo 
Fisher scientific, Inc., Waltham, MA, USA) and 1% penicil-
lin/streptomycin. The cells were cultured at 37 °C with 5% 
 CO2 and 95% air.

Cell transfection

RAW264.7 cells were transiently transfected with 100 nM 
si-AQP1 for 4 h (Invitrogen, Thermo Fisher Scientific, 
Waltham, USA) using Lipofectamine 2000 reagent (Invit-
rogen) according to the manufacturer’s instructions. After 
4 h, the medium was replaced with fresh medium, and after 
24 h, the cells were harvested for detection of transfection 
efficiency using qPCR (Table 1).

Cell treatment

The cell experiments were divided into five groups: con-
trol group, transfection group, LPS treatment group, trans-
fection + LPS treatment group, and wortmannin (PI3K 
inhibitors) pretreated + LPS treatment group. After 24 h of 
transfection, cells were stimulated with 0.1 μg·mL−1 LPS 
(Sigma-Aldrich) for 6 h, followed by 0.05 μg·ml−1 LPS for 
18 h, or pretreated with 100 nM wortmannin for 1 h and 
subsequently treated with LPS (the concentration and time 
as described above) for 24 h. Then, the medium was replaced 
with fresh medium. Pseudopodia formation was observed 
under an inverted microscope every day. Timing started after 
removing the LPS; each group of cells was harvested and the 
supernatant was collected at 4, 24 and 48 h. Harvested cells 
and supernatants were stored at – 80 °C for protein/RNA 
extraction and ELISA analysis.

Table 1  Transfection efficiency of AQP1 

Control NC No1 No2 No3

Actin 21.25 21.76 20.80 20.22 20.46
20.67 20.95 20.97 19.77 21.19
20.98 21.34 21.23 20.36 21.01

AQP1 26.10 27.01 29.69 32.00 28.92
26.61 27.56 30.58 31.14 28.58
26.94 27.86 31.21 31.53 28.39

Average  2−ΔΔCt 1.00 0.69 0.07 0.02 0.27
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Cellular immunofluorescence

Immunofluorescence staining was performed to determine 
the cellular distribution of CD206 and NF-κB in RAW264.7 
cells. Briefly, RAW264.7 cells were seeded in 24-well plates 
containing 1-cm sterile glass coverslips. Cell transfection 
and treatment was performed as described above. After 
treatment, cells were fixed with 3.2% paraformaldehyde 
for 15 min and permeabilized with 0.1% TritonX-100 in 
phosphate-buffered saline (PBS) for 1 h at room tempera-
ture. Non-specific staining was prevented by incubation with 
1% bovine serum albumin. Cells were washed with PBS 
five times and then incubated with anti-CD206 (Abcam, 
London,UK,; 1:500) or anti-NF-κB antibody (Abcam; 
1:250) at 4 °C overnight. After rinsing with PBS three times, 
the cells were incubated with fluorescent dye-conjugated 
secondary antibodies CD206 or NF-κB (Abcam 1:500) in 
the dark for 1 h. The cells were imaged using an Olympus 
fluorescence microscope (Olympus Fluoview1000, Tokyo, 
Japan).

Western blotting

Following treatment, kidney tissue samples and RAW264.7 
cells were lysed in complete RIPA lysis buffer (Sigma-
Aldrich) with protease inhibitor cocktail (Sigma-Aldrich) 
to extract proteins. The protein concentration was quantified 
using a BCA protein Assay kit (Bio-Rad). Equal amounts of 
protein lysates (30 μg) were separated by 10% SDS–poly-
acrylamide gel electrophoresis and transferred to polyvi-
nylidene fluoride membranes (Millipore, MA, USA) with a 
wet transfer apparatus. The membranes were blocked with 
5% skim milk diluted with Tris-buffered saline with Tween 
20 (TBST) at room temperature for 2 h. After blocking, 
membranes were incubated with primary antibodies against 
PI3K (Abcam; 1:1000) overnight at 4 °C. The membranes 
were washed and incubated with an anti-rabbit IgG conju-
gated to horseradish peroxidase for 2 h at 4 °C. The density 
of the bands was determined using a 5200 automatic chemi-
luminescence Image Analysis System (TianNeng, Shang-
hai). Values were normalized to the densitometric values of 
GADPH (Abcam; 1:1000).

Enzyme‑linked immunosorbent assay

Kidney tissues, rat blood, RAW264.7 cells and the super-
natants of RAW264.7 cells were analyzed. The concentra-
tions of IL-6, TNF-α, AQP1, inducible nitric oxide synthase 
(iNOS; M1 marker) and Arog-1 (M2 marker) were measured 
using a sandwich ELISA kit (Shanghai Enzyme Linked Biol-
ogy CO., Ltd. Shanghai, China) according to the manufac-
turer’s instructions. Absorbance was detected at 450 nm by 
an automated ELISA reader (MULTISKAN FC, Thermo, 

MA, USA). Concentrations in the samples were calculated 
using a standard curve and results are expressed in ng/mL.

Statistical analysis

Values are expressed as mean ± SEM. GraphPad Prism 5.0 
software was used to process the data. The significance of 
differences was tested by Student’s t test for two-group com-
parisons or one-way analysis of variance (ANOVA) for com-
parisons among multiple groups. *p < 0.05 was considered 
statistically significant.

Results

Establishment of AKI model by LPS injection

To examine the whole pathological process of kidney tissue 
from injury to repair, we induced AKI in rats by intraperito-
neal injection of LPS. The concentration of LPS and injec-
tion volume were explored in a preliminary experiment (data 
not shown). The AKI model was established successfully by 
intraperitoneal injection of 600 µL of 10 mg·kg−1 LPS. The 
levels of serum creatinine and urea nitrogen were measured 
by an automatic biochemical analyzer. Serum creatinine 
was twofold higher in the model group than in the control 
group, indicating that the model was successfully estab-
lished (Table 2). Pathological sections of the kidney were 
stained with H&E. The kidney histopathological images 
indicated that the renal tubular epithelial cells were swol-
len, the histological structure was disordered and inflam-
matory cell infiltration was significantly increased in the 
model group, and the kidney tissue in the control group was 
not histologically altered (Fig. 1a–e). Furthermore, ELISA 
showed increased release of the inflammatory factors, IL-6, 
TNF-α and iNOS, in kidney tissue and serum at 12 h after 
LPS treatment (Fig. 2a–c).

Table 2  Serum creatinine and urea nitrogen in rats

Data are presented as mean ± SEM
Serum creatinine are expressed as  µmol/L  and urea nitrogen are 
expressed as mmol/L
a p < 0.05 vs. control group
b p < 0.05 vs. LPS 12 h
c p < 0.05 vs. LPS 24 h
d p < 0.05 vs. LPS 48 h

Serum creatinine Urea nitrogen

Control 37.03 ± 4.27 4.71 ± 0.26
LPS 12 h 84.03 ± 6.87a 16.42 ± 2.82a

LPS 24 h 205.9 ± 4.26b 41.44 ± 3.13b

LPS 48 h 66.53 ± 1.42c 17.03 ± 0.50c

LPS 72 h 52.47 ± 1.96 10.88 ± 0.95d
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Macrophages switch from M1 to M2 phenotype 
during tissue damage repair

The tissue damage repair process must be accompanied by 
inflammation. We asked what mechanisms regulate early 
tissue damage and late repair. Many studies suggest that the 
plasticity of macrophage polarization plays a key role in 
the different stages of inflammation [17]. In recent years, 
it was found that M2 macrophages secrete growth factor 
TGF-β and anti-inflammatory factor IL-10 to promote tissue 
repair and regeneration. On the contrary, M1 macrophages 
tend to express the proinflammatory cytokines to aggravate 
inflammation damage in tissues [18]. We hypothesized that 
M1/M2 polarization of macrophages regulates the balance 
between proinflammatory and anti-inflammatory factors, 
which determine the inflammation outcome. To verify this 
hypothesis, we examined the levels of M1/M2 macrophage 
polarization markers by ELISA at 0, 12, 24, 48 and 72 h after 
LPS stimulation. The results of ELISA (Fig. 2a–c) showed 
that the IL-6, TNF-α and iNOS (M1 markers) quickly 
increased in the damage stage and then gradually decline in 
the repair stage. In contrast, the level of Arg-1 in the renal 
tissue and the serum was slightly increased in the early stage, 

but then significantly increased at 48 h, and remained high at 
72 h (Fig. 2d). The results of kidney tissue morphology and 
the levels of serum creatinine and urea nitrogen collectively 
suggest that the kidney began to damage at 12 h, was the 
most serious at 24 h, and then began to repair at 48 h after 
treatment with LPS. Taken together, these results indicated 
that there is a polarization trend from M1 to M2 during the 
process of tissue damage to repair.

Renal AQP1 mRNA is downregulated and serum 
AQP1 protein increased first and then decreased 
in LPS‑induced AKI rats

In our previous study, we showed that AQP1 in the blood 
and urine began to increase in the early stage of LPS-induced 
AKI in rats [14]. To clarify the mechanism of AQP1 upregu-
lation, we performed ELISA to test AQP1 levels (Fig. 3a) in 
the blood and kidney tissues of rats and real-time qPCR to 
measure the expression of AQP1 mRNA in kidney tissues of 
rats (Fig. 3b). A significant decrease in renal AQP1 mRNA 
was observed in the LPS group compared with the control 
group. Interestingly, the ELISA revealed that AQP1 protein 
in the serum and kidney tissue increased at 12 and 24 h, but 

Fig. 1  Injury pathology of the renal tissue of rats with LPS-induced 
AKI. Photomicrographs of H&E stained kidney sections (200×). a 
control group: the structure of renal tubular lumen was well defined, 
cells were arranged neatly, and the basement membrane was intact; 
no inflammatory infiltration was observed in the interstitium. b LPS 
12 h: the renal tubular lumen was slightly dilated, with vascular con-
gestion, and some inflammatory cell infiltration in the perivascular 
tissue. c LPS 24  h: the renal tubular lumen was obviously dilated 

and the renal tubular epithelial cells degenerated, but necrosis was 
not observed; massive inflammatory infiltration was observed in the 
interstitium. d LPS 48 h: compared with the LPS 24 h group, epithe-
lial cell necrosis and exfoliation to lumen were observed and inflam-
matory cell infiltration was further aggravated. e LPS 72 h: compared 
with the LPS 48  h, renal tissue injury and inflammatory exudation 
were increased
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decreased at 48 and 72 h. Namely, the renal AQP1 mRNA 
expression decreased, whereas the protein level increased at 
the early phase of AKI, suggesting that AQP1 protein may 
play a protective role in AKI.

PI3K is involved in LPS‑induced AKI

A growing number of studies have shown that the PI3K sign-
aling pathway not only regulates cell autophagy, but it is also 

involved in the activation and outcome of the inflammatory 
response [23]. As an important inflammatory signaling path-
way, it regulates the balance between proinflammatory and 
anti-inflammatory factors. To explore the role of PI3K in 
LPS-induced AKI in rats, we measured the protein expres-
sion levels of PI3K in rat renal tissue after treatment with 
LPS by western blotting. As depicted in Fig. 4a–d, PI3K was 
significantly upregulated by LPS, indicating that PI3K may 
play a role in LPS-induced AKI.

Fig. 2  Inflammation and 
macrophage polarization in 
LPS-induced Wistar rats at 
different stages. a–d Expression 
profile of IL-6 (M1 marker and 
inflammatory factors), TNF-α 
(M1 marker and inflammatory 
factors), iNOS (M1 marker and 
inflammatory factors) and Arg-1 
(M2 marker) in renal tissue 
and serum assessed by ELISA 
(Wistar rats were intraperito-
neally injected with 10 mg/kg 
LPS; 12, 24, 48, 72 h after the 
injection were the time points 
of observation). The data are 
presented as the mean ± SEM. 
p < 0.05 compared with the 
previous time point
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Silencing AQP1 aggravates inflammation 
in LPS‑induced RAW264.7 cells

In the animal experiments, we established an AKI model 
by intraperitoneal injection of LPS and found that AQP1 
mRNA expression was robustly downregulated in the LPS 
group, however, the AQP1 protein expression in the kidney 

was substantially enhanced by LPS in the early stages. 
Thus, we speculated that AQP1 increased in response to 
damage and may prevent progressive damage. To evaluate 
whether AQP1 is involved in the inhibition of inflamma-
tory activation, si-AQP1 was transfected into RAW264.7 
cells, which were then treated with 0.1 μg·mL−1 LPS. 
Interestingly, our ELISA results revealed that AQP1 
silencing significantly increased the levels of IL-6, TNF-α 
and iNOS (Fig. 5a–c). Moreover, NF-κB nucleus translo-
cation increased by this treatment (Fig. 5d). These results 
suggest that silencing AQP1 aggravated the inflammation 
in RAW264.7 cells, which is consistent with the previous 
animal experimental results.

Silencing AQP1 suppresses M2 polarization 
in LPS‑induced RAW264.7 cells

Our in vivo results showed that the expression level of an 
M2 macrophage marker increased during the AKI from 
damage to repair and that AQP1 protein increased in AKI 
rats. We also found that AQP1 downregulated cytokine 
levels in RAW264.7 cells exposed to LPS. The goal of 
this study was to investigate whether AQP1 protects 
RAW264.7 cells from inflammatory injury by enhancing 
M2 polarization. We treated cells with LPS to establish 
a cell damage model and then compared the changes in 
M2 macrophage markers between the control group and 
si-AQP1 group. The ELISA of Arg-1 indicated that the 
M2 phenotype was suppressed by silencing AQP1 gene 
(Fig. 6b). We also examined the M2 macrophage-specific 
marker, CD206, by immunofluorescence staining. The 
results further showed that AQP1 silencing obviously 
suppressed CD206 migration to the cytoplasm (Fig. 6a). 
These results showed that silencing AQP1 inhibited the 
M2 subtype conversion.

Fig. 3  Effect of LPS on the expression of AQP1 protein in the renal 
tissue of rats and AQP1 mRNA in the serum and renal tissue. a 
AQP1 protein levels in the renal tissue and serum were examined by 
ELISA. The data are presented as the mean ± SEM. b Expression of 

AQP1 mRNA in the renal tissue was determined by qPCR. The data 
are presented relative to the control group. Each group was compared 
with the control group. *p < 0.05, **p < 0.01, ***p < 0.001

Fig. 4  Activation of the PI3K signaling pathway in rat renal tissue 
treated with LPS. a–d Expression of PI3K protein in the renal tis-
sue of LPS-induced Wistar rats was examined by western blotting. a 
After 12 h, b after 24 h, c after 48 h and d after 72 h after LPS treat-
ment. Wistar rats were intraperitoneally injected with 10 mg/kg LPS
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Silencing AQP1 downregulates PI3K expression 
in RAW264.7 cells

The in vivo experiments showed that AQP1 protein was 
upregulated in AKI rats’ renal tissue compared with the con-
trol group. Furthermore, western blot analysis of PI3K dem-
onstrated that its expression levels were remarkably elevated 

after LPS treatment of rats. To elucidate the relationship 
between AQP1 and PI3K, we performed in vitro experi-
ments on RAW264.7 cells. We examined PI3K levels after 
LPS administration by western blotting. The results revealed 
decreased PI3K protein levels following si-AQP1 transfection 
(Fig. 7a–c). These results indicated that silencing the AQP1 
gene suppressed the PI3K activation.

Fig. 5  AQP1 alleviates inflammation in LPS-induced RAW264.7 
cells. a–c Expression levels of IL-6, TNF-α and iNOS in RAW264.7 
cells supernatants as determined by ELISA. *p < 0.05, **p < 0.01, 
***p < 0.001. Error bars represent SEM. d Location of NF-κB 
protein (activated NF-κB located in the nucleus) was detected at 
24  h by immunofluorescence staining (400×).  AQP1−/− group: 

AQP1 gene silencing group with 100  nM si-AQP1 for 4  h; LPS 
group: RAW264.7 cells were treated with 0.1 μg/mL LPS for 24 h; 
PI3K + LPS group: cells pretreated with 100  nM PI3K inhibitor 
(wortmannin) for 1 h and subsequently treated with 0.1 μg/mL LPS 
for 24 h. 4 h, 24 h and 48 h: time after the withdrawal of LPS
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Fig. 6  Effect of AQP1 and PI3K 
on M2 polarization. a Location 
of CD206 protein( activated 
CD206 protein located in the 
cytoplasm) was detected at 
48 h by immunofluorescence 
staining (400×). b Arg-1 levels 
in RAW264.7 cells as deter-
mined by ELISA. *p < 0.05, 
**p < 0.01, ***p < 0.001. Error 
bars represent SEM.  AQP1−/− 
group: AQP1 gene silencing 
group with 100 nM si-AQP1 
for 4 h; LPS group: RAW264.7 
cells treated with 0.1 μg/mL 
LPS for 24 h; PI3K + LPS 
group: cells pretreated with 
100 nM PI3K inhibitor (wort-
mannin) for 1 h and subse-
quently treated with 0.1 μg/
mL LPS for 24 h. 4 h, 24 h and 
48 h: time after the withdrawal 
of LPS

Fig. 7  Expression of PI3K 
protein in RAW264.7 cells was 
determined by western blotting. 
a After 4 h, b after 24 h and 
c after 48 h.  AQP1−/− group: 
AQP1 gene silencing group 
with 100 nM si-AQP1 for 4 h; 
LPS group: RAW264.7 cells 
treated with 0.1 μg/mL LPS for 
24 h; PI3K + LPS group: cells 
pretreated with 100 nM PI3K 
inhibitor (wortmannin) for 1 h 
and subsequently treated with 
0.1 μg/mL LPS for 24 h. 4 h, 
24 h and 48 h: time after the 
withdrawal of LPS
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PI3K inhibition suppressed M2 polarization 
and increased release of inflammatory factors 
in LPS‑induced RAW264.7

It has been reported that polarization of macrophages is 
meticulously regulated by intracellular signaling pathways 
[23]. PI3K is an important intracellular signaling path-
way and its role in macrophage polarization has gradu-
ally attracted the attention of many researchers. To exam-
ine the effect of PI3K on M2 polarization in LPS-induced 
RAW264.7 cells, we treated cells with the PI3K inhibitor, 
wortmannin, and compared the levels of M2 polarization 
markers (CD206 and Arg-1). The formation of cell pseu-
dopodia was observed under an inverted microscope. The 
ELISA results showed that wortmannin markedly reduced 
Arg-1 protein levels and decreased the proportion of elon-
gated pseudopodocytes (Fig. 8a–d). Finally, the immuno-
fluorescence staining of CD206 indicated that wortmannin 
inhibited the translocation of CD206 from the nucleus to the 
cytoplasm. Taken together, these results showed that inhibi-
tion of PI3K decreased M2 polarization.

Next, we examined the expression levels of the inflam-
matory factors, IL-6, TNF-α, NF-κB and of iNOS. Our 
ELISA results revealed that the PI3K inhibitor significantly 
increased the levels of IL-6, TNF-α and iNOS. Immunofluo-
rescence showed that NF-κB activation and translocated to 
nucleus after treatment with PI3K inhibitor. These results 
suggest that PI3K inhibitor aggravated inflammation in LPS-
induced RAW264.7 cells.

Discussion

Several risk factors of AKI have been identified, including 
trauma, severe infection and chronic kidney disease. AKI is 
the most common complication and major cause of death in 
patients with sepsis [25]. LPS is one of the effective com-
ponents of Gram-negative bacteria. It has been reported 
that LPS treatment promotes the development of AKI [26]. 
Consistently, our study showed that LPS promoted AKI in 

Wistar rats, as indicated by the elevation of serum creatinine 
and urea nitrogen, renal tubular epithelial cell swelling and 
inflammatory exudation. The ELISA results also revealed 
that the expression of the inflammatory factors, TNF-α, 
IL-6 and iNOS increased in AKI. These results suggest that 
inflammation is involved in the pathogenesis of AKI induced 
by sepsis. Zhang et al. have also demonstrated increased 
release of inflammation factors during renal ischemia–rep-
erfusion injury [27].

AKI is a complex inflammatory disease, in which mainly 
three cell types are involved, including macrophages in the 
tissue, exuding inflammatory cells and endothelial cells [1]. 
The pathophysiological mechanisms by which LPS pro-
motes organ damage, particularly kidney injury, is manifold 
and complex. Polarization transition of macrophages can 
regulate the balance between anti-inflammatory and pro-
inflammatory factors in the process of inflammation [28]. 
Additionally, macrophage activation is the initial stage of 
inflammation and it plays a key role in cascade amplifica-
tion of inflammation. A previous study has reported that 
M2 macrophage deficiency aggravates LPS-induced tissue 
damage and inflammation, implying the importance of M2 
macrophages in LPS-induced AKI [29]. Another study has 
demonstrated that M2 macrophages promote angiogenesis 
and proliferation of tumor cells [30]. Consistently, our study 
showed increased expression of M1 markers (iNOS, TNF-α, 
IL-6) in the early injury stage and increased expression of 
M2 macrophage markers (Arg-1, CD206) in the late stage 
of tissue repair.

Our previous study has found that AQP1 protein in the 
serum and urine was increased in LPS-induced AKI [14]. 
Hiroko et al. have shown that the expression of AQP1 mRNA 
in the renal tissue decreased in ischemia/reperfusion-induced 
AKI [31]. To explore the role of AQP1 in AKI, renal tissue 
AQP1 mRNA and protein were examined. Consistent with a 
previous study [31], AQP1 mRNA expression was low dur-
ing the whole process, while AQP1 protein was increased in 
the early phase (12 and 24 h) and decreased in the late stage 
(48 and 72 h). A possible explanation is the compensatory 
retention mechanism of the organism, that is, the body pro-
tects itself against organ damage by reducing the excretion of 

Fig. 8  Macrophage (RAW264.7 cells) shape of different polarization 
subtypes. a M0 are regular round in shape and without pseudopods. b 
M1 are irregular in shape and with multiple short pseudopods. c M2 

are regular oval in shape with elongated pseudopods. d M0, M1 and 
M2 coexist (400×)
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AQP1. Previous studies have also shown that AQP1 reduced 
LPS-induced HK-2 cell damage and inflammatory response 
[15]. Another explanation is that AQP1 protein has a long 
half-life, so when transcription and translation decrease, its 
protein level does not immediately decline. Another possi-
bility is that when renal tubular epithelial cells are damaged 
and lysed, AQP1 protein is released into the blood and urine, 
as previous studies have confirmed that AQP1 is highly 
expressed in renal tubular epithelial cells.

In our experiment, we found that AQP1 alleviated inflam-
matory reaction by inducing macrophage M2 polarization in 
LPS-induced AKI rats. Studies have increasingly found that 
AQP1 as a water channel play an important role in migra-
tion of inflammatory cells, pseudopodium formation and 
secretion of inflammatory factors [32], therefore, the role 
of AQP1 in the LPS-induced AKI is multifaceted, because 
LPS-induced AKI is an inflammatory disease and AQP1 par-
ticipates in almost all processes of inflammation. Kishore 
et al. [33] also found that AQP1 plays a key role in cisplatin-
induced polyuria AKI, their results showed that renal AQP1 
was decreased after intraperitoneal injection of cisplatin in 
rats. Decreased AQP1 levels led to impaired water reabsorp-
tion, which further leads to disordered urine concentration 
and increased urine volume. Asvapromtada et al. [34] found 
that there was a positive correlation between the degree of 
renal injury and the degree of AQP1 decrease in I/R AKI 
rats (establishment of ischemia–reperfusion AKI by clamp-
ing bilateral renal pedicle). What role does AQP1 play in I/R 
AKI? According to recent research, AQP1 can transport not 
only water but also  CO2,  O2 and other gases. Early studies 
have found that AQP1 has  CO2 permeability [35]. Echevar-
ría et al. [36] proved that AQP1 could facilitate  O2 diffusion 
across the cell membrane along the concentration gradient, 
when renal tissue is ischemic and anoxic, intracellular oxy-
gen concentration is higher than that of extracellular, AQP1 
can transport  O2 from intracellular to extracellular, therefore, 
it can reduce the production of intracellular reactive oxygen 
species (ROS) and reduce mitochondria injury to protect 
cells and tissue from damage. To summarize, AQP1 plays a 
role in AKI rats caused by various causes, because the dam-
age mechanism of each AKI is different and AQP1 works in 
different ways, so a growing number of studies have found 
that AQP1 is a molecule with complex functions that partici-
pate in pathological process of AKI, thus AQP1 is expected 
to be the target of AKI treatment.

Inflammation involves the exudation of fluids and the 
release of inflammatory factors. AQP1 as a transport pro-
tein is presumed to play an important role in the process of 
inflammation. Hiroko et al. have found that AQP1 protein 
is elevated in rats with AKI [31]. Previous studies have also 
found that AQP5 expression is downregulated in a rat acute 
lung injury model [37]. Our previous study has also dem-
onstrated that AQP1 overexpression reduced the secretion 

of inflammatory factors and cell apoptosis in HK-2 cells 
[15]. Cell damage and inflammation activation are funda-
mental characteristics in the initiation and development of 
AKI. Macrophage polarization as a form of inflammation 
activation has been confirmed in almost all inflammatory 
diseases [22] and the transformation between proinflam-
matory and anti-inflammatory phenotypes determines the 
prognosis of inflammation. Based on this information, we 
explored the role of AQP1 in LPS-induced macrophage M2 
polarization. A previous research found that AQP1 inhibited 
M2 polarization of resting macrophages and promoted M2 
polarization after LPS stimulation [13]. In contrast to previ-
ous experiments, we examined AQP1 protein at different 
stages of inflammation. Our results showed that AQP1 pro-
tein was increased in the early phase (12 and 24 h) and was 
decreased in the late stage of inflammation (48 and 72 h). 
In vitro, we found that silencing AQP1 inhibited the expres-
sion of M2 markers (CD206 and Arg-1) and increased the 
secretion of inflammatory factors (IL-6, TNF-α and iNOS) 
in LPS-induced RAW264.7 cells. Consistently, a previous 
research found that AQP1 inhibited M2 polarization of 
resting macrophages and promoted M2 polarization after 
LPS stimulation [13], indicating that the effect of AQP1 on 
macrophage polarization depends on the macrophage state. 
Thus, we speculated that AQP1-induced M2 polarization 
may be the cellular mechanism by which AQP1 prevents the 
development of AKI.

Unlike inflammatory cell activation, macrophage polari-
zation requires fine regulation of intracellular signaling path-
ways. PI3K has been explored in many autophagy experi-
ments. Recent studies have found that PI3K also plays a 
key role in the initiation and prognosis of inflammation 
[13]. However, there is little research on this aspect. Upon 
activation, PI3K induces the synthesis of anti-inflammatory 
and growth-promoting cytokines (TGF-β and IL-10) [38]. 
In vivo, we found herein that the expression of PI3K was 
upregulated in rat renal tissue induced by LPS as well as the 
expression of AQP1. In vitro, silencing AQP1 with siRNA 
led to a decrease in PI3K and in M2 macrophage markers 
(CD206 and Arg-1), suggesting that AQP1 promotes PI3K 
activation and M2 polarization. To study the relationship 
between PI3K and M2 polarization, we inhibited PI3K in 
LPS-induced RAW264.7 cells with wortmannin. M2 mac-
rophage markers (CD206 and Arg-1) were suppressed, 
whereas IL-6, TNF-α and iNOS were increased, suggesting 
that PI3K is involved in M2 macrophage polarization and 
inflammation reduction.

Previously, we have revealed that AQP1 protein was 
increased in LPS-induced Wistar rats, but AQP1 mRNA 
was decreased, indicating that the elevation of AQP1 is 
a protective effect. Overexpression of AQP1 confirmed 
that AQP1 can indeed reduce the release of inflammatory 
factors and cell apoptosis in LPS-induced HK-2 cells. To 
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explore the molecular and cellular mechanisms by which 
AQP1 alleviates AKI, we carried out this study. In vivo, 
intraperitoneal injection of LPS into Wistar rats increased 
renal PI3K expression, elevated renal and serum inflam-
matory factors (IL-6, iNOS and TNF-α), increased serum 
creatinine and urea nitrogen, aggravated renal tissue dam-
age, decreased AQP1 mRNA and increased AQP1 protein 
in the early stage and decreased AQP1 protein in the late 
stage of AKI. Unlike most experiments, we examined the 
macrophage phenotype at different stages of inflamma-
tion to elucidate the phenotypic transformation of mac-
rophages (from proinflammation M1 to anti-inflammation 
M2). AQP1 mRNA and AQP1 protein were both detected 
until 72 h, therefore, we were able to observe the decrease 
in AQP1 protein in the late stage of inflammation. In vitro, 
AQP1 silencing or PI3K inhibition increased the LPS-
induced inflammatory response by elevating inflammatory 
cytokines’ (IL-6, iNOS, TNF-α and NF-κB) secretion and 
inhibiting M2 polarization. AQP1 silencing also decreased 
PI3K expression. In this study, we found that AQP1 not 
only alleviated inflammation, but it also promoted M2 
polarization of macrophages by activating PI3K. Unex-
pectedly, we also found that AQP1 induces M2 polari-
zation when handling with LPS, however, AQP1 inhibits 
macrophage M2 polarization when macrophages are quies-
cent. Our results confirmed the relationship among AQP1, 
PI3K and macrophage M2 polarization only in  vitro, 
because the organism has a complex regulatory system, as 
the physiological and pathological changes are regulated 
by multiple signaling pathways simultaneously. Herein, we 
only studied one of these pathways. Macrophage polariza-
tion is also influenced by the phase of disease; the M1 phe-
notype is dominant in the early stage of injury and the M2 
phenotype gradually increases in the late stage of repair. 
M2 macrophages play different roles in different diseases, 
for instance, it has been shown that in allergic diseases 
caused by parasites, M2 macrophages promote inflamma-
tion and aggravate injury [39], whereas M2 macrophages 
have been shown to play a role in promoting tumor growth 
[40], therefore, the relationship between AQP1 and M2 
polarization still needs to be confirmed by further in vivo 
experiments.

In conclusion, our results provide evidence that AQP1 
alleviated AKI induced by sepsis primarily by its ability 
to activate PI3K, ultimately resulting in M2 polarization 
of macrophages. Hence, macrophage M2 polarization 
is likely a cellular mechanism underlying the protec-
tive role of AQP1 in AKI with PI3K activation as the 
downstream mediator. Targeting PI3K-dependent mac-
rophage M2 polarization, therefore, may be considered 
a new therapeutic strategy for alleviating AKI caused 
by sepsis.
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