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expression in the injured kidney. Exogenous supplemen-
tation of apelin normalized the level of plasmatic apelin 
and renal APJ. In conclusion, our study provides the first 
evidence that apelin is able to ameliorate renal interstitial 
fibrosis by suppression of tubular EMT through a Smad-
dependent mechanism. The apelinergic system itself may 
promote some compensatory response in the renal fibrotic 
process. These results suggest that apelin has potential 
renoprotective effects and may be an effective agent for 
retarding CKD progression.

Keywords  Apelin · Chronic kidney disease · Fibrosis · 
Tubule cells

Introduction

It is generally recognized that the prevalence of chronic kid-
ney disease (CKD) is increasing worldwide (Coresh et  al. 
2007). Renal interstitial fibrosis is the common pathway for 
most forms of CKD, which progressively develops to end-
stage renal disease (ESRD) irrespective of the underlying 
etiological factors (Wynn 2008). Accumulating evidence 
suggests that epithelial–mesenchymal transition (EMT) of 
tubular epithelial cells contributes significantly to the onset 
and pathogenesis of renal interstitial fibrosis (Liu 2004; 
Compagnone et  al. 2012). During the process of EMT, 
tubular epithelial cells lose their epithelial markers and gain 
mesenchymal features, resulting in kidney tubule destruc-
tion, myofibroblast accumulation, and overproduction of 
interstitial matrix components (Lan 2003). Consequently, 
there is destruction of the integrity and function of nephrons. 
Of the many factors that trigger EMT, transforming growth 
factor-β1 (TGF-β1) is the major factor that mediates this 
process via numerous intracellular signal transduction 
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pathways (Liu 2004). Despite the fact that EMT plays an 
important role in renal fibrosis, some studies have suggested 
that this pathological transition may be reversible (Yang and 
Liu 2002; Zeisberg et al. 2003). Therefore, it is important to 
study which interventions can potentially reverse or inhibit 
EMT in kidneys and retard CKD progression.

Apelin is the endogenous peptide ligand for the previously 
orphaned G protein-coupled APJ receptor (Cui et  al. 2010). 
Both apelin and APJ are distributed in a wide variety of tis-
sues including the central nervous system, heart, lungs, and 
kidneys (Kawamata et al. 2001; Medhurst et al. 2003). Intense 
research of the apelinergic system has revealed its involvement 
in the regulation of cardiovascular function, hemodynamic 
homeostasis, immune responses, brain signaling, human 
immunodeficiency virus infection, and insulin secretion (Cay-
abyab et al. 2000; Berry et al. 2004; Sorhede et al. 2005). Fur-
thermore, there is growing evidence that apelin plays a role in 
tissue fibrosis. Administration of apelin can attenuate cardiac 
hypertrophy and fibrogenesis induced by pressure overload. 
These antifibrotic effects of apelin are mediated through the 
inhibition of TGF-β-induced phenotypic switching of cardiac 
fibroblasts to myofibroblasts (Pchejetski et  al. 2012). Con-
versely, in chronic liver disease, the hepatic apelin system 
has been identified as an important mediator in the initiation 
and maintenance of inflammatory and fibrogenic processes 
(Melgar-Lesmes et al. 2010). As a novel regulator, apelin has 
complex effects on renal hemodynamics and tubular functions 
(Hus-Citharel et al. 2008), but its role has not been elucidated 
in renal fibrosis. Previous studies have shown altered levels of 
apelin either in the plasma or kidneys of CKD patients, and 
upregulation of the apelinergic system may exert some antifi-
brotic renal protection (El-Shehaby et al. 2010; Nishida et al. 
2012). However, it is unknown whether the beneficial effects 
of apelin are related to inhibition of tubular EMT.

In the present study, we examined the antifibrotic effects 
of apelin in TGF-β1-induced EMT of human proximal 
tubular epithelial cells in vitro and a mouse model of tubu-
lointerstitial fibrosis induced by unilateral ureteral obstruc-
tion (UUO) in vivo. Moreover, we elucidated whether the 
effects of apelin are mediated by interference of TGF-
β1/Smad pathways that have been demonstrated to be 
important signaling pathways in tubular EMT and renal 
interstitial fibrosis.

Materials and methods

Cell culture and treatments

HK-2 cells were obtained from the American Type Culture 
Collection (Manassas, VA). The cells were cultured in Dul-
becco’s modified Eagle medium (Sigma-Aldrich, St. Louis, 
MO) supplemented with 5  % fetal bovine serum (Gibco, 

Grand Island, NY) as described previously (Sun et  al. 
2009). After serum starvation overnight, HK-2 cells were 
incubated with various concentrations of apelin-13 (10−8, 
10−7 and 10−6  mol/L; Bachem, Merseyside, UK) in the 
absence or presence of TGF-β1 (2  ng/ml; R&D Systems, 
Minneapolis, MN) for 48 h unless indicated otherwise. The 
cells were then collected for various analyses.

Animal models

Seven-week-old male C57Bl/6j mice (weighing approxi-
mately 20–22 g) were obtained from the Institute of Labora-
tory Animal Science, Chinese Academy of Medical Sciences 
(Beijing, China). Animals were randomly assigned to four 
groups (n  =  5): (1) sham  +  vehicle, (2) UUO  +  vehicle, 
(3) UUO + apelin-13, and (4) sham + apelin-13. UUO was 
carried out using an established protocol (Jones et al. 2009). 
Briefly, the mice were anaesthetized with sodium pentobar-
bital (50 mg/kg body weight) and the left ureter was double 
ligated. Sham-operated mice had their ureters exposed, but 
not ligated. Starting the day of surgery, the mice received 
apelin-13 (dissolved in PBS) at a dosage of 0.1  μmol/kg 
body weight or the vehicle alone by intraperitoneal injection 
every 24 h. After 2 weeks, the mice were killed and their kid-
ney tissues were removed for various analyses. The animal 
protocol conformed to the Guide for the Care and Use of 
Laboratory Animals published by the US National Institutes 
of Health and was approved by the Animal Experimentation 
Ethics Committee of Capital Medical University.

Immunofluorescence staining

Indirect immunofluorescence staining was carried out as 
described previously (Li et al. 2003). Briefly, cells cultured 
on coverslips were fixed with 4  % paraformaldehyde and 
incubated with specific primary antibodies against α-SMA 
(ab5694; Abcam, Cambridge, MA) or E-cadherin (sc-
28644; Santa Cruz Biotechnology, Santa Cruz, CA). Fro-
zen sections of kidney tissues were cut at 5 µm, fixed with 
cold acetone, and then incubated with primary antibodies 
against α-SMA, E-cadherin (3195, Cell Signaling Technol-
ogy, Beverly, MA), or laminin (ab30320; Abcam). Then, 
the cells and cryosections were stained with secondary anti-
bodies labeled with Alexa Fluor 488 or 555. Some samples 
were double stained with 4′,6-diamidino-2-phenylindole–
HCl to visualize nuclei. Images of the cells and cryosec-
tions were obtained by confocal laser scanning microscopy 
(TCS SP5; Leica, Mannheim, Germany).

Semiquantitative assessment of renal fibrosis

To evaluate the extent of fibrosis, 3 µm sections of paraf-
fin-embedded kidney tissues were subjected to Masson’s 
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trichrome staining (MTS) by routine procedures (He et al. 
2009). Stained sections were examined under an Eclipse 
E600 epifluorescence microscope equipped with a digi-
tal camera (Nikon, Melville, NY). The severity of renal 
fibrotic lesions was defined as the percentage of MTS-
positive areas and analyzed by the Image Acquisition and 
Analysis Software LabWorks (Ultra-Violet Products, Cam-
bridge, UK). For each sample, we analyzed five randomly 
selected non-overlapping fields.

Immunohistochemistry

Paraffin Sections (5 µm thickness) of kidney tissues were 
incubated with primary antibodies against fibronectin 
(ab2413; Abcam), collagen I (ab34710; Abcam), or APJ 
(ABD43; Millipore, Billerica, MA) overnight at 4  °C. 
Staining was performed using an ABC ELITE kit (Vector 
Laboratories, Burlingame, CA) including biotinylated sec-
ondary antibodies according to the manufacturer’s instruc-
tions. Sections that were stained with secondary antibodies 
alone were confirmed to be negative. Image acquisition was 
performed using the analysis system described above.

Quantitative real‑time PCR

Total RNA was isolated with Trizol reagent (Invitrogen, 
Ontario, Canada) and methyl trichloride according to the 
manufacturer’s instructions. RNA concentration and qual-
ity were checked by spectrophotometry. First-strand cDNA 
was synthesized from 2  µg RNA by reverse transcription 
using AMV-RT (Promega, Madison, WI) and random prim-
ers at 42  °C for 30  min. Quantitative RT-PCR was per-
formed on an ABI PRISM 7000 sequence detection system 
(Applied Biosystems, Foster City, CA). The 25  µl reac-
tion mixture included 12.5 µl 2× SYBR Green PCR Mas-
ter Mix (Applied Biosystems), 5  µl diluted cDNA (1:10), 
and 0.5 µM sense and antisense primers. The primers were 
designed using Primer Express software v.2.0 (Applied 
Biosystems) and their sequences are provided in Supple-
mentary Table  1. Amplification was carried out under the 
following conditions: initial denaturation for 10  min at 
95 °C, denaturation for 10 s at 95 °C, annealing for 30 s at 
an optimal temperature for each cDNA, and extension for 
30 s at 72 °C. The mRNA levels of target genes were cal-
culated after normalization to glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) mRNA.

Western blot analysis

Preparation of whole cell lysates and kidney tissue 
homogenates, and the immunoblotting assay were per-
formed according to previously described procedures (Yang 
and Liu 2002). The primary antibodies were obtained from 

the following sources: anti-α-SMA (ab5694), anti-TβRI 
(ab31013), and anti-TGF-β1 (ab53169; Abcam); anti-
E-cadherin (3195), anti-p-Smad2 (Ser465/467)/Smad3 
(Ser423/425) (8828), anti-Smad2/3 (8685), anti-p-Smad-2 
(Ser465/467) (3108), and anti-Smad-2 (5339) (Cell Signal-
ing Technology); anti-Smad-7 (sc-11392; Santa Cruz Bio-
technology); anti-APJ (ABD43; Millipore).

Enzyme‑linked immunosorbent assay (ELISA)

The plasma levels of apelin in mice were evaluated by 
ELISA. Venous blood samples were collected in EDTA-/
acetic acid-containing tubes and centrifuged at 5,000  rpm 
for 15 min at 4 °C. The plasma was collected and frozen at 
−70 °C until analysis. Apelin assays were performed using 
an apelin-36 microplate ELISA kit (Phoenix Pharmaceuti-
cals, Karlsruhe, Germany) according to the manufacturer’s 
instructions. The antibody used in this apelin assay cross-
reacts with mouse apelin-36, the precursor of all biologi-
cally active forms of apelin.

Statistical analyses

All data are expressed as the mean  ±  standard deviation 
(SD). Statistical analyses were performed using SPSS ver-
sion 13.0 software. Comparisons between groups were 
made using one-way analysis of variance followed by the 
Student–Newman–Keuls test. P  <  0.05 was considered to 
be statistically significant.

Results

Apelin inhibits TGF‑β1‑mediated tubular EMT in vitro

First, to obtain direct evidence that apelin is able to tar-
get tubular EMT, we used an in vitro cell culture system 
in which human proximal tubule epithelial cells (HK-2) 
were induced to undergo EMT by TGF-β1 (Yang and Liu 
2002). After treatment with TGF-β1, immunofluorescence 
staining showed that HK-2 cells began to lose the epithe-
lial adhesion receptor E-cadherin and gained the mesen-
chymal marker α-smooth muscle actin (α-SMA). How-
ever, simultaneous treatment with apelin-13 abolished 
TGF-β1-induced α-SMA expression and assembly, and 
restored E-cadherin expression (Fig.  1a). Similarly, West-
ern blot analyses revealed that the decreased expression of 
E-cadherin and increased expression of α-SMA after TGF-
β1 exposure were significantly reversed by apelin-13 in a 
dose-dependent manner (Fig. 1b–d). However, when HK-2 
cells were exposed to the APJ antagonist F13A, the inhibi-
tory effects of apelin on EMT were almost completely 
counteracted (Fig. S1 a–c).
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Fig. 1   Apelin blocks TGF-β1-mediated epithelial to mesenchymal 
transition (EMT) in vitro. Human proximal tubular epithelial cells 
(HK-2) were treated with 2 ng/ml TGF-β1 in the presence or absence 
of various concentrations of apelin-13 as indicated for 48 h. a Immu-
nofluorescence staining showed that apelin-13 (10−6  mol/L) abol-
ished TGF-β1-induced α-SMA assembly and preserved E-cadherin 
integrity. b Western blotting showed that treatment with apelin-13 
(10−8, 10−7 and 10−6  mol/L) reversed the increased expression of 

α-SMA and decreased expression of E-cadherin induced by TGF-
β1 in a dose-dependent manner. Cell lysates were immunoblotted 
with antibodies against E-cadherin, α-SMA, or β-actin. c, d Densi-
tometric analysis of E-cadherin and α-SMA protein levels. Results 
are presented as percentages of control values after normalization to 
β-actin and are the means ±  SD of three independent experiments. 
*P < 0.05, compared with control groups. #P < 0.05, compared with 
TGF-β1-stimulated groups; n = 5 in each group
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Apelin inhibits TGF‑β1‑mediated EMT by a 
Smad‑dependent mechanism

To better understand the molecular mechanism of the inhib-
itory effects of apelin in EMT, we investigated the possible 
involvement of key TGF-β1/Smad pathways. The results 
demonstrated that there was no significant change between 
each group in terms of Smad2/3 expression, but the level 
of phosphorylated Smad2/3 was markedly increased after 
treatment with TGF-β1. Conversely, 10−7 and 10−6 M ape-
lin-13 significantly attenuated TGF-β1-induced upregula-
tion of phosphorylated Smad2/3 (Fig.  2a, b). Moreover, 
the expression of Smad7, a negative regulator of TGF-
β1/Smad signaling, was reduced after TGF-β1 stimulation, 
whereas administration of apelin-13 increased its expres-
sion (Fig. 2c, d).

Apelin attenuates TGF‑β1‑induced upregulation of APJ 
expression in vitro

To further explore whether the apelinergic system has a 
compensatory response during EMT, we measured mRNA 
expression of apelin and APJ in HK-2 cells after exposure 
to TGF-β1. As a result, we observed strong upregulation 
of APJ. The amount of APJ transcripts was around six-
fold higher in TGF-β1-treated cells than that in controls 
(Fig. 3a). Apelin showed a similar trend of mRNA expres-
sion, but the difference did not reach statistical significance 
(Fig. 3b). Remarkably, co-treatment with apelin-13 blunted 
the increase of APJ mRNA expression in a dose-dependent 
manner, resulting in APJ transcripts declining to near nor-
mal levels (Fig. 3a).

Apelin ameliorates renal interstitial fibrosis in the UUO 
model

Because apelin was able to block the fibrogenic action in 
vitro, we tested its therapeutic efficacy to mitigate renal 
fibrosis after injury in vivo. To this end, apelin-13 was 

administrated daily to UUO mice. Figure  4a shows the 
representative micrographs of kidney sections subjected 
to MTS of various groups. At 14 days after UUO, tubular 
atrophy and increased interstitial fibrosis were seen in the 
ligated kidney treated with the vehicle alone, whereas the 
fibrotic lesion was significantly attenuated in the ligated 
kidney treated with apelin-13. In sham-operated kidneys 
treated with the vehicle or apelin-13, the tubulointerstitium 
was normal (Fig.  4a, b). However, the injection of F13A 
suppressed the antifibrotic effects of apelin. The fibrotic 

Fig. 2   Apelin inhibits the TGF-β1-mediated increase of phospho-
rylated Smad2/3 and decrease of Smad7 in vitro. Human proximal 
tubular epithelial cells (HK-2) were treated with 2 ng/ml TGF-β1 in 
the presence or absence of apelin-13 (10−8, 10−7 and 10−6  mol/L) 
for 48 h. a Western blotting showed that apelin-13 inhibited TGF-β1-
induced Smad2/3 phosphorylation. Cell lysates were immunoblotted 
with antibodies against phosphorylated Smad2/3 (p-Smad2/3), total 
Smad2/3, or β-actin. c Apelin-13 reversed the decreased expression 
of Smad7 induced by TGF-β1. Cell lysates were immunoblotted with 
antibodies against Smad7 or β-actin. b, d Densitometric analysis of 
p-Smad2/3 and Smad7 protein levels. Results are presented as per-
centages of control values after normalization to β-actin and are the 
means ± SD of three independent experiments. *P < 0.05, compared 
with control groups. #P  <  0.05, compared with TGF-β1-stimulated 
groups; n = 5 in each group

▸
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lesion of ligated kidney in UUO mice treated with ape-
lin-13 plus F13A was as serious as in UUO mice treated 
with vehicle (Fig. S1 d, e).

We further examined the expression of major intersti-
tial matrix components by RT-PCR. As shown in Fig. 4c, 
markedly increased levels of collagen I, collagen III, and 
fibronectin mRNAs were found in the ligated kidney com-
pared with those in the sham control. Similarly, apelin-13 
treatment significantly decreased the transcripts of these 
interstitial matrix genes. Immunohistochemical staining for 
fibronectin and collagen I produced results consistent with 
those of RT-PCR analyses (Fig. 4d, e).

Apelin inhibits the expression of EMT markers in the UUO 
model

We next examined the expression of E-cadherin, an epithe-
lial marker, and the molecular hallmark of myofibroblasts, 
α-SMA. As shown in Fig.  5, ureteral obstruction induced 
suppression of E-cadherin and dramatic upregulation of 
α-SMA, a shift that is in agreement with tubular EMT. It 
is interesting that administration of apelin-13 preserved 
E-cadherin expression and inhibited induction of α-SMA 
expression in the obstructed kidney as demonstrated by 
immunofluorescence staining and Western blot analysis 
(Fig.  5b–e). Laminin is a key component of the tubular 
basement membrane, and a decrease in its expression was 
noted in tubules of the ligated kidney, whereas apelin-13 
treatment maintained laminin expression (Fig. 5a).

Apelin interferes with the TGF‑β1/Smad pathway in the 
UUO model

As shown in the in vitro experiments, apelin inhibited 
EMT by disrupting the TGF-β1/Smad pathway. There-
fore, we determined whether apelin influenced the expres-
sion of TGF-β1 and its type I receptor (TβR-I) as well as 
downstream Smad signaling molecules in the UUO model. 
Western blotting indicated a four- and fivefold increase 
of TGF-β1 and TβR-I in the obstructed kidney compared 
with that in the sham control, respectively. However, ape-
lin-13 treatment significantly inhibited the upregulation of 
TGF-β1 and TβR-I, which was caused by ureteral obstruc-
tion (Fig. 6a, b). Furthermore, we observed that the level of 
phosphorylated Smad2 was increased in the UUO kidney, 
whereas apelin-13 markedly attenuated this increase after 
14 days of treatment (Fig. 6c, d).

The apelinergic system promotes a compensatory response 
in the UUO model

Considering that the expression of APJ was upregulated 
in HK-2 cells during EMT, we examined compensatory 

responses for the apelinergic system in the renal fibrotic 
process in vivo. Interestingly, at 14  days after surgery, a 
significant decrease of apelin was observed in the plasma 
of UUO mice compared with that in sham controls 
(0.28 ± 0.10 vs. 0.69 ± 0.13 ng/ml, P < 0.05). Exogenous 
supplementation of apelin-13 normalized the plasma level 
of apelin in UUO mice (0.49  ±  0.07  ng/ml, P  <  0.05). 
However, in sham mice, no significant changes were 
observed after treatment with apelin-13 (0.71 ±  0.11  ng/
ml, P = 0.79).

In the ligated kidney, mRNA expression was signifi-
cantly upregulated for APJ, but not apelin. However, ape-
lin-13 administration markedly blunted this upregulation 

Fig. 3   Apelin suppresses TGF-β1-mediated upregulation of APJ, 
but does not affect apelin expression in tubular epithelial cells. 
Human proximal tubular epithelial cells (HK-2) were treated with 
2 ng/ml TGF-β1 in the presence or absence of apelin-13 (10−8, 10−7 
and 10−6 mol/L) for 48 h. Total RNA was isolated and analyzed by 
quantitative RT-PCR to assess mRNA expression of APJ (a) and ape-
lin (b). GAPDH mRNA expression was used as an internal control. 
Results are presented as percentages of control values and are the 
means ± SD of three independent experiments. *P < 0.05, compared 
with control groups. #P  <  0.05, compared with TGF-β1-stimulated 
groups; n = 5 in each group
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Fig. 4   Apelin attenuates renal interstitial fibrosis and decreases 
fibronectin and collagen deposition after ureteral obstruction. a Rep-
resentative micrographs showing that apelin-13 ameliorated renal 
fibrotic lesions after obstructive injury. Kidney sections from various 
groups at 14  days after UUO were subjected to MTS. The dose of 
apelin-13 used was 0.1 μmol/kg body weight. Scale bar, 40 μm. b 
Quantitative determination of renal fibrotic lesions in various groups. 
Renal fibrotic lesions (defined as the percentage of the MTS-posi-
tive fibrotic area) were quantified by computer-aided morphomet-

ric analyses. c Quantitative RT-PCR analyses showed that apelin-13 
inhibited renal expression of fibronectin, collagen I, and collagen III 
in the ligated kidney at 14 days after UUO. Results are presented as 
percentages of control values and are the means ±  SD of five ani-
mals per group (n = 5). *P < 0.05, compared with the UUO− ape-
lin− group. #P  <  0.05, compared with the UUO+ apelin− group. 
d, e Immunohistochemical staining showed that apelin-13 reduced 
fibronectin and collagen I deposition in the obstructed kidney. Scale 
bar 40 μm
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Fig. 5   Apelin maintains laminin in the tubular basement membrane, 
preserves epithelial E-cadherin, and inhibits α-SMA expression in 
the obstructed kidney. a–c Kidney sections from various groups at 
14  days after UUO were stained with anti-laminin, anti-E-cadherin, 
or anti-α-SMA antibodies to outline the tubular basement membrane 
laminin, and to show the expression of the key epithelial protein 
E-cadherin and typical mesenchymal marker α-SMA. Representative 
micrographs are shown. Scale bar 20 μm. d Western blotting showed 
that apelin-13 reduced α-SMA expression and promoted E-cadherin 

expression in the ligated kidney. The dose of apelin-13 used was 
0.1 μmol/kg body weight. Kidney homogenates were immunoblotted 
with antibodies against E-cadherin, α-SMA, or β-actin. e Densitomet-
ric analysis of E-cadherin and α-SMA protein levels. Results are pre-
sented as percentages of control values after normalization to β-actin 
and are the means ± SD of five animals per group (n = 5). *P < 0.05, 
compared with the UUO− apelin− group. #P < 0.05, compared with 
the UUO+ apelin− group
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(Fig. 7a, b). Immunoblotting of the APJ protein content in 
kidney homogenates showed the same trend (Fig.  7c, d). 
We also performed immunohistochemical staining of APJ 
to identify the localization of the apelinergic system in 
fibrotic kidneys. As shown in Fig.  7e, immunostaining of 
APJ was only slightly positive in the sham-operated kidney. 
However, in the ligated kidney, extensive immunostain-
ing of APJ was found in the tubulointerstitium, which was 
more intense in severely fibrotic areas. However, treatment 
with apelin-13 attenuated the upregulated expression of 
APJ induced by ureteral obstruction.

Discussion

Progressive interstitial fibrosis is the predominant patho-
logical feature of nearly all forms of CKD (Strutz 2009). 
Because current therapies only have limited efficacy, there 
is a need to identify new agents that target key molecular 
pathways involved in the pathogenesis of renal fibrosis to 
halt progression. Because apelin is a recently described 
endogenous peptide involved in the pathophysiologi-
cal processes of heart and liver fibrosis, it is conceivable 
that apelin may also play some roles in renal fibrosis. In 
the present study, we demonstrated that apelin inhibited 
TGF-β1-induced EMT in proximal tubule epithelial cells, 
an important event in the pathogenesis of renal interstitial 
fibrosis. This effect was mediated by interference of the 
TGF-β1/Smad pathway, an important regulatory signal-
ing pathway in tubular EMT and renal fibrotic processes. 
Furthermore, after UUO, a model with predominant tubu-
lointerstitial lesions, APJ expression in the injured kidney 
underwent compensatory upregulation. Supplementation of 
apelin suppressed the expression of interstitial matrix com-
ponents and ameliorated renal fibrogenesis. These results 
suggest that the novel peptide apelin may have potential 
therapeutic value for treatment of fibrotic kidney disease 
and retardation of CKD progression.

Both promotion and suppression of renal fibrosis are 
considered the consequences of dynamic processes that 
depend on fibroblast survival and the balance between 
extracellular matrix production and degradation. Increas-
ing evidence indicates that tubular epithelial cells, the 
major constituents of renal parenchyma, are not bystanders 
but play a decisive role in the development of renal fibro-
sis (Liu 2006). Upon stimulation by profibrotic cues such 
as TGF-β1, tubular epithelial cells undergo EMT, a phe-
notypic conversion process that leads to the generation of 
matrix-producing interstitial fibroblasts and myofibroblasts. 
Therefore, inhibition of tubular EMT is an important target 
for treatment of renal fibrosis. The success of an agent to 
inhibit EMT is defined as the suppression of mesenchymal 
markers and preservation of important epithelial proteins, 

Fig. 6   Apelin inhibits the expression of both TGF-β1 and its type I 
receptor (TβR-I), and reduces the phosphorylated Smad2 level in 
the obstructed kidney. Western blotting and densitometric analysis 
demonstrated the protein levels of TGF-β1, TβR-I (a, b), and phos-
phorylated Smad2 (c, d) in the obstructed kidney of various groups 
at 14 days after UUO. The dose of apelin-13 used was 0.1 μmol/kg 
body weight. Kidney homogenates were immunoblotted with anti-
bodies against TGF-β1, TβR-I, phosphorylated Smad2, total Smad2, 
or β-actin. Results are presented as percentages of control values after 
normalization to β-actin and are the means ± SD of five animals per 
group (n = 5). *P < 0.05, compared with the UUO− apelin− group. 
#P < 0.05, compared with the UUO+ apelin− group
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which maintain the normal morphology and functions of 
epithelial cells (Das et al. 2009; Kaneyama et al. 2010). In 
this context, the ability of apelin to attenuate the expres-
sion of α-SMA and restore the expression of E-cadherin in 
HK-2 cells, as shown in our study, underscores that ape-
lin is effective for protection against tubular EMT. The 
inhibitory role of apelin in renal fibrosis was corroborated 
further by in vivo experiments. We used the UUO mouse 
model to induce tubulointerstitial lesions and fibrogenesis. 
Apelin prevented the transformation of epithelial cells and 
overproduction of interstitial matrix components in the 
renal parenchyma. Blocking experiments using an APJ 

antagonist F13A further demonstrated that apelin exerts 
renoprotective effects through its G protein-coupled APJ 
receptor.

However, the underlying mechanisms of apelin in the 
attenuation of the fibrotic process are unknown. As a regula-
tory peptide, apelin is derived from a precursor of 77 amino 
acids, which is processed to several isoforms, including ape-
lin-36, apelin-17, and apelin-13, by modification of the amino 
terminus (Lu et al. 2012). In many in vitro and in vivo stud-
ies, apelin-13 is the most commonly used form because it 
has more pronounced biological effects. In terms of the rela-
tionship between apelin and fibrosis, there may be different 
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P

J

UUO- Apelin- UUO+ Apelin-

UUO+ Apelin+ UUO- Apelin+

Fig. 7   Renal expression of APJ, but not apelin, is upregulated after 
ureteral obstruction. a, b Quantitative RT-PCR analysis demonstrated 
that the expression of APJ, but not apelin, was significantly increased 
in the ligated kidney at 14 days after UUO, and apelin-13 administra-
tion blunted this increase. GAPDH mRNA expression was used as an 
internal control. The dose of apelin-13 used was 0.1 μmol/kg body 
weight. c, d Western blotting and densitometric analysis of APJ pro-
tein levels in various groups. Kidney homogenates were immunoblot-

ted with antibodies against APJ or β-actin. Results are presented as 
percentages of control values and are the means ±  SD of five ani-
mals per group (n = 5). *P < 0.05, compared with the UUO− ape-
lin− group. #P < 0.05, compared with the UUO+ apelin− group. e 
Representative micrographs of immunohistochemical staining show-
ing the expression and localization of APJ in the ligated kidney. Scale 
bar 20 μm
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roles in various tissues. Apelin has been demonstrated to 
inhibit sphingosine kinase-1, an enzyme that induces colla-
gen production in cardiac fibroblasts, and thus blocks ongo-
ing fibrotic progression in the heart induced by pressure 
overload (Pchejetski et  al. 2012). Similarly, another study 
has shown that apelin protects against cardiac fibrosis and 
vascular remodeling through synergistic inhibition of Ang II 
signaling and increased production of nitric oxide (Siddiquee 
et al. 2011). However, unlike the protective effects it plays in 
cardiovascular system, apelin behaves as an inducer in liver 
fibrosis as shown by selective hepatic activation of the ape-
linergic system in rats with cirrhosis, together with a decrease 
in fibrosis and neoangiogenesis resulting from administration 
of apelin receptor blockade (Principe et al. 2008). The induc-
tive effects of apelin are mediated through promotion of col-
lagen matrix synthesis in hepatic stellate cells and triggering 
of proinflammatory and neoangiogenic signaling pathways 
(Melgar-Lesmes et al. 2010). These findings indicate that the 
effects and mechanisms of apelin in the regulation of fibrotic 
processes are very complex and still controversial.

Previous studies have only described the regulatory func-
tion of apelin in normal kidneys. The apelinergic system is 
distributed all along the nephron. It acts on pre- and post-
glomerular microvasculature to regulate renal hemody-
namics, and on the collecting duct to play an aquaretic role 
(Hus-Citharel et al. 2008). However, there are few reports 
describing how the apelinergic system responds and which 
roles it might play in kidney disease. It has been reported 
that pharmacological blockade of the Ang II/AT-1 system 
exerts some alleviative effects on renal fibrosis, which may 
be indirectly mediated by upregulation of the apelinergic 
system and activation of the Akt/eNOS pathway (Nishida 
et al. 2012). In the present study, we have demonstrated for 
the first time that treatment with apelin directly blocks the 
TGF-β1/Smad pathway in tubular EMT and renal fibro-
sis. TGF-β1 generally exerts signaling effects by activat-
ing its heteromeric receptors of two transmembrane serine/
threonine kinases, type I and type II receptors (TβRI and 
TβRII) (Derynck and Zhang 2003). Activated TβRI triggers 
phosphorylation of the receptor-regulated Smad2/3. Phos-
phorylated Smad2/3 bind to Smad4, and then the activated 
complex translocates to the nucleus where it interacts with 
other transcriptional coactivators to regulate the expres-
sion of numerous genes for EMT induction (Ten and Hill 
2004). The inhibitory Smad7 acts in a negative feedback 
loop to inhibit TGF-β1 activity by preventing phosphoryla-
tion and nuclear accumulation of Smad2/3 (Itoh and Ten 
2007). In our study, we observed that apelin inhibited the 
TGF-β1-induced increase of phosphorylated Smad2/3 and 
decrease of Smad7 in vitro, and attenuated the upregula-
tion of TβRI and its downstream Smad signaling in vivo. 
Although there are multiple signaling proteins in addition 
to Smads, which are implicated in the induction of EMT, 

the finding that apelin is able to target this key signaling 
pathway highlights a fundamental role of apelin in control-
ling tubular EMT, thereby vindicating its roles in renopro-
tection. Undoubtedly, elucidating the relative contribution 
of other pathways and their crosstalk with apelin for overall 
renal protection is necessary, but it remains a challenging 
issue that merits further investigation.

One striking observation in our study was the dramatic 
upregulation of APJ in TGF-β1-stimulated HK-2 cells and 
fibrotic kidneys, which was attenuated by exogenous sup-
plementation of apelin. Conversely, we observed a decrease 
in the plasma level of apelin in UUO mice. We speculate 
that the increased expression of APJ in the injured kid-
ney may represent a compensatory response to overcome 
the downregulation of plasmatic apelin and progression of 
renal fibrosis. Previous studies have revealed similar com-
pensatory mechanisms of apelin/APJ in the cardiovascular 
system. It has been shown that the left ventricular mRNA 
level of apelin is upregulated in patients with heart fail-
ure caused by coronary heart disease or idiopathic dilated 
cardiomyopathy (Foldes et  al. 2003). However, the levels 
of apelin/APJ in the cardiovascular system are not identi-
cal in various types and stages of cardiac pathologies (Fal-
cao-Pires et  al. 2009). There are also some findings that 
appear to be contradictory with our results. For example, 
APJ expression in kidneys is decreased in the diabetic or 
renal hypertension model (Najafipour et al. 2012; Day et al. 
2013). We speculate that this discrepancy may be caused by 
the difference in the underlying renal pathophysiology. In 
CKD patients, there is a significant reduction in the plasma 
level of apelin, which may be attributed to the vascular 
endothelial dysfunction caused by uremic toxins (Codog-
notto et al. 2007). This observation can partly explain the 
cause of the decreased plasma level of apelin in UUO mice. 
Collectively, our results prompt a broader hypothesis of the 
antifibrotic renal protection of apelin. However, in various 
types and stages of CKD, which responses and roles the 
apelinergic system performs still warrant further studies.

In conclusion, we have demonstrated that apelin is able 
to protect against tubular EMT and renal fibrosis. The 
antifibrotic effects of apelin are mediated through antago-
nism of the TGF-β1/Smad pathway, resulting in decreased 
matrix collagen production and improved tubulointerstitial 
lesions. These data suggest that apelin behaves as a poten-
tial suppressor of renal profibrotic activity. Therefore, sup-
plementation with exogenous apelin may be a promising 
strategy for slowing or halting the progression of CKD.
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