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Apelin impairs myogenic response to induce diabetic
nephropathy in mice
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ABSTRACT: The cause of the invalid reaction of smooth muscle cells to mechanical stimulation that results in a
dysfunctionalmyogenic response thatmediates thedisruptionof renalblood flow (RBF) inpatientswithdiabetes is
debatable. The present study revealed that increased apelin concentration in serumof diabeticmice neutralized the
myogenic response mediated by apelin receptor (APJ) and resulted in increased RBF, which promoted the pro-
gression of diabetic nephropathy. The results showed that apelin concentration, RBF, and albuminuria:creatinine
ratio were all increased in kkAy mice, and increased RBF correlated positively with serum apelin both in C57 and
diabetic mice. The increased RBF was accompanied by decreased phosphorylation of myosin light chain (MLC),
b-arrestin, and increased endothelial NOS in glomeruli. Meanwhile, calcium, phosphorylation of MLC, and
b-arrestinwere decreasedby high glucose and apelin treatment in cultured smoothmuscle cells, aswell. eNOSwas
increased by high glucose and increased by apelin in cultured endothelial cells (ECs). Knockdown of b-arrestin
expression in smooth muscle cells cancelled phosphorylation of MLC induced by apelin. Therefore, apelin may
induce the progression of diabetic nephropathy by counteracting the myogenic response in smooth muscle
cells.—Zhang, J.,Yin, J.,Wang,Y.,Li, B., Zeng,X.Apelin impairsmyogenic response to inducediabeticnephropathy
in mice. FASEB J. 32, 000–000 (2018). www.fasebj.org
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The myogenic response is an important mechanism in
controlling renal blood flow (RBF) (1–3), and its dysfunc-
tion in type 2 diabetes correlates positively with micro-
albuminuria (2, 4, 5). Different GPCRs have been reported
to mediate myogenic tone by working as mechanorecep-
tors (6, 7). APJ, a GPCR expressed in vascular smooth
muscle cells (VSMCs) and endothelial cells (ECs) (8), has
been reported to mediate endothelium-dependent vaso-
dilation (9) and is down-regulated in blood vessels in type
2 diabetes (10). Recently, apelin, an endogenous ligand of
APJ, was reported to inhibit APJ-mediated cardiac hy-
pertrophy in a transverse aortic constriction model (11)
and to contribute microalbuminuria in diabetic nephrop-
athy (DN) in patients with type 2 diabetes and inmice (3).

Therefore, it is hypothesized that increased apelin associ-
ated with obesity in type 2 diabetes aggravates the im-
pairedmyogenic response inducedbyhighglucose,which
results in imbalanced perfusion in kidney and micro-
albuminuria in DN.

As disruption of the endothelium did not impair the
pressure-inducedmyogenic vasoconstriction (2), it is now
assumed that myogenic responsiveness is an inherent
property of VSMCs that can be fine tuned by endothelial
and neuronal or hormonal factors (12, 13), through action
on mechanosensors, such as GPCRs (14). Then, is apelin
involved in the impairment of myogenic tone in DN? It
has been reported that apelin depressed stretch-induced
cardiac hypertrophy by combining with APJ in car-
diomyocytes (11), and it is hypothesized that apelin sup-
presses blood pressure–induced VSMC contraction by
binding with APJ. The underlying signaling pathways of
mechanosensors in VSMCs are reported to be phosphory-
lated myosin light chain (pMLC), phosphorylated my-
osin light chain kinase (pMLCK), Ca2+ contents, and
corresponding factors activated by stimulated receptors
(2, 6, 9). The purpose of the present study was to un-
derstand the actions and signaling pathways of apelin
on VSMCs and ECs, which impair the myogenic tone
and result in uncontrolled RBF in DN.

Theanimalsusedasamodel forDNarekkAymice.The
kkAy mouse model is considered to be similar to human
type 2 diabetes (15). The animals exhibit obesity, glucose
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intolerance, insulin resistance, dyslipidemia, and hyper-
tension. The kkAy mice also develop renal disease char-
acterized by moderate albuminuria with mild glomerular
disease and podocyte loss (15, 16).

MATERIALS AND METHODS

Experimental animals

All animal studieswere conductedaccording toTheAnimalCare
andUseCommitteeofCapitalMedicalUniversity (20100610).All
animals received humane care, and the experimental protocol
was approved by the Committee of Laboratory Animals
according to institutional guidelines.

Eight-week-old male kkAymice and control C57BL/6J (C57)
mice were purchased from Capital Medical University (Beijing,
China). Mice were housed in air-conditioned, specific pathogen-
free animal quarters with lighting from 8 AM to 9 PM and were
given unrestricted access to standard laboratory water through-
out the study. Animals were fed on semipurified moderately
high-fat diet containing 24% kcal fat and 0.2% cholesterol.

The mice were then randomly divided into saline groups
(C57+saline and kkAy+saline groups; both n = 12), which were
intraperitoneally injected with vehicle, using an Alzet micro-
osmotic pump (model 1004;Durect, Cupertino,CA,USA); apelin
treatment groups (C57+apelin and kkAy+apelin groups; both
n = 12), which were intraperitoneally injected with apelin-13
(A6469, 30 mg/kg/d; MilliporeSigma, Billerica, MA, USA) for
4 wk, using the Alzet pump; and an F13A treatment group
(C57+F13A group, n = 12; kkAy+F13A, n = 12), which was in-
traperitoneally injected with F13A, the antagonist of apelin-
13,057-29 (25 mg/kg/d; Phoenix Pharmaceuticals, Strasbourg,
France) for 4 wk, using the Alzet pump. The body weight was
measured in unfedmice at the end of the experiments. The urine
sample was collected for 24 h from each mouse housed in a
metabolic cage (Tecniplast, Buguggiate, Italy). Albumin and
creatinine were detected immediately after the sample was col-
lected. The mice were euthanized after the 8 wk treatments, at
12 wk of age.

Biochemical characterization

Twenty-four-hour urine samples were used for detection of uri-
nary albumin (CSB-E13437m; Cusabio Biotech Co. Wuhan,
China) and creatinine (CSB-E12745m; Cusabio Biotech Co.) with
ELISA kits. All analyses were performed in accordance with the
manufacturer’s instructions. The urinary albumin:creatinine ra-
tio (ACR) = urinary albumin (mg)/urinary creatinine (mg).

Apelin concentrations were measured with a Radioimmu-
noassay Kit (Phoenix Pharmaceuticals), according to the manu-
facturer’s instructions, in serum collected from euthanized mice
and stored in280°C until use.

Perfusion of isolated kidneys

Perfusion of mouse isolated kidneys was performed according a
previously published method (17). In brief, the mice were anes-
thetized with 2,2,2-tribromoethanol (10 ml/g of body weight;
T48402-5G; MilliporeSigma). The aorta and vena cava were ex-
posed by removing the intestine to the left side of the mouse
lateral from the abdomen. The left kidney was dissected from
the connective tissue after the aorta was cannulated with a
needle. For perfusion, the isolated kidney was connected to a
rotary pump that was filled with perfusate, containing 1 mM
CaCl2, 140mMNaCl, 6mMKCl, 1mMMgSO4, 5mMglucose,

10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
(HEPES), 95% O2, and 5% CO2, and controlled by the Panlab
system (ML176-220; ADInstruments, Shanghai, China). The
perfusion pressure was increased step by step with the rotary
pump from30 to 190mmHgat 30mmHgperminute intervals.
The volume of perfusate out of the renal vein was measured
for each perfusion pressure. Kidneys fromC57mice and kkAy
mice were isolated and perfused with apelin, F13A, or apelin
and L-NAME (s0006; Beyotime, Beijing, China). The experi-
ments were repeated 6 times in every group.

Systolic blood pressure measurement

Systolic blood pressure (SBP) and diastolic blood pressure (DBP)
were measured with the tail-cuff system (softtron BP-98A; Sof-
tron, Tokyo, Japan) and the telemetric blood pressure system
(TA-PA11C10; Data Sciences International, Tilburg, The Neth-
erlands) in conscious mice (18). Measurements were taken on 3
different days at 3different settings, averagingat least 6 readings.

Doppler measurement of renal blood velocity

Peak systolic renal artery blood velocity and the diameter of the
artery were measured with the Vevo2100 imaging system (PW
mode; VisualSonics, Toronto, ON, Canada). After a brief stabi-
lization period, pulsed-wave Doppler blood velocity and di-
ameter of the artery were obtained in the renal artery before it
enters the kidney to provide a measure of renal blood velocity
and diameter of the artery. Total RBF was calculated with ve-
locity multiplied by diameter.

Immunohistochemistry

Three tissue sections at 4mm(no. 1, 6, and 12) in each groupwere
used to perform immunostaining for b-arrestin-2 with mouse
anti-b-arrestin-2 antibody (sc-13140; Santa Cruz Biotechnology,
Dallas, TX, USA). The secondary antibody was donkey anti-
mouse-horseradish peroxidase. Color was developed by in-
cubating with diaminobenzidine and counterstaining with
hematoxylin. Images were obtained with a BX63 Upright
Microscope (Olympus, Tokyo, Japan).

Cell culture

VSMCswere isolated by autogrowth of explant culture from the
renal artery ofmice, as previously described (19). In brief, mouse
thoracic aortas were removed and washed with DMEM. The
intima and inner two-thirds of the medium was carefully dis-
sected from the vessels and cut into pieces (1 mm2). The tissue
pieceswere then explanted onto a 0.02%gelatin-coated flask and
cultured in DMEM supplemented with 20% fetal bovine serum
(FBS), 100 U/ml penicillin, and 100 g/ml streptomycin. The cells
were allowed to autogrow for 2wk, passaged, andmaintained in
DMEM supplemented with 10% FBS, 100 U/ml penicillin, and
100 g/ml streptomycin. Cells were cultured at 37°C in a hu-
midified atmosphere with 5% CO2.

Endothelial cellswere isolated fromglomeruli in renal cortices
of adult male C57BL/6 mice (3). In brief, the cortex slices were
mashed by differential sieving,whichwere 100, 76, and 54mm in
size; the tissues left on the mesh sieve with 54 mm in size were
glomeruli. The isolated glomeruli were digested with 0.1% col-
lagenase type IV (Millipore Sigma) for 15min. The cell suspension
was cultured in M199 medium (Thermo Fisher Scientific) sup-
plemented with 20% FBS (HyClone Laboratories, Logan, UT,
USA), 100U/ml penicillin, 100 g/ml streptomycin, and 75mg/ml
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endothelial cell growth supplement (ECGS; MilliporeSigma), on
1% gelatin-coated (MilliporeSigma) 25-cm2 flasks in a humidified
incubatorat37°Cunder5%CO2.Theculturedcellswere identified
bymorphologic observation andpositive stainingwith antibodies
raised against von Willebrand factor. The third to fifth passages
of the glomerular endothelial cells were used in subsequent
experiments.

b-Arrestin knockdown in VSMCs

To knock down b-arrestin-1 in VSMCs, cells were cotransfected
with b-arrestin-1 CRISPR/Cas9 KO Plasmid (sc-430955-KO-2)
and b-arrestin-1 HDR plasmid (sc-430955-HDR-2; both from
SantaCruzBiotechnology),withLipofectamine 2000 transfection
reagent used as described by the manufacturer (Thermo Fisher
Scientific). To knock down b-Arrestin-2 in VSMCs, cells were
cotransfected with b-arrestin-2 CRISPR/Cas9 KO Plasmid
(sc-432139) and b-arresin-2HDR Plasmid (sc-432139-HDR; both
from Santa Cruz Biotechnology), using Lipofectamine 2000
Transfection Reagent, as described by the manufacturer. After
transfection, the cells were immediately used for the following
experiments. The expression of b-arrestin was detected by
Western blot analysis.

Stretch induction

Hypotonic stretching (in HEPES buffers) was used in smooth
muscle cells (11). HEPES buffers for stretching experiments
contained 65 mM NaCl, 10 mM HEPES, 4.2 mM KCl, 0.5 mM
MgCl2, 1 mM CaCl2, and 5.5 mM glucose, with the addition of
10 mM (hypotonic) or 160 mM (isotonic) mannitol (pH 7.4). The
osmolality of the hypotonic HEPES buffer was 160 mosmol/kg
water, and that of the isosmotic buffer was 332 mosmol/kg
water.

Mechanical stretchwas provided by the FX-4000T StrainUnit
(Flexcell International, Burlington, NC, USA) (20). Cells were
seeded on flexible silicone-bottom plates (Flexcell International)
at a density of 33 105 cells perwell. Twenty-four hours later, the
culture medium was replaced with serum-free medium for an-
other 24 h to synchronize the cells. Cells in the serum-free me-
dium were then exposed to cyclic stretching with an elongation
magnitudeof either 5or 15%, at a consistent frequencyof 1.25Hz,
with or without apelin (1.0 nM) or F13A (1.0 nM).

Calcium measurement in VSMCs

Fluorescence confocal microscopy (LSM5 Pascal Laser Scanning
Confocal Microscope; Zeiss, Jena, Germany) and the Ca2+ dye
Fluo-4AMwere used to detect calcium concentration changes in
smooth muscle cells, as reported in Zeng et al. (21). In brief,

VSMCs were preincubated for 30 min with Fluo-4 AM (f14201;
Thermo Fisher Scientific), the medium was changed to fresh
DMEM, and the cells were incubated for another 30 min. After
hypotonic or isotonic buffer treatment, with or without apelin
(1.0nM)orF13A (1.0nM) in thebuffer, theFluo-4AMfluorescence
intensity of similar populations of cells was detected for 20 min,
and the fluorescence densitywas analyzedwith softwarewith the
confocal microscope. The experiment was repeated 3 times.

Western blot analysis of protein expression

The proteins from tissues or cells were fractionated by electro-
phoresis on 10% SDS-PAGE, electroblotted to PVDF filter
membranes, and incubatedwith theprimaryantibodyat 4°Cand
then with a horseradish peroxidase–conjugated secondary anti-
body. The experiment was repeated 3 times. Primary antibodies
were rabbit anti-APJ (sc-33823; SantaCruzBiotechnology), rabbit
anti-pMLC (3675; Cell Signaling Technology, Danvers, MA,
USA), rabbit anti-MLC (3672; Cell Signaling Technology), goat
anti-arrestin-1 (sc-9182; Santa Cruz Biotechnology), mouse anti-
arrestin-2 (sc-13140; Santa Cruz Biotechnology), rabbit anti-
eNOS (9572; Cell Signaling Technology), rabbit anti-p-eNOS
(9570; Cell Signaling Technology), rabbit anti MLCK (ab76092;
Abcam, Cambridge, MA, USA), and rabbit anti-p-MLCK
(ab200809; Abcam). Densitometry was performedwith ImageJ
software (National Institutes of Health, Bethesda, MD, USA). To
verify equal loading, antibody to glyceraldehyde 3-phosphate
dehydrogenase was used.

Statistics

Data are summarized as means 6 SD. A value of P , 0.05 was
considered significant. All reported significance values are 2-
tailed. Analyses were performed with SPSS v13.0 for the PC
(IBM, Armonk, NY, USA). Differences between groups were
evaluated for significance with independent Student’s t test or 1-
way ANOVA and Newman-Keuls post hoc tests.

RESULTS

Body weight, blood glucose, and
blood pressure

Apelin andF13A (theantagonist of apelin) hadnoeffecton
body weight in both C57 and kkAy mice (Table 1). kkAy
mice had higher body weights compared to C57 mice at
both 8 and 12 wk of age. kkAy mice were hyperglycemic
compared with C57 mice at both 8 and 12 wk of age.
Apelin and F13A (the antagonist of apelin) treatment had

TABLE 1. Body weight and fasting blood glucose in both groups

Group Fasting blood glucose (mM) Body weight (g)

Mouse Treatment 8 wk old 12 wk old 8 wk old 12 wk old

C57 Saline 5.4 6 0.5 5.5 6 0.6 28.6 6 2.7 31.3 6 4.1
Apelin 5.5 6 0.6 5.6 6 0.5 27.9 6 2.0 28.3 6 1.5
F13A 5.4 6 0.4 5.5 6 0.6 28.0 6 1.7 26.3 6 1.2

kkAy Saline 8.9 6 0.7* 11.3 6 1.2* 38.5 6 2.3* 35.3 6 2.9*
Apelin 9.0 6 0.8* 13.8 6 2.1* 39.1 6 3.0* 37.2 6 4.2*
F13A 9.0 6 0.8* 9.8 6 1.9* 38.4 6 4.1* 38.3 6 3.9*

Data are means 6 SD (n = 12/group). *P , 0.05 compared to C57 mice with the same treatment.
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no effect on blood glucose in both C57 mice and kkAy
mice.

Mean blood pressure was higher in kkAy mice com-
pared toC57miceat both 8 and12wkof age. SBPandDBP
followed the same pattern as mean arterial pressure
(Table 2). Apelin significantly decreased blood pres-
sure in kkAymice, but no such effectswere observed in

C57 mice. F13A had no effect on blood pressure in C57
or kkAy mice.

Renal function and RBF

At 8 wk old, ACR in urine was higher in kkAy mice than
that in C57mice (Fig. 1A); Renal blood flowwas higher in

TABLE 2. Blood pressure changes in every group

Group 8 wk old 12 wk old

Mouse Treatment SBP (mmHg) DBP (mmHg) MBP (mmHg) SBP (mmHg) DBP (mmHg) MBP (mmHg)

C57 Saline 106.2 6 5.6 68.0 6 3.1 80.8 6 3.7 111.0 6 4.7 78.2 6 3.3 89.2 6 4.2
Apelin 107.3 6 6.3 71.5 6 3.2 83.5 6 3.1 106.0 6 4.3 67.8 6 2.5 80.5 6 3.6
F13A 108.2 6 5.4 68.7 6 2.9 80.7 6 4.2 105.7 6 4.8 58.6 6 3.1 74.4 6 3.3

kkAy Saline 125.7 6 4.7* 91.7 6 4.1* 103.2 6 4.2* 134.0 6 5.2* 98.3 6 4.3* 110.3 6 5.1*
Apelin 126.2 6 7.1* 95.1 6 3.6* 105.4 6 3.8* 124.3 6 3.9*,† 81.8 6 3.9*,† 96.1 6 4.7*,†

F13A 123.6 6 5.8* 93.3 6 4.6* 103.2 6 4.5* 138.6 6 4.9* 95.3 6 4.9* 109.8 6 5.8*

Data are means6 SD (n = 12/group). MBP, mean blood pressure. *P, 0.05 vs. C57 mice with the same treatment. †P, 0.05 vs. that in saline-
treated kkAy mice.

Figure 1. The correlation between serum apelin, RBF, and albuminuria in C57 and kkAy mice (n = 36 in both groups).
A) Compared to C57 mice, the ACR increased significantly in kkAy mice (creatinine: 84.37 6 9.36 mg/mg, kkAy vs. 57.26 6
13.19 mg/mg, C57). B) RBF was significantly higher in kkAy mice (30.86 6 2.28 ml/s per kidney) than in C57 mice (18.42 6
3.21 ml/s per kidney). C) The ACR correlated positively with RBF in C57 and kkAy mice. D) Compared with C57 mice, serum
apelin concentration was significantly higher in kkAy mice (kkAy, 156.76 6 6.46 pg/ml mice vs. C57, 70.50 6 3.21 pg/ml). E) RBF
correlated positively with serum apelin concentration in both C57 and kkAy mice.
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kkAy mice than in C57 mice (Fig. 1B). Accordingly, a
correlation between ACR and RBF was observed in C57
and kkAy mice, and the slope of the regression line of
kkAymice was significantly different from that of control
C57 mice (Fig. 1C).

Effects of apelin on RBF

Apelin has been reported to correlate with ACR in pa-
tientswithDN (3), andwe thereforemeasured the apelin
concentration in serum. The results indicate that apelin
concentration in serum was significantly increased in
kkAymice compared toC57mice at 8wkof age (Fig. 1D).

Accordingly, a correlation between apelin concentration
and RBF was observed in C57 and kkAy mice, and the
RBF correlated positivelywith apelin concentration both
in C57 and kkAy mice (Fig. 1E).

To investigate the effects of apelin on RBF and renal
function, apelin and F13A (the antagonist of apelin)
were used to treat 8-wk-old mice for 4 wk. RBF in the
kkAy mice was significantly higher than that in the
C57 mice at 12 wk of age. The 4-wk treatmentwith apelin
significantly increased RBF and application of F13A re-
duced it (Fig. 2A, B).

Besides increasing RBF, apelin treatment resulted in
significantly increased ACR both in C57 and kkAy mice,

Figure 2. The effects of apelin on RBF and albuminuria in C57 mice and kkAy mice. A, B) The 4 wk treatment with apelin
significantly increased the RBF in C57 mice (to 39.85 6 2.55 ml/s per kidney) and kkAy mice (to 74.48 6 5.49 ml/s per kidney).
Four weeks with F13A reduced the RBF in kkAy mice (to 41.216 1.89 ml/second per kidney) and C57 mice (35.086 2.11 ml/s per
kidney). RBF was significantly higher in kkAy mice (30.966 3.48 ml/s per kidney) than in C57 mice (23.226 3.54 ml/s per kidney)
at 12 wk of age. C) Apelin significantly increased the ACR in C57 mice (to 101.89 6 2.79 mg/mg creatinine) and kkAy mice (to
520.66 6 12.67 mg/mg creatinine), whereas F13A did not show such effects (C57 mice, 51.38 6 3.24 mg/mg creatinine vs. kkAy
mice, 585.11 6 14.63 mg/mg creatinine). D, E) Apelin and F13A decreased the slope of correlation between albuminuria and
RBF in C57 mice. Apelin, but not F13A, significantly increased the slope of correlation between albuminuria and RBF in kkAy
mice (n = 12).
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whereas F13A significantly decreased ACR both in C57
and kkAy mice (Fig. 2C).

After apelin or F13A treatment for 4 wk, the mice still
displayed significant correlation between RBF and ACR,
but the slope of the regression line was significantly dif-
ferent between apelin- and F13A-treated C57 and kkAy
mice (Fig. 2D, E).

Cell signaling pathways mediating
apelin-induced vascular tone

As vascular contraction correlates with eNOS pro-
duction in vascular endothelium and the phosphory-
lation state of 20 kDa MLC that drives myosin–actin
interaction, the phosphorylation of MLC and eNOS
were detected in renal artery and cortex of kidney. The
results showed that pMLC was down-regulated in C57
and kkAy mice by apelin, whereas p-eNOS was up-
regulated in both groups by apelin. On the other hand,
F13A, the antagonist of apelin, increased the phos-
phorylation of MLC in C57 and kkAy mice (Fig. 3).
These results suggest that apelin-induced vascular di-
lation is eNOS dependent, which is consistent with the
published data (10).

As apelin has been reported to antagonize the me-
chanics of APJ in cardiomyocytes by activating
b-arrestin (11), we sought to determine b-arrestin in re-
nal artery and kidney cortex. The results showed that
b-arrestin-1 and -2 were down-regulated in kkAy mice
and further reduced by apelin, but increased by F13A
(Fig. 4).These results suggest that apelin inhibits the
mechanical sense in renal arterioles by reducing
b-arrestin in kkAy mice.

Effects of apelin on isolated perfused kidney

To investigate direct effects of apelin on renal arteri-
oles, isolated perfused kidneys were used to evaluate
the pressure-induced change in blood flow. The results
showed that the perfusion of kidneys isolated from
kkAymice was higher than in those fromC57mice at a
perfusion pressure of 30–190 mmHg (Fig. 5). Apelin
significantly increased the perfusion flow of isolated
kidneys from both mouse groups. These effects were
partially inhibited by L-NAME in kidneys from C57
mice, but not in those from kkAymice. F13A increased
the perfusion flow of isolated kidneys from both kkAy
and C57 mice, even though the effect of F13A on in-
creasing perfusion flow was less than the effect of
apelin.

Effects of apelin on stretch-induced
contraction of VSMCs

To demonstrate the direct effects of apelin on VSMCs
in diabetic mice, we recorded the effects of apelin on
phosphorylation of MLC and MLCK in VSMCs after
stretch induction. The results showed that stretching
increased phosphorylation of MLC in VSMCs (Fig. 6A,

B). Apelin decreased phosphorylation of MLC induced
by stretching, whereas F13A (the antagonist of apelin)
did not show such effects. Stretching decreased the
phosphorylation of MLCK (Fig. 6A, C). Apelin in-
creased phosphorylation of MLCK, and stretching
inhibited it, whereas F13A, the antagonist of apelin, did
not show any effects on it.

Calcium is important in the contraction of VSMCs;
therefore, the effects of apelin on calcium were de-
termined, before and after stretch induction. The re-
sults indicated that stretching induced an increase in
calcium in VSMCs, whereas apelin and F13A inhibited
the increase by 45 and 43% (Fig. 7). These results in-
dicate that apelin may inhibit stretch-induced con-
traction of VSMCs by reducing the increase in calcium
in the cells.

Cell signaling pathways mediating
constriction of VSMCs

APJ, the endogenous receptor of apelin, has been re-
ported to mediate apelin-induced cell effects (11), such
as increasing the diameters of angiotensin II pre-
constricted efferent and afferent arterioles in the glo-
meruli (9). To prove the hypothesis that APJ expression
is decreased in ECs and VSMCs of diabetic mice, cells
were treatedwith high glucose. The results indicate that
high glucose significantly decreased APJ expression in
ECs and VSMCs (Fig. 8A–C). These results suggest that
inhibitionofvascular tonebyhighglucose is associatedwith
APJ expression.

NO is essential for vascular tone, and therefore
apelin may impair myogenic tone in DN by increasing
NO production in endothelial cells. The effects of
apelin on eNOSwere detected in endothelial cells after
stretch inducement. The results indicate that stretch
triggered a 30% decrease in eNOS phosphorylation,
whereas this decrease was significantly eliminated by
apelin and high glucose (Fig. 8A, D).

b-Arrestin is a bias signaling pathway for GPCRs,
which is reported to mediate myogenic signaling in
myocardium initiated by APJ (7, 11). To show that
apelin inhibits stretch-induced VSMC contraction
through inhibiting b-arrestin, the effects of apelin and
stretch on b-arrestin in VSMCs were measured. A me-
chanical means of stretching was used. Stretching trig-
gered a 185% enhancement of b-arrestin expression, but
the increase was almost totally eliminated by apelin and
high glucose (Fig. 8A, E).

Down-regulation of b-arrestin inhibited
phosphorylation of MLC induced
by stretching

To confirm that apelin inhibits phosphorylation of
MLC through reducing expression of b-arrestin,
Arrestin-C CRISPR was used to knock down the ex-
pression of b-arrestin. The results showed that the
Arrestin-C CRISPR inhibited phosphorylation of MLC
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Figure 3. The effects of
apelin on phosphorylation
of eNOS and MLC. A)
Representative images for
immune staining of p-eNOS
in renal artery and kidney
cortex. B) Representative
Western blots of eNOS
and MLC. Apelin increased
phosphorylation of eNOS
in renal artery (C ) and
kidney cortex (D), whereas
F13A did not show such
effects. E) Apelin decreased
phosphorylation of MLC in
renal artery, whereas F13A
increased it. F) Apelin de-
creased phosphorylation of
MLC in kidney cortex,
whereas F13A increased it
(n = 3).
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in VSMCs. Meanwhile, the inhibition of apelin on
phosphorylation of MLC in VSMCs vanished after
Arrestin-C CRISPR treatment VSMCs induced by
stretching (Fig. 9).

DISCUSSION

RBF in diabetes mellitus has been reported be dis-
turbed, which may lead to renal dysfunction (4, 20, 22,

Figure 4. The effects of apelin on b-arrestin in renal artery and kidney cortex. A) Representative images of immune staining of
b-arrestin in renal artery and kidney cortex. B) Representative Western blots of b-arrestin-1 and -2 in tissues. C) Relative
expression of b-arrestin-1 and -2 in renal artery. Both b-arrestin-1 and -2 were decreased in kkAy mice, and apelin further
decreased b-arrestin-1 and -2 expression in kkAy mice. D) Relative expression of b-arrestin-1 and -2 in renal artery. b-Arrestin-1
was decreased in kkAy mice, apelin decreased both b-arrestin-1 and -2 expression in kkAy mice (n = 3).
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23). In the present study, the results showed for the first
time that increased apelin in serum correlates positively
with increased RBF and increases ACR in C57 and di-
abetic (kkAy) mice (Figs. 1 and 2). These results are
consistent with previous reports that apelin promotes
renal dysfunction in DN (3). However, the mechanisms
for apelin-increased RBF are not fully understood.

In the present study, body weight and fasting blood
glucose were not affected by apelin, whereas blood
pressure was decreased by apelin in both control and
diabetic mice (as shown in Tables 1 and 2). These re-
sults were consistent with those in previous studies,
which found that apelin decreases blood pressure
by dilating blood vessels (24), suggesting that apelin
regulates RBF through dilating blood vessels in di-
abetic mice because of the increased concentration of
apelin in serum (Fig. 1D). However, the results of
blood glucose seemed discrepant with previous

research (3, 25, 26), which may be related to the model
of early-stage diabetes used in this study. Unfed kkAy
8-wk-old mice showed a minor increase in blood glu-
cose, which suggests that insulin resistance in these
micemay not be the same as in the late stage of diabetes
mellitus. Therefore, the effects and mechanisms of
apelin on blood glucose in diabetes mellitus should be
investigated further.

NO has been shown to be a key pathway in controlling
vascular tone and RBF (27, 28), whereas apelin has been
reported to be involved in regulating vascular tone
depending on the NO pathway (29) and to promote the
progression of DN through endothelial cells (3) and
podocyte injuries (30). In the present study, the results
showed that p-eNOS was increased when accompanied
with increasedapelin in serum,both in the renal artery and
kidney cortex (Fig. 3), which suggests that apelin dilates
blood vessels in diabetic mice through increasing NO
production.

Besides NO-dependent dilation, the myogenic re-
sponse of VSMCs is important for controlling RBF (2).
A rise in arterial pressure not only increases the force
pushing blood through the vessels but also activates
the myogenic mechanisms, reducing the vascular di-
ameter to decrease the RBF. It is assumed that phos-
phorylation of MLC is essential for VSMC contraction
in response to stretch stimuli (6). The results indicate
that apelin decreased phosphorylation of MLC in the
renal artery in C57 and kkAy mice. On the other hand,
F13A, an antagonist of apelin, increased phosphory-
lation of MLC in the renal artery (Fig. 3). These results
suggested that increased apelin in diabetic mice con-
tributed to increased RBF in diabetic mice, which may
be related to the impaired myogenic mechanisms in-
duced by apelin in diabetic mice.

To investigate the direct effects of apelin on myo-
genic response of the renal arterioles, renal perfusion
flow was measured in isolated perfused kidney at
perfusion pressure of 30–190 mmHg. The results
showed increased renal perfusion flow in kidneys of
diabeticmice (kkAy) comparedwith kidneys fromC57
mice (Fig. 5). Because no apelin was present in the
perfusion fluid, these results suggest that decreased
APJ in blood vessels, which can be induced by high
glucose (Fig. 8), may also contribute to the impaired
myogenic tone in diabetic mice. Apelin increased the
perfusion flow of isolated kidneys from kkAy and C57
mice, which was partially inhibited by L-NAME in C57
mice. These results suggest that apelin impairs the
myogenic response in kidney, an effect that is partially
mediated by eNOS. F13A increased the perfusion flow of
isolated kidneys from kkAy and C57 mice, as well, even
though the increasing effects of F13A on perfusion flow
were less than apelin. These results indicate that F13A
may combine with APJ on the cells to compete with
stretch stimulation, but no other activating effects of APJ
would be exerted, such as eNOS, to relax blood vessels.
What then may be the mechanism for apelin to impair
myogenic tone?

Apelin has been reported to compete with stretching
to attenuate transverse aortic constriction–induced

Figure 5. Relationships between pressure and flow in isolated
perfused kidneys at 30–190 mmHg perfusion pressure. A) The
pressure–flow relationship in isolated perfused kidneys from
C57/BL mice. Apelin increased the perfusion flow, which was
partially inhibited by L-NAME. The effects of F13A on
increasing perfusion flow were less than that of apelin (n = 6).
*P , 0.05 vs. kidneys from C57/BL mice. B) The pressure–flow
relationship in isolated perfused kidneys from kkAy mice. Apelin
increased the perfusion flow, which was not inhibited by
L-NAME. The effect of F13A on increasing perfusion flow was
less than that of apelin (n = 6). *P , 0.05 vs. kidneys from
kkAy mice.
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cardiac hypertrophy (11), which is mediated by
inhibiting b-arrestin signaling pathway. Is b-arrestin
expression also mediated myogenic response of
VSMCs? And what effects would apelin have on
b-arrestin in VSMCs? The results in the present
study showed that b-arrestin-1 and -2 were both de-
creased in kkAy mice and were further decreased by
apelin, but increased by F13A (Fig. 4). These results
suggest that apelin impairs the myogenic response of
VSMCs in DN through decreasing b-arrestin.

To verify the effects of apelin on the myogenic re-
sponse in VSMCs, we applied mechanical stretching.
The results show that phosphorylation of MLC in
VSMCs was increased by stretching, whereas phos-
phorylation of MLCK in VSMCs was decreased by it.
Apelin decreased phosphorylation of MLC and in-
creased phosphorylation of MLCK in VSMCs induced

by stretching, whereas F13A did not show such effects.
These results suggest that apelin impairs myogenic re-
sponse in VSMCs by inhibiting cell contraction. How-
ever, it is reported that apelin stimulates MLC
phosphorylation in VSMCs (31), which seems to
contradict the present results. This difference may be
related to the different concentrations used for the
stimulation and the duration of the stimulation:
apelin stimulates phosphorylation of MLC in VSMCs
in a time- and concentration-dependent pattern (31).
The concentration used in this study (1.0 nM) was the
lowest used in the previous study, because the
physiologic and pathologic concentrations (3) are
close to that level. The stimulation time (30 min) in
this study was longer than that in the previous study,
because the pathologically increased apelin would be
applied on the cell continuously. Therefore, it could
be proposed that lengthy exposure of apelin (at
pathological concentration) to VSMCs would inhibit
cell contraction.

Calcium has been reported to be necessary for cell
contraction, and the results in this study indicate that
both apelin and F13A inhibited the increase of calcium
in VSMCs induced by hypotonic stretching. These re-
sults suggested that apelin competed with stretching
to attenuate the stretch-induced cell contraction. F13A
possesses an amino acid sequence and structure simi-
lar to that of apelin andmay combinewith the receptor
APJ to compete with stretch stimulation, but without
activation of G protein. When F13A was exposed to
cultured smooth muscle cells where no apelin was
present in the medium, it acted as a competitive factor
to reduce the response of APJ to stretching, which resul-
ted in reduced calcium just as apelin did on stretch-
stimulated VSMCs. However, when F13Awas applied to
mice whose serum contains apelin, it competed with
apelin to combinewithAPJ on the endothelial cells,which
reduced the production of eNOS and relaxation of blood
vessels.

Figure 6. Stretch-induced contraction of VSMCs. A) Representative Western blots of MLC and MLCK in VSMCs. B) Relative
expression of p-MLC/MLC. Stretch increased phosphorylation of MLC, apelin inhibited the phosphorylation of MLC, both in
control and high-glucose conditions. C) Relative expression of p-MLCK/MLCK. Stretching increased and apelin inhibited the
phosphorylation of MLCK in control and high-glucose conditions (n = 3).

Figure 7. Calcium change in VSMCs. VSMCs precultured with
Fluo-4 AM were treated with isotonic or hypotonic HEPES
buffer; and the fluorescence indicating the calcium concen-
tration was detected with a confocal microscope. Both apelin
and F13A decreased the hypotonic HEPES buffer–induced
increase in calcium concentration in VSMCs (n = 3).
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It has been reported that apelin competes with
stretching to inhibit the b-arrestin pathway by com-
bining with the receptor APJ (11). The results in the
present study showed that high glucose decreased
APJ expression in ECs and VSMCs. p-eNOS in ECs
and b-arrestin in VSMCs were decreased, as well.
These results indicate that stretching induced a de-
crease in p-eNOS in ECs, and an increase in b-arrestin
in VSMCs may be mediated by the receptor APJ.
Mechanical stretching triggered enhancement of
b-arrestin expression in VSMCs, whereas apelin and
high glucose reversed this increase in VSMCs. These
results suggest that apelin inhibits stretch-induced
VSMC contraction by decreasing b-arrestin through
combing with APJ.

To show that b-arrestin mediates the myogenic re-
sponse of VSMCs, b-arrestin CRISPR/Cas9 KO plasmids
were used to knock down the expression of b-arrestin in
VSMCs. The results showed that stretch-induced phos-
phorylation of MLC was inhibited after b-arrestin

knockdown, and apelin showed no inhibition of p-MLC
induced by stretching after b-arrestin knock down.
These results confirm that apelin impairs the myogenic
response inVSMCsby inhibiting theb-arrestin pathway.

Besides combining with APJ on VSMCs, apelin could
combine with APJ on ECs to dilate blood vessels by re-
leasing NO (10). The results in Fig. 8A, D showed that
stretching decreased p-eNOS in ECs and that the effect
was reversed by apelin. These results suggest that apelin
impairs myogenic vasoconstriction by inducing NO re-
lease from ECs.

CONCLUSIONS

Mechanical response of VSMCs is necessary to trigger
myogenic contraction in blood vessels. Apelin does
not induce a myogenic response, but blunts the
stretch- or blood pressure change–induced VSMC
contraction through the eNOS and b-arrestin pathway,

Figure 8. High glucose decreased APJ expression both in ECs and VSMCs. Stretch-induced phosphorylation of eNOS in ECs and
increased expression of b-arrestin-1 and -2 in VSMCs (n = 3). A) Representative Western blots of p-eNOS, eNOS, APJ, and
b-arrestin-1 and 2. B) High glucose decreased APJ expression in ECs. C) High glucose decreased APJ expression in VSMCs.
D) Stretching inhibited the phosphorylation of eNOS in ECs, high glucose decreased the stretch-induced inhibition of p-eNOS,
apelin increased the phosphorylation of eNOS, and F13A decreased the phosphorylation of eNOS in ECs. E) Stretching
increased b-arrestin-1 and -2 expression in VSMCs, high glucose decreased the expression of b-arrestin-1 and -2 in VSMCs, apelin
inhibited the increase in of b-arrestin-2 induced by stretching, and F13A inhibited the increase in both b-arrestin-1 and -2
induced in VSMCs by stretching.
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which suggests the ability of apelin to override physio-
logic signaling inmyogenic response of blood vessels. At
the cell signaling level, apelin may counteract myogenic
response by inducing phosphorylation of eNOS in ECs
and inhibit stretch-induced b-arrestin expression in
VSMCs through combination with APJ.

Because of the animal models used in this study, the re-
sultsmaybediscrepant in other diabetic animals. Therefore,
this study should be repeated on different animal models
before it is developed into a treatment for DN. The correla-
tion between apelin and RBF was shown in patients with

diabetes, and therefore, F13A or other antagonists of
apelin could be used as a drug to prevent the progres-
sion of DN in patients.
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