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C1g/Tumor Necrosis Factor-Related
Protein-9 Is a Novel Vasculoprotective
Cytokine That Restores High Glucose-
Suppressed Endothelial Progenitor Cell
Functions by Activating the Endothelial
Nitric Oxide Synthase

Qingsong Hu ©, MD, PhD*; Wan Qu, MS*; Tao Zhang, MD; Jianyi Feng, MS; Xiaobian Dong, MD;
Rugiong Nie, MD, PhD; Junyu Chen, MS; Xiaoging Wang, MS; Changnong Peng @, MS; Xiao Ke @, MD, PhD

BACKGROUND: This study investigated whether gCTRP9 (globular C1g/tumor necrosis factor-related protein-9) could restore
high-glucose (HG)-suppressed endothelial progenitor cell (EPC) functions by activating the endothelial nitric oxide synthase
(eNQOS).

METHODS AND RESULTS: EPCs were treated with HG (25 mmol/L) and gCTRP9. Migration, adhesion, and tube formation assays
were performed. Adiponectin receptor 1, adiponectin receptor 2, and N-cadherin expression and AMP-activated protein ki-
nase, protein kinase B, and eNOS phosphorylation were measured by Western blotting. eNOS activity was determined using
nitrite production measurement. In vivo reendothelialization and EPC homing assays were performed using Evans blue and
immunofluorescence in mice. Treatment with gCTRP9 at physiological levels enhanced migration, adhesion, and tube forma-
tion of EPCs. gCTRP9 upregulated the phosphorylation of AMP-activated protein kinase, protein kinase B, and eNOS and in-
creased nitrite production in a concentration-dependent manner. Exposure of EPCs to HG-attenuated EPC functions induced
cellular senescence and decreased eNOS activity and nitric oxide synthesis; the effects of HG were reversed by gCTRP9.
Protein kinase B knockdown inhibited eNOS phosphorylation but did not affect gCTRP9-induced AMP-activated protein ki-
nase phosphorylation. HG impaired N-cadherin expression, but treatment with gCTRP9 restored N-cadherin expression after
HG stimulation. gCTRP9 restored HG-impaired EPC functions through both adiponectin receptor 1 and N-cadherin-mediated
AMP-activated protein kinase /protein kinase B/eNOS signaling. Nude mice that received EPCs treated with gCTRP9 under
HG medium showed a significant enhancement of the reendothelialization capacity compared with those with EPCs incu-
bated under HG conditions.

CONCLUSIONS: CTRP9 promotes EPC migration, adhesion, and tube formation and restores these functions under HG condi-
tions through eNOS-mediated signaling mechanisms. Therefore, CTRP9 modulation could eventually be used for vascular
healing after injury.
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RESEARCH PERSPECTIVE

What Is New?

e Clg/tumor necrosis factor-related protein-9
restores high-glucose—suppressed endothelial
progenitor cells in vitro functions, including mi-
gration, adhesion, and vasculogenesis.

e (Clg/tumor necrosis factor-related protein-9
restores high-glucose—suppressed endothelial
progenitor cells through adiponectin receptor 1
and N-cadherin—-mediated AMP-activated pro-
tein kinase/protein kinase B/endothelial nitric
oxide synthase signaling pathways.

What Question Should be Addressed

Next?

e Further studies are needed to refine the study
of Clg/tumor necrosis factor-related protein-
9 on diabetes-induced vascular injury in vivo
and focus on endothelial nitric oxide synthase
for C1g/tumor necrosis factor—related protein-9
in the regulation of endothelium repair and the
progression of vascular remodeling.

Nonstandard Abbreviations and Acronyms

adipoR1  adiponectin receptor 1
adipoR2  adiponectin receptor 2
Akt protein kinase B

AMPK AMP-activated protein kinase

CTRP C1g/tumor necrosis factor-related
protein

eNOS endothelial nitric oxide synthase

EPC endothelial progenitor cell

gCTRP9  globular C1g/tumor necrosis factor-
related protein-9

HG high-glucose

L-NAME  N(w)-nitro-L-arginine methyl ester

NO nitric oxide

PBMNCs peripheral blood mononuclear cells

P-Akt phosphorylated protein kinase B

P-eNOS  phosphorylated endothelial nitric oxide
synthase

siRNA small inhibitory RNA

o-SMA a-smooth muscle actin

acro- and microvascular lesions and injuries
M are the primary causes of morbidity and death
among people with diabetes.! Hyperglycemia
plays a crucial role in the development of macro- and
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microvascular complications in individuals with type 2
diabetes.? This condition induces endothelial dysfunc-
tion, which is the main initiating factor of vascular dis-
eases.® Thus, interventions that can restore endothelial
function are beneficial for the prognosis of patients
with type 2 diabetes.

Available evidence supports the notion that circulat-
ing endothelial progenitor cells (EPCs) play important
roles in endothelial recovery and maintaining endothe-
lial integrity after injury or damage, which accelerates
reendothelialization and protects against atherosclero-
sis.*® The number of EPCs in circulation reflects the
capacity for vascular repair.? However, clinical and an-
imal studies have demonstrated that individuals with
type 2 diabetes have decreased numbers of EPCs in
circulation and that injured EPC functions contribute to
a vicious cycle of endothelial dysfunction and athero-
sclerosis progression.'®™ Nitric oxide (NO)-mediated
mechanisms are involved in the attenuation of human
EPC functions after long-term exposure to high glu-
cose (HG)."> Therefore, strategies for type 2 diabetes
could be designed to improve EPC functions by en-
hancing NO bioavailability.

CTRPs (C1g/tumor necrosis factor-related proteins)
are conserved paralogs of adiponectin and consist
of a collagen domain and a C-terminal globular C1qg
domain.’®*'* Among the CTRPs, CTRP9 is a secreted
glycoprotein that is highly expressed in blood vessels
and has antiatherogenic effects.’® CTRP9 promotes
endothelial cell functions and endothelium-dependent
vasodilation,’® and its injection attenuates neointima
formation in response to vascular injury."” Additionally,
CTRP9 overexpression reduces atherogenesis in high-
fat-fed apoE-KO mice.'® Plasma CTRP9 levels are de-
creased in individuals with type 2 diabetes'’® and are
associated with atherosclerotic cardiovascular disease
events.?® Furthermore, gCTRP9 (globular CTRP9) can
increase endothelial NO-related neovascularization
and suppress excess reactive oxidative stress under
HG conditions.?"22

Endothelial dysfunction is influenced by several fac-
tors. AMPK (AMP-activated protein kinase) is a sensor
of the cell's energy status and helps maintain energy
balance.?®>%* In endothelial cells, AMPK regulates vascu-
lar functions by activating the AMPK/Akt (protein kinase
B)/endothelial nitric oxide synthase (eNOS) pathway to
stimulate NO production and vasodilation.?>=?" Type 2
diabetes and obesity lead to dysfunctional AMPK, which
contributes to endothelial dysfunction.?”?8 Adiponectin
receptor 1 (adipoR1) mediates the beneficial effects of
adiponectin on blood vessels by participating in NO
release through eNOS activation and vasodilation.?® N-
cadherin mediates cell-cell interactions between endo-
thelial cells and smooth muscle cells in the blood vessel
wall and is crucial for cell recruitment during angiogene-
sis and vascular repair.®°



Hu et al

Therefore, CTRP9 may have beneficial effects on
EPCs for vascular repair, but it is unknown whether
gCTRP9 can enhance impaired EPC functions in-
duced by HG and whether this enhancement could in-
volve AMPK/Akt/eNOS, adipoR1, and N-cadherin. The
present study investigates whether the administration
of gCTRP9 can restore HG-suppressed EPC functions
by activating eNOS.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Isolation Characterization of Human Late
EPCs

This study was approved by the Ethics Committee of
First Affiliated Hospital of Jinan University. All donors
provided written informed consent. Human late EPCs
were purified from 20 healthy individuals and cultured
following previously described methods.®" Briefly,
peripheral blood mononuclear cells (PBMNCs) were
maintained in endothelial cell basal medium-2 (Lonza,
Basel, Switzerland) supplemented with endothelial
growth medium-SingleQuots (Clonetics, San Diego,
CA) in fibronectin-coated 6-well plates. After 4 days of
culture, nonadherent cells were removed. The adher-
ent cells were cultured for 28days, with the medium
being refreshed every 7 days. After 28 days of culture,
human late EPCs were characterized by a double-
positivity for BS-1 lectin binding (0.01 mg/mL; Sigma-
Aldrich, St. Louis, MO) and Dil-acetylated low-density
lipoprotein uptake (0.02mg/mL; Invitrogen, Carlsbad,
CA). Cultured EPCs were incubated with 1,1’-dioctade
cyl-3,3,3,3'-tetramethylindo-carbocyanine-acetylated
low-density lipoprotein for 2hours in a cell incubator.
Subsequently, cells were washed and fixed with 4%
paraformaldehyde for 15minutes and incubated with
FITC-BS-1 lectin for 1hour. Plates of cells were again
washed and incubated with DAPI nuclear counterstain.
Double-positive cells were observed with a fluorescent
microscope (x200 magnification; Olympus, Tokyo,
Japan).

Flow Cytometry Analysis

EPCs marker proteins were examined by flow cy-
tometry analysis using CD31 (endothelial marker)
(12.5ug/mL; Pharmingen, BD Biosciences, Franklin
Lakes, NJ), kinase-insert domain receptor (endothelial
marker) (50 ug/mL; R&D Systems, Minneapolis, MN),
CD34 (stem cell marker) (250 ug/mL; BD Pharmingen,
San Diego, CA), CD133 (stem cell marker) (250 ug/mL;
BD Pharmingen), CD14 (monocytes marker) (50 ug/
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mL; BD Pharmingen), and CD45 (leukocyte marker)
(60ug/mL; BD Pharmingen). To determine the ex-
pression of each of these surface antigens, cells
were incubated for 40 minutes at 4 °C in a volume
of 100uL with an appropriate amount of antibody
or corresponding IgG isotype control. At least 1x10°
EPCs were acquired using flow cytometry (Beckman-
Coulter, Fullerton, CA).

Measurement of Cytokine Concentration
of Cell Supernatant

For 10 and 28days, 1x10°® cells were incubated
with endothelial cell basal medium-2, and the su-
pernatant was harvested. The cytokine concentra-
tion was measured with vascular endothelial growth
factor (VEGF; No. DVEQO, R&D Systems), interleu-
kin-8 (No. D8000C, R&D Systems) and stromal cell-
derived factor 1 (No. DSAQQ, R&D Systems) Quantikine
ELISA kit.

Experimental Cell Groups

The cells were grouped as (1) late EPCs treated with
gCTRP9 (0.5-10ug/mL; Aviscera Bioscience, Santa
Clara, CA) for 2 or 24 hours under a “healthy” environ-
ment; (2) late EPCs incubated with HG (25 mmol/L) or
mannitol (25mmol/L) for 4days; (3) late EPCs incu-
bated with HG (25mmol/L) for 4days and then con-
tinually treated with gCTRP9 (0.5-10ug/mL) for 2 or
24hours after the 4days of HG; and (4) late EPCs
incubated with HG (25mmol/L) for 4days and then
continually treated with or without gCTRP9 (5ug/
mL) for 24hours after the 4days of HG in the pres-
ence or absence of N(w)-nitro-L-arginine methyl ester
(L-NAME; 100umol/L; Sigma-Aldrich); (5) late EPCs
incubated with HG (25mmol/L) for 4days and then
continually treated with or without gCTRP9 (5ug/mL)
for 24 hours after the 4days of HG in the presence or
absence of sodium nitroprusside (100 umol/L; Sigma-
Aldrich); (6) late EPCs incubated with HG (25 mmol/L)
for 4days and then continually treated with or without
gCTRP9 (5ug/mL) for 24 hours after the 4days of HG
in the presence or absence of eNOS small inhibitory
RNA (siRNA; 25nmol/L or 50nmol/L); (7) late EPCs
incubated with HG (25mmol/L) for 4days and con-
tinually treated with or without gCTRP9 (5ug/mL) for
24 hours in the presence or absence of Compound C
(AMPK inhibitor) (1-10 umol/L; Merck Frosst, Montreal,
Canada) or LY294002 (Akt inhibitor) (1-10umol/L;
Merck Frosst); and (8) late EPCs incubated with HG
(25mmol/L) for 4days and continually treated with or
without gCTRP9 (5 ug/mL) for 24 hours in the presence
or absence of adipoR1 siRNA (50 nmol/L), adiponectin
receptor 2 (adipoR2) siRNA (50nmol/L) or N-cadherin
siRNA (50nmol/L).
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EPC Migration Assay

The migratory capability of the EPCs was evalu-
ated using a modified Boyden chamber assay. The
EPCs were digested with trypsin/EDTA, resuspended
(4x10% in 250uL of endothelial cell basal medium-2,
and added to the upper chambers (8-um pore size)
of a modified Boyden chamber (Corning Inc., Corning,
NY). The chamber was placed in a 24-well plate con-
taining endothelial cell basal medium-2 (500uL) with
50ng/mL VEGF (Peprotech, Rocky Hill, NJ). After
24 hours, the membrane was washed with PBS and
fixed with 4% paraformaldehyde. The upper side of the
membrane was wiped gently. The lower chamber was
stained with crystal violet for 30 minutes. The number
of migrating cells was counted from 5 randomly se-
lected fields under light microscopy by an independent
blinded researcher.

Fibronectin Adhesion Assay

The EPC fibronectin adhesion test was performed
as previously described.®?> Human late EPCs (1x10%)
were seeded on fibronectin (100 ug/mL)-coated 24-
well plates in endothelial cell growth medium-2 and
incubated for 30minutes at 37 °C. Nonadherent
cells were removed by washing twice with PBS.
Adherent cells were photographed with high-power
fields under an inverted fluorescent microscope at
x200 magnification and were counted from 5 ran-
domly selected fields by an independent blinded
researcher.

Tube Formation Assay

The In Vitro Angiogenesis Assay Kit (BD Biosciences)
was used to evaluate the EPC tube formation ca-
pacity, according to the manufacturer’s instructions.
Briefly, 48-well plates were coated with growth fac-
tor-reduced Matrix gel (150uL/well). EPCs were
plated (5x10*cells/well) in 200 uL culture medium and
incubated at 37 °C with 5% CO, for 24 hours to form
tubes. An inverted light microscope was used to ex-
amine tube formation. Five representative fields were
photographed. The number of branch points was
examined using Image-Pro Plus (Media Cybernetics,
Inc., Rockville, MD).

Senescence Assay

Cell senescence was evaluated with a Senescence
Cell Staining kit (Sigma), according to the manufactur-
er’s instructions. Briefly, after washing with PBS, EPCs
were fixed for 6 minutes in 2% formaldehyde and 0.2%
glutaraldehyde in PBS and then incubated for 12hours
at 37 °C without CO,, with a Senescence Cell Staining
solution. After staining, cells were washed with PBS 3
times, and the number of senescent cells (in blue) was
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counted from 5 randomly selected fields using a light
microscope by an independent blinded investigator.

Western Blotting

Proteins were extracted from the cells using the RIPA
buffer (Cell Signaling Technology, Danvers, MA), sep-
arated using SDS-PAGE, and transferred onto PVDF
membranes. These membranes were incubated with
rabbit anti-phospho-eNOS* 77 (ab184154; 1:1000;
Abcam, Cambridge, MA), rabbit anti-eNOS (ab300071;
1:1000; Abcam), rabbit anti-phospho-Akt“73 (No.
4060; 1:1000; Cell Signaling Technology), rabbit anti-
Akt (#9272; 1:1000; Cell Signaling Technology), rab-
bit anti-phospho-AMPK™172  (No. 50081; 1:1000;
Cell Signaling Technology), rabbit anti-AMPK (#5832;
1:1000; Cell Signaling Technology), mouse anti-adipoR1
(sc-518030; 1:1000; Santa Cruz Biotechnology, Santa
Cruz, CA), mouse anti-adipoR2 (sc-514045; 1:1000;
Santa Cruz Biotechnology), rabbit anti-N-cadherin
(ab76011; 1:1000; Abcam), and rabbit anti-g-actin
(@ab8227; 1:5000; Abcam) overnight at 4°C. The mem-
branes were incubated with HRP-conjugated rabbit
anti-lgG (1:2000; Cell Signaling Technology) or HRP-
conjugated anti-mouse IgG (1:5000; Cell Signaling
Technology). The proteins were visualized using
an ECL chemiluminescence system (Cell Signaling
Technology). The gray values of the bands were an-
alyzed using ImagedJ (National Institutes of Health,
Bethesda, MD).

Nitrite Levels

After incubating late EPCs in different conditions and
treatments for 4days, the nitrite levels in the condi-
tioned medium were measured using the Griess rea-
gent (Beyotime Technology, Beijing, China), according
to the manufacturer’s instructions.

Silencing of eNOS, N-Cadherin, AdipoR1,
and AdipoR2

siRNA against eNOS, N-cadherin, adipoR1, and adi-
poR2 were from Santa Cruz Biotechnology. The late
EPCs were treated with 25 or 50nmol/L siRNA. A
scrambled siBNA (Santa Cruz Biotechnology) was
used as control. Transfection was performed accord-
ing to the manufacturer’s protocol. The siRNA se-
quences were eNOS-siRNA-1, 5-GCA GGU CUG CAC
AGG AAA UTT-3; eNOS-siRNA-2, 5-AUU UCC UGU
GCA GAC CUG CTT-3; adipoR1-siRNA-1, 5-GGA
CAA CGA CUA UCU GCU ACA TT-3'; adipoR1-2, 5
TGT AGC AGA TAG TCG TTG TCC TT-3'; adipoR2-1:
5-GGA GUU UCG UUU CAU GAU CGG TT-3'; adi-
poR2-2, 5'-CCG ATC ATG AAA CGA AAC TCC TT-3
N-cadherin-siRNA-1, 5-GGC CAA ACA ACU UUU
AAU U-3’; N-cadherin-siRNA-2, 5-GGC UUC UGG



Hu et al

UGA AAU CGC A-3. Western blotting was used to de-
termine the interference efficiency.

Left Carotid Artery Injury Animal Model
and In Vivo Reendothelialization Assay
The left carotid artery injury animal model was es-
tablished as previously described®®3! (6-8weeks
old) (Laboratory Animal Center of Jinan University,
Guangzhou, China). The protocol was approved by the
Animal Care and Use Committees of Jinan University.
The sample size was calculated using the E-value.®
The mice were anesthetized using intraperitoneal
100mg/kg ketamine and 5mg/kg xylazine. The left ca-
rotid artery was exposed via a middle incision on the
ventral side of the neck. The bifurcation of the carotid
artery was located, and 2 ligatures were placed around
the external carotid artery, which was tied off with a
distal ligature. An incision was made between the lig-
atures to introduce the denudation device. A curved
flexible wire (0.35-mm diameter) was introduced into
the common carotid artery and passed over the lining
of the artery 3 times to denude the endothelium. The
wire was removed, and the external carotid artery was
tied off proximal to the incision hole with a proximal
ligature.

The EPCs were prelabeled with CM-Dil 3hours
before injection into the animal. The mice were ran-
domized to 4 groups (n=5/group) for tail vein injection
of healthy EPCs, EPCs treated with HG for 4days
(HG+EPCs), EPCs treated with gCTRP9 5ug/mL for
24 hours (QCTRP9+EPCs), and EPCs treated with HG
and gCTRP9 5ug/mL (24 hours followed by HG for
4days) (QCTRPO+HG+EPCs). Then, 5x10° cells in
100 uL of PBS were injected 3hours after carotid artery
injury according to grouping. After 5days, the animals
were euthanized using isoflurane anesthesia. The mice
were transfused with 3% Evans blue dye 10minutes
before euthanasia to identify endothelial regeneration
after modeling. After harvesting, the arteries were
opened longitudinally and placed on slides. Pictures
were taken using a microscope (MS5, Olympus, Tokyo,
Japan). The arteries were harvested on day 5 and fixed
in the Tissue-Tek O.C.T. compound (Sakura Finetek,
Torrance, CA). Frozen sections were stained with DAPI.
The CM-Dil-labeled EPCs (red cells) were detected
using a fluorescence microscope (BX51, Olympus).

Immunohistochemistry

For the in vitro experiment, the EPCs were fixed with
4% paraformaldehyde and permeabilized in PBS with
0.1% Triton X-100 (Sigma) for 10minutes. The cells
were blocked with 1% BSA in PBS for 2hours and in-
cubated overnight (4 °C) with primary antibodies rabbit
anti-human N-cadherin (ab76011; 1:100; Abcam) and
rabbit anti-human CD31 (ab28364; 1:100; Abcam). The
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primary antibodies were visualized with a secondary
antibody conjugated with Alexa Fluor 488 or Alexa Fluor
633 (1:500; Molecular Probes, Eugene, OR). Nuclei
were stained with DAPI. The cells were observed under
a confocal microscope.

For the animal experiment, mouse normal arteries
were harvested and fixed in the Tissue-Tek O.C.T. com-
pound (Sakura Finetek). Frozen sections slides (10 um)
were preincubated with 5% normal goat serum for
30minutes, reacted with a rat anti-mouse CD31 (No.
550274; 1:200; BD Pharmingen), rabbit anti-mouse a-
smooth muscle actin (a-SMA; ab5694; 1:200; Abcam),
rabbit anti-mouse AdipoR1 (ab70362; 1:200; Abcam),
anti-mouse adipoR2 (monoclonal antibody) (sc-
514045; 1:200; Santa Cruz Biotechnology) and rab-
bit anti-mouse N-cadherin (ab76011; 1:100; Abcam)
overnight, followed by Alexa Fluor 488 or Alexa Fluor
633-conjugated secondary antibody (1:500; Molecular
Probes) for 1hour at room temperature. Slides were
washed 3 times with PBS with Tween 20 after each
antibody incubation, for 10minutes each time, and
DAPI was used to stain the nuclei. The sections were
observed under a confocal microscope.

Statistical Analysis

All data were presented as means=SEM. Unpaired
Student’s t-test or 1-way ANOVA followed by
Bonferroni’'s multiple comparison tests were used to
determine the statistical significance among treatment
groups. Correlations between eNOS activity and ni-
trite production were analyzed using Pearson correla-
tion analysis. All statistical analyses and graph plotting
were carried out using GraphPad Prism 7.0 (GraphPad
Software, La Jolla, CA).

RESULTS

Identification of Human Late EPCs

After seeding, the PBMNCs had a round shape
(Figure S1A: a,b). After 3 to 7 days of culture, the cells at-
tached and clustered with an elongated spindle shape
(Figure S1A: c¢,d), as described by Asahara et al.3
These elongated cells were early EPCs. The num-
ber of EPCs was reduced after 10days (Figure S1A:
e,f), and by day 28, they had gradually disappeared.
In the meantime, cells displaying a cobblestone ap-
pearance and a smoother cytoplasmic outline similar
to human umbilical vein endothelial cells appeared at
3 to 4weeks of culture (Figure S1A: g,h). These cells
were adherent, could uptake 1,1’-dioctadecyl-3,3,3",3’
-tetramethylindo-carbocyanine-acetylated low-density
lipoprotein, and could bind to FITC-lectin (Figure S1B).
Flow cytometry showed that these cells expressed
CD31 (endothelial marker), kinase-insert domain re-
ceptor (endothelial marker), and CD34 (stem cells
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marker) but not CD133, CD14, and CD45 (leukocyte
marker) (Figure S1C and Figure S2A). Therefore, late
EPCs were successfully isolated, with characteris-
tics previously described.®"3235 The late cells showed
capillary formation capacity (Figure S2B). The early
cells showed higher levels of VEGF and interleukin-8
(Figure S2C and S2D), while stromal cell-derived factor
1 was not elevated (Figure S2E).

Effect of gCTRP9 on EPC Functions in
Adhesion, Migration, and Vasculogenesis
The role of CTRP9 in EPC migration was examined.
After 24hours of incubation, the administration of
gCTRP9 with increased concentrations (0.5-10ug/
mL) significantly enhanced EPC migration (0.5-10 ug/
mL, all P<0.05; Figure 1A). As shown in Figure 1B, EPC
adhesion to fibronectin-coated dishes was enhanced
in response to gCTRP9 treatment (30minutes) in a
concentration—-response manner (0.5-10ug/mL, all
P<0.05; Figure 1B).

The role of CTRP9 on EPC angiogenesis was in-
vestigated. EPCs were incubated with gCTRP9 0.5

CTRP9 Reverses Glucose’s Effects on EPCs

to 10pg/mL for 24hours. As shown in Figure 1C,
gCTRP9 led to an increased EPC tubule network on
ECMatrix gel compared with the control group (all
P<0.05; Figure 1C). These results indicate that CTRP9
improved EPC functions by enhancing migration, ad-
hesion, and vasculogenesis.

Effect of gCTRP9 on Akt, eNOS
Activation, and Nitrite Production in EPCs
CTRP9 at physiological concentrations increases
NO production by eNOS in endothelial cells.'® In addi-
tion, eNOS activity is pivotal to EPC functions and mo-
bilization.*83” Accordingly, we investigated gCTRP9 on
Akt and eNOS activities in EPCs treated with gCTRP9
(0.5-10ug/mL) for up to 2 hours in normal and HG con-
ditions. As shown in Figure 2A and Figure S3A, the
phosphorylation of eNOS (P-eNOS) at Ser'”” and Akt
(P-Akt) at Ser*’ displayed a concentration-dependent
upregulation in EPCs after gCTRP9 treatment (in-
creased P-eNOS, 2.5-fold; P-Akt, 2.2-fold by gCTRP9
5ug/mL versus the control group; Figure 2A) (in-
creased P-eNOS, 2.2-fold; P-Akt, 2.2-fold by gCTRP9

A
g 1 #5Q 8 50 g
: b :
w .
T 801 T 404 *# a 4
iy *t st $
o & . £T 30 g%
E2 33 8%
3?‘3 404 23.20' 5 ~ 20
L~ o H
[ o] a
2 204 € 107 g 10
£ 3 5
5 z
z 0 Z
gCTRP9C 05 25 5 10 (hgimL) oCTRPIC 05 25 5 10 (ugimL) oCTRPIC 05 25 5 10 (ugimL)
Figure 1. Effects of physiological levels of gCTRP9 on late EPC functions.

A, Cultured EPCs were incubated with gCTRP9. A Boyden chamber assay was performed to test the effect of gCTRP9 on migration.
The migrated cells were stained with crystal violet and counted under a microscope (scale bar=100 um). B, EPCs treated with gCTRP9
were harvested and plated on fibronectin-coated cell culture plates. The attached cells were photographed and quantified in high-
power fields under an inverted microscope (scale bar=100m). C, EPCs were incubated with gCTRP9, and an in vitro angiogenesis
assay was used to evaluate the effect of CTRP9 on EPC vasculogenesis (scale bar=100um). For all experiments, n=5, *P<0.05 vs
the control group, #P<0.05 vs the 0.5ug/mL gCTRP9 treatment group, $P<0.05 vs the 2.5ug/mL gCTRP9 treatment group, ®P<0.05
vs the 5ug/mL gCTRP9 treatment group. EPC indicates endothelial progenitor cell; gCTRP9, globular C1g/tumor necrosis factor—

related protein-9; and HPF, high-power field.
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5ug/mL versus the HG group; Figure S3A). Increased
eNOS and Akt phosphorylation was also noted after
treatment with gCTRP9 for 24hours in normal and
HG condition (increased P-eNOS, 2.4-fold; P-Akt, 2.1-
fold by gCTRP9 5ug/mL versus the control group;
Figure 2B) (increased P-eNOS, 2.4-fold; P-Akt, 2.1-fold
by gCTRP9 5 ug/mL versus the HG group; Figure S3B).
In addition, treatment with gCTRP9 (0.5-10ug/mL) for
2 and 24hours also concentration-dependently in-
creased nitrite production by EPCs in the normal and
HG conditions (Figure 2C and 2D and Figure S3C and
S3D, all P<0.01). The eNOS phosphorylation levels
were positively correlated with increased EPCs-derived
nitrite production (Figure 2E and 2F and Figure S3E
and S3F, both P<0.01). In addition, to rule out the ef-
fect of osmotic pressure, EPCs were treated with HG
(25mmol/L) or mannitol (25mmol/L) for 4days. HG
markedly decreased eNOS expression, eNOS, Akt
phosphorylation, and nitrite production. On the other
hand, mannitol did not exert any influence on the above
cell functions (*P<0.05 versus the control or mannitol
group; Figure S4A through S4C). These results indicate
that gCTRP9 increased Akt and eNOS activation, lead-
ing to increased nitrite production in the normal and HG
conditions (as a marker of NO production).

Effects of gCTRP9 on HG-Suppressed
EPC Functions and HG-Induced
Senescence

First, to rule out the effect of osmotic pressure,
EPCs were treated with HG (25mmol/L) or manni-
tol (25mmol/L) for 4days. HG significantly impaired
the migration, adhesion, and tube formation of EPCs
and increased cell senescence. On the other hand,
mannitol did not exert any influence on the above
in vitro functions (*P<0.05 versus the control or man-
nitol group; Figure S5A through S5D). We then inves-
tigated whether the administration of gCTRP9 could
improve HG-suppressed EPC functions. As previously
shown,®®2° the incubation of EPCs in an HG medium
(25mmol/L) for 4days attenuated the migratory ca-
pacity of the EPCs (*P<0.05 versus the control group;
Figure 3A). The administration of gCTRP9 for 24 hours
followed by treatment of EPCs in the HG environ-
ment significantly enhanced HG-impaired EPCs mi-
gration (P<0.05 versus the HG group; P<0.05 versus
the 2.5ug/mL gCTRP9+HG group; P<0.05 versus the
5ug/mL gCTRP9+HG group; Figure 3A).

As shown in Figure 3C, EPCs cultured in the HG
environment for 4 days displayed markedly decreased
tube formation capacity (P<0.05 versus the control
group). Treatment of gCTRP9 (5ug/mL) for 24 hours
followed by HG medium significantly improved the HG-
suppressed tube formation capacity of EPCs (P<0.05
versus the HG group; P<0.05 versus the 2.5ug/mL
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gCTRP9+HG group; P<0.05 versus the 5ug/mL gC-
TRP9+HG group; Figure 3C).

EPC senescence was examined using acidic f-
galactosidase. Compared with the control group, treat-
ment of EPCs with HG medium for 4 days markedly
increased the number of senescent -galactosidase—
positive cells (P<0.05; Figure 3B). Administration of
gCTRP9 (5ug/mL) for 24 hours followed by treatment
of EPCs under HG conditions reduced the number of
senescent B-galactosidase—positive cells (P<0.05 ver-
sus the HG group; Figure 3B). Treatment with -NAME
(an eNOS inhibitor, 100 umol/L) decreased the antise-
nescence role of CTRP9 on EPCs in the HG environ-
ment (P<0.05 versus the 5ug/mL gCTRP9+HG group;
Figure 3B).

As shown in Figure 3D, incubation of EPCs with HG
medium decreased EPC adhesion (P<0.05 versus the
control group). gCTRP9 (5 ug/mL) enhanced EPC ad-
hesion under HG conditions (HG versus HG+gCTRP9
group; P<0.05). This enhanced EPC adhesion was
inhibited by L-NAME (100umol/L) (HG+gCTRP9+L-
NAME treatment groups versus HG+gCTRP9 group;
P<0.05). In addition, treatment with the NO donor
sodium nitroprusside (100umol/L) induced similar
effects of gCTRP9 to improve HG-suppressed EPC
adhesion (all sodium nitroprusside treatment groups
versus HG group; P<0.05). Because the sodium nitro-
prusside+CRTP9 group was not better than sodium
nitroprusside alone or HG+CRTP9, and because L-
NAME+HG was not significantly lower than L-NAME or
HG, the results suggest that the phenotypic changes
were not only caused by the effects of CRTP9 on
eNOS but that other pathways or regulatory mecha-
nisms were also involved. Nevertheless, the findings
suggest that the administration of gCTRP9 might re-
store impaired EPC functions under HG conditions,
and these benefits might derive from NO-associated
mechanisms.

gCTRP9 Restored HG-Impaired eNOS
Activation and NO Production

HG attenuates eNOS activation and reduces NO bio-
availability through posttranslational modification at the
Akt site in cultured EPCs.%° Therefore, we evaluated
gCTRP9 on HG-treated EPCs to determine the ability
of CTRP9 to restore the decreased eNOS activation in
EPCs. After 4days, the HG medium (25mmol/L) sig-
nificantly downregulated the phosphorylation of eNOS
at Ser''7, Akt at Ser*’3, and total eNOS (Figure 4A),
and it was associated with decreased EPC-derived
NO production (Figure 4B). Meanwhile, the adminis-
tration of gCTRP9 under HG conditions for 24 hours
concentration-dependently upregulated the eNOS and
Akt phosphorylation and total eNOS and increased
NO production (Figure 4A and 4B).
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To confirm the role of eNOS in the enhancement
of HG-impaired EPC functions by CTRP9, EPCs were
transfected with eNOS siRNA to inhibit eNOS activity.
As shown in Figure 4C, treatment with 25 and 50 nmo-
I/L eNOS siRNA inhibited eNOS expression by admin-
istering gCTRP9 under HG conditions. Treatment with
eNOS siRNA led to an inhibition of eNOS expression
and markedly impaired the benefits of CTRP9 in im-
proving EPC vasculogenesis (Figure 4D). Therefore,
these results suggest that gCTRP9 restored HG-
impaired eNOS activation and NO production.

Effects of AMPK in CTRP9-Modulated
EPC Function and eNOS Activation

Previous studies showed that AMPK could cause di-
rect or indirect eNOS phosphorylation through Akt
activation and could be involved in CTRP9-mediated
biological actions.'®4° Hence, it could be hypothesized
that CTRP9 could act on AMPK in EPCs. After incuba-
tion of EPCs with gCTRP9 (2.5-10umol/L) for 2hours
in the normal and HG conditions, the phosphorylation
levels of AMPK were analyzed. As shown in Figure 5A
and Figure S6A, EPCs cultured with gCTRP9 showed
markedly increased phosphorylation of AMPK at
the Thr'” site, and treatment with an AMPK inhibi-
tor (Compound C, 10umol/L) for 30 minutes inhibited
gCTRP9-upregulated AMPK, eNOS, and Akt phos-
phorylation (Figure 5B and Figure S6B). In addition,
treatment with an Akt inhibitor (LY294002, 10 umol/L)
for 30minutes did not exert an inhibitory effect on
the phosphorylation of AMPK but blocked (although
incompletely) CTRP9-induced Akt and eNOS phos-
phorylation (Figure 5C and Figure S6C). These results
suggested that AMPK might act as an upstream sig-
nal element of Akt involved in CTRP9-induced eNOS
phosphorylation and its derived positive biological
effects.

We evaluated the role of AMPK in CTRP9-induced
upregulation of Akt and eNOS activities under HG con-
ditions. First, to rule out the effect of osmotic pressure,
EPCs were treated with HG (25 mmol/L) or mannitol
(25mmol/L) for 4days. HG significantly impaired the
phosphorylation of AMPK but not mannitol (P<0.05
versus the control or mannitol group; Figure S4D).
EPCs were treated with an AMPK inhibitor (Compound
C, 1 and 10umol/L) before gCTRP9 (5ug/mL) for
24 hours under HG medium. As shown in Figure 5D,
the activation of the phosphorylation of Akt and eNOS

CTRP9 Reverses Glucose’s Effects on EPCs

by gCTRP9 was impaired by Compound C under HG
conditions. Moreover, the beneficial effect of CTRP9 on
HG-suppressed EPC migration was markedly blocked
by the treatment with an AMPK inhibitor (Compound
C; Figure 5E), indicating that CTRP9 may enhance HG-
impaired EPC function through the AMPK-mediated
Akt/eNOS pathway.

AdipoR1, AdipoR2, and N-Cadherin in
CTRP9-Mediated eNOS Activation and
EPC Function

Two CTRP9 receptors, adipoR1 and adipoR2, could
mediate CTRP9’s collectin-like functions.'® In order to
examine the involvement of adipoR1 and- adipoR2 in
CTRP9-mediated AMPK, eNOS activation, and EPC
function under HG conditions, siRNAs were used to
silence endogenous adipoR1 and adipoR2 expres-
sion. Then, after 48hours, the EPCs were treated with
vehicle or CTRP9 (5ug/mL) for 24 hours. The siRNA-
induced suppression of adipoR1 and adipoR2 was
confirmed (each 75%-80%) (Figure 6A and 6B). The
administration of CTRP9 upregulated adipoR1 and ad-
ipoR2 expression, while HG stimulation impaired adi-
poR1 and adipoR2 expression. In addition, treatment
with gCTRP9 restored adipoR1 and adipoR2 expres-
sion after HG stimulation (Figure 6A and 6B). These
results suggested that adipoR1 and adipoR2 medi-
ated CTRP9-induced cytoprotective effects in an HG
environment.

As shown in Figure 6C and 6G, the silencing of ad-
ipoR1, but not adipoR2, reduced gCTRP9-induced
phosphorylation of AMPK, Akt, and eNOS after treat-
ment with gCTRP9 under HG conditions. No signifi-
cant differences were observed in these outcome
parameters between adipoR2 knockdown and scram-
bled siRNA-treated cells. Moreover, the administration
of adipoR1 siRNA (50nmol/L) impaired EPC migration
under HG conditions (Figure 6H). These findings indi-
cated that gCTRP9 induced AMPK/Akt/eNOS path-
way activation.

It should be worth paying attention to a recent study
suggesting that N-cadherin is a novel CTRP9 receptor
of adipose-derived mesenchymal stem cells involved
in protective effects against ischemic heart injury.*°
Hence, it could be hypothesized that N-cadherin could
also be a potential receptor for CTRP9 on EPCs. As il-
lustrated in Figure S7A, immunocytochemistry demon-
strated the colocalization of CD31 and N-cadherin on

Figure 2. Effects of gCTRP9 on eNOS, Akt, and NO production in EPCs in the normal condition.

A and B, Effects of gCTRP9 on eNOS, Akt activities, and nitrite levels were determined in late EPCs. Administration of gCTRP9 (2 and
24 hours) concentration-dependently increased phosphorylation of eNOS (P-eNOS) and Akt (P-Akt). C and D, Nitrite production (as NO
content) in culture medium was measured by Griess reagent. E and F, Correlation of P-eNOS relative intensity with nitrite production
in EPCs. Correlations between P-eNOS relative intensity and the variables were performed using Spearman correlation analysis.
For all experiments, n=5, *P<0.01 vs the control group. Akt indicates protein kinase B; eNOS, endothelial nitric oxide synthase; EPC,
endothelial progenitor cell; gCTRPY, globular C1g/tumor necrosis factor-related protein-9; NO, nitric oxide; and P-, phosphorylated.

J Am Heart Assoc. 2024;13:e030054. DOI: 10.1161/JAHA.123.030054



Hu et al CTRP9 Reverses Glucose’s Effects on EPCs
A 2h
gCTRP-9 Control 0.5 25 5 10 (ug/mL) .
- 3.59
P-eNOS 132 kD 3.0 x B ., 3 P-eNOS
=" * @ eNOS
; 3 O 25- % hd Bl P-Akt
eNos | 132 kD &€ *
‘ £ g 20- B Akt
P-Akt 60 kD 3 S 15-
w2
8 1.0
m -
Akt 60 kD 0.51
0.0- i
B-actin 42 kD gCTRP9 C 0.5 25 5 10 (pg/ml)
2h
24h
B
gCTRP-9 Control 0.5 25 10 (ug/mL)
3.5 .
P-eNOS 132 kD 55 * [ P-eNOS
U *
§' % * 4 * X Ml eNOS
@ O 25- x ¥ Tx BB P-Akt
'
eNOS 132 kD & e
E § 201 Bl Akt
[V
0 1.51
P-Akt 60 kD E o
< 8 10
m '
Akt 60 kD 0.54
0.0-
B-actin 42 kD gCTRP9 C 0.5 2.5 5 10 (ug/mL)
24h
C D
400+ 800-
*
c
2 = 3004 § = 6004 b
53 £3
=] o o *
85 3 E
*
g O 2004 g 8 4004
8° g o
T X o
£ < 1001 S < 2001
z z
0- 04
gCTRP-9 C 0.5 10 (pg/mL) gCTRP-9 C 0.5 25 5 10 (ug/mL)
2h 24 h
E F
=0.547
i 2h r=0.993 1000- 24h ’
600 P< 0.0001 P=o.oo4.s
g _ § - 8004
% 5 400 s e i
é _E _g £ 600
o Q 2 8
5o 8.2 400-
2 © 2004 @ 9°
£ £ 2 200
£T £ = 200
o : [} x T T T "
1 0 1 2 3 4 5
P-eNOS relative Intenslty P-eNOS relative intensity
(fold of control) (fold of control)

J Am Heart Assoc. 2024;13:e030054. DOI: 10.1161/JAHA.123.030054



Hu et al CTRP9 Reverses Glucose’s Effects on EPCs

A
5
T £
O c
a’t
[
P O |l W \ ks i
th!I'RPQ gps ] | SCHRPOVEOME Ao ’q’i:;l;_)s;ug'mqi -
ns
0
o 807 3
o 501 ns ns
I} *#$@ &
1 *#$ £ 404
~ 60 P
oz gz 30
E 2 401 g8
58 . 58 201
v~ [}
.8 204 o 10
[S 3
3 2
z 0
0- c H G .
C HG HG HG He gCTRP-9 - - 5 5 - (ng/mL)
gCTRPS - - 25 5 10 (ugimL) L-NAME . . - 100 100  (uM)
(o D
] - [}
- O
£ o
Q w
< 9
Q
c ga
- %E
= & 8
N 53
Q [
£ 3
= :
z P4
C HG HG HG HG C - HGHG - - HGHG - HGHG
gCTRP9 - . 25 5 10 (ugiml) 9gCTRP-9 - 5 - 5 - 5 - 5 - - 5 (ugmL)
+ + + + + + +
SNP (100 uM) L-NAME (100 pM)

Figure 3. CTRP9 recovered HG-impaired EPC functions and attenuated cellular senescence.

After incubating EPCs with the indicated concentrations of gCTRP9 for 24 hours, the EPCs were evaluated using functional
experiments after treatment with HG for 4days. A, A modified Boyden chamber assay was used to evaluate the effect of
gCTRP9 on migration (scale bar=100um) (n=5), *P<0.05 vs the control group, *P<0.05 vs the HG group, $P<0.05 vs the
2.5ug/mL gCTRP9+HG group, ®P<0.05 vs the 5ug/mL gCTRP9+HG group). B, B-galactosidase was detected as a marker
for acidification typical of cell senescence (scale bar=100um) (n=5), *P<0.05 vs the control group, #P<0.05 vs the HG group,
$P<0.05 vs the 5ug/mL gCTRP9+HG group. C, An in vitro angiogenesis assay was performed with EPCs to investigate the
role of gCTRP9 on EPC vasculogenesis under HG conditions (n=5), *P<0.05 vs the control group, *P<0.05 vs the HG group,
$P<0.05 vs the 2.5ug/mL gCTRP9+HG group, ®P<0.05 vs the 5ug/mL gCTRP9+HG group. D, The fibronectin adhesion assay
was used to evaluate the effect of gCTRP9 on EPCs adhesive capacity (n=5), *P<0.05 vs the control group, #P<0.05 vs the
HG group, ¥P<0.05 vs the HG+gCTRP9 group, ®P<0.05 vs the HG+gCTRP9 group. Akt indicates protein kinase B; eNOS,
endothelial nitric oxide synthase; EPC, endothelial progenitor cell; gCTRP9, globular C1g/tumor necrosis factor-related
protein-9; HG, high glucose; L-NAME, N(w)-nitro-L-arginine methyl ester; and NO, nitric oxide.
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Figure 4. CTRP9 recovered HG-impaired EPC activation and NO production.

A, Effects of gCTRP9 on total eNOS and Akt. eNOS and Akt phosphorylation was determined in EPCs. B, Nitrite production (as
NO content) in culture medium was measured by Griess reagent. (For A and B, n=5, *P<0.05 vs the control group, *P<0.05 vs
the HG group). C, Treatment using eNOS siRNA (25 and 50nmol/L) decreased the accumulation of eNOS by administration of
gCTRP9 under HG medium. D, An in vitro angiogenesis was used to investigate the effect of gCTRP9 on EPCs vasculogenesis
under HG medium after knockdown of eNOS activity (scale bar=100um). (For C and D, n=5, *P<0.05 vs the control group,
#P<0.05 vs the HG group, P<0.05 vs the HG+gCTRP9 group). Akt indicates protein kinase B; eNOS, endothelial nitric oxide
synthase; EPC, endothelial progenitor cell; gCTRP9, globular C1g/tumor necrosis factor-related protein-9; HG, high glucose;
NO, nitric oxide; P, phosphorylated; and siRNA, small inhibitory RNA.

J Am Heart Assoc. 2024;13:e030054. DOI: 10.1161/JAHA.123.030054 11



Hu et al

CTRP9 Reverses Glucose’s Effects on EPCs

A B
gCTRP.9  Control 2.5 5 10 (ug/mL)
P-AMPK Compound C (10pM)
AMPK
3.04
fractin . 3 P-eNOS
2= 257 mm eNOS
28 == P-Akt
0 25 207 = Akt
2, £o O P-AMPK
2= 0 % 1.5
gs 25 = AMPK
€ < 2. S g
£8 53 1.0
£0o D &
0% 1 [
290 0.54
g3
ge, 0.0-
’ gCTRP-9 ¢ - (ngimL)
0. "
gCTRP9 C 10 (ug/mL) B-actin Compound C 10 uM
c LY294002 (10 pM)
gCTRP-9 Control 5 5
P-Akt
3 P-eNOS
Akt =2 = eNOS
» O
s mm P-AMPK
P-AMPK £ § 20 B AMPK
'5'-5 15 = P-Akt | q—
AMPK 29 B Akt 2
£g 0
P-eNOS <
0.5
eNOS
5 - (ug/mL)
B-actin —
LY294002 10 uM
D HG EE T + o+
gCTRP9 - 5 5 - - 5 5 - - 5 5§ - (ugmlL)
Compound C - - 1 1 1 1 10 10 10 10 (uM) 30 O penos
@
z= 28 B eNOS g
28 20 Wl P-Akt b
25 BB Akt £
E8 s s
ow 5
20 ]
310 <
2 s 5
' £
0.0- S
C - HGHG - - HGHG - - HGHG =
9CTRP9 - + + - - + + - - + + - §(ug/ml) C - HGHG - - HGHG - - HGHG
1.1 1 110 10 10 10 gCTRP-9 - + + - P A 1-0(5u9/mL)
Compound C (M) Compund C (uM)

Figure 5. Effects of AMPK in CTRP9-modulated EPC function and eNOS activation.
A, After incubation of EPCs with the indicated concentrations of gCTRP9 for 2 hours, AMPK protein phosphorylation and total protein

levels were analyzed. B, EPCs were incubated with an AMPK inhibi

tor (Compound C, 10 umol/L) for 30 minutes, followed by gCTRP9

(5png/mL) for 24 hours. Phosphorylated and total eNOS, Akt, and AMPK were measured. C, EPC incubation with Akt inhibitor (LY294002,
10pumol/L) for 30 minutes, followed by gCTRP9 (5ug/mL) for 24 hours. eNOS, Akt, and AMPK (phosphorylated and total forms) were
measured. D, Effects of CTRP9 on eNOS and Akt (phosphorylated and total forms) in EPCs after pretreatment with Compound C
under HG conditions. E, A Boyden chamber test was performed to evaluate the effect of CTRP9 on EPC migration (scale bar=100 um).
For all experiments, n=5, *P<0.05 vs the control group, *P<0.05 vs the HG group, #P<0.05 vs the 1-uM Compound C group. Akt
indicates protein kinase B; AMPK, AMP-activated protein kinase; eNOS, endothelial nitric oxide synthase; EPC, endothelial progenitor
cell; gCTRPY, globular C1g/tumor necrosis factor-related protein-9; HG, high glucose; NO, nitric oxide; and P-, phosphorylated.

the EPC membrane, suggesting that EPCs expressed
N-cadherin protein. To evaluate whether N-cadherin
was involved in CTRP9-mediated AMPK, eNOS ac-
tivation, and EPC function under HG conditions, we
also used siRNA to downregulate N-cadherin expres-
sion. N-cadherin was knocked down using the same
system as adipoR1 and adipoR2. The Western blotting
analysis confirmed a siRNA-induced suppression of
80%. Similar to adipoR1 and adipoR2, treatment with
gCTRP9 upregulated N-cadherin expression, while
HG impaired N-cadherin expression. Moreover, treat-
ment with gCTRP9 restored N-cadherin expression

J Am Heart Assoc. 2024;13:e030054. DOI: 10.1161/JAHA.123.030054

after HG stimulation (Figure S7B). N-cadherin siRNA
markedly decreased the activation of AMPK, Akt,
and eNOS phosphorylation (Figure S7C through S7F)
and attenuated EPC migratory capacity by treatment
with gCTRP9 in the HG environment (Figure S7G). In
addition, to rule out the effect of osmotic pressure,
EPCs were treated with HG (25mmol/L) or mannitol
(25mmol/L) for 4days. HG significantly impaired the
expression of adipoR1 and N-cadherin but not man-
nitol (P<0.05 versus the control group or the mannitol
group; Figure S4E through S4G). The results revealed
that CTRP9 restored HG-induced impaired EPC
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Figure 6. Effect of adipoR1 and adipoR2 in CTRP9-upregulated eNOS activation and EPC function.

A and B, Treatment with gCTRP9 upregulated adipoR1 and adipoR2 expression. HG stimulation impaired adipoR1 and adipoR2
expression. Administration of CTRP9 restored adipoR1 and adipoR2 expression under HG conditions. Administration of adipoR1
siRNA (50nmol/L) or adipoR2 siRNA (50nmol/L) knocked down adipoR1 and adipoR2 protein expression under CTRP9 and HG
treatment (n=5), *P<0.05 vs the control group, *P<0.05 vs the HG group, ©P<0.05 vs the gCTRP9 treatment group, $P<0.05 vs the
gCTRP9+HG group, ¥P<0.05 vs the HG group. C through G, The administration of adipoR1 siRNA (50 nmol/L) significantly attenuated
the activation of eNOS, Akt, and AMPK by treatment with gCTRP9 under HG conditions. H, The administration of adipoR1 siRNA
(560nmol/L) impaired EPC migration under HG conditions. For C through H, n=5, *P<0.05 vs the control group, *P<0.05 vs the HG
group, ®P<0.05 vs the gCTRP9+HG group, #P<0.05 vs the siRNA (adipoR1, adipoR2, and scrambled siRNA) treatment group. adipoR1
indicates adiponectin receptor 1; adipoR2, adiponectin receptor 2; Akt, protein kinase B; AMPK, AMP-activated protein kinase; eNOS,
endothelial nitric oxide synthase; EPC, endothelial progenitor cell; gCTRP9, globular C1g/tumor necrosis factor-related protein-9;
HG, high-glucose; NO, nitric oxide; and siRNA, small inhibitory RNA.

functions through adipoR1 and N-cadherin-mediated Figure 7A and 7B, respectively) were localized on the
eNOS activation. lumen surfaces in normal carotid arteries, indicating that
these cells were also endothelial-positive cells. To con-

. firm this, the colocalization studies using anti-CD31 and
gCTRPY-Treated EPC Transplantation anti-a-SMA antibodies revealed that CD31* cells in the

Improved I.n V'V_o Reendothelialization lumens of arteries coexpressed adipoR1 and adipoR2
After Arterial Injury on the endothelium layer, whereas a-SMA* cells did not
We first investigated whether the carotid artery ex-  express these proteins (Figure 7A and 7B). N-cadherin—
pressed the receptors for CTRP9. AdipoR1- and positive cells (red staining in Figure S7H) were observed
adipoR2-positive cells (red and green staining in in the middle and lumen surface in normal carotid
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Figure 7. CTRP9-treated EPC transplantation promoted reendothelialization after vascular injury in mice.

A, Double-immunofluorescence images for adipoR1 (red) and CD31 (green), or a-SMA (green), showed coexpression of adipoR1 in
CD31* cells. (Scale bar=50um). B, Double-immunofluorescence images for adipoR2 (green) and CD31 (red), or a-SMA (red), showed
coexpression of adipoR2 in CD31* cells (scale bar=50um). C, Nude mice were subjected to the carotid artery injury model. D through
F, Evans blue dye was injected 10 minutes before euthanasia on day 5. Nonendothelialized lesions were marked by blue staining,
whereas the reendothelialized area appeared white. E through G, CM-Dil labeled EPCs (red) were transfused to nude mice after
carotid artery injury on day 5. The localization of double-fluorescent cells, FITC-lectin/CM-Dil cells, was shown as yellow dots in the
merged image. For all experiments, scale bar=50um, n=5, *P<0.05 vs the EPC group, *P<0.05 vs the HG group, **P<0.01 vs the EPC
group. Akt indicates protein kinase B; eNOS, endothelial nitric oxide synthase; EPC, endothelial progenitor cell; gCTRP9, globular

C1qg/tumor necrosis factor-related protein-9; and HG, high-glucose.

arteries, as evidenced by the colocalization studies of
CD31 and a-SMA.

Finally, we evaluated whether gCTRP9 could im-
prove the in vivo reendothelialization capacity of HG-
induced decline of EPC functions. A mouse carotid
artery injury model was established to evaluate the
in vivo reendothelialization capacity. Male nude mice
were randomized to 4 treatment groups for intrave-
nous transfusion of healthy EPCs, gCTRP9+EPCs,
HG+EPCs, and HG+gCTRP9+EPCs (Figure 7C).
Compared with the mice treated with HG+EPCs, the
reendothelialization area (white area) of the healthy
EPCs group was increased after vascular injury on

J Am Heart Assoc. 2024;13:e030054. DOI: 10.1161/JAHA.123.030054

day 5 (33+3.5% versus 48+2.8%; P<0.05; Figure 7D
and 7F). Injection of gCTRP9+EPCs could increase
the regenerative endothelium area compared with
the healthy EPCs group (68+3.3% versus 48+2.8%;
P<0.05). Moreover, the reendothelialization area of
the HG+gCTRP9+EPCs group was very similar to
the healthy EPCs group. Confocal laser scanning
microscopy showed that CTRP9 promoted trans-
planted CM-Dil-labeled EPCs to attach at the sites
in the endothelial repair zone of the injured carotid ar-
tery (Figure 7E and 7G), suggesting that CTRP9 could
enhance the effect of EPCs-mediated vascular repair
under HG conditions.
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DISCUSSION

The mechanisms underlying the vasculoprotective
functions of CTRP9 remain unclear. This study aimed
to investigate whether gCTRP9 could restore EPC
functions that had been suppressed by HG through
eNOS activation. The results suggest that physiologi-
cal levels of gCTRP9 increased migration, adhesion,
and tube formation in EPCs. Moreover, gCTRP9 up-
regulated P-AMPK, P-Akt, and P-eNOS and increased
nitrite production in a concentration-dependent man-
ner. Exposure to HG induced EPC senescence and
decreased eNOS activation and nitrite production.
However, these detrimental effects were reversed
by gCTRP9, which acts through adipoR1 and N-
cadherin—-mediated AMPK/Akt/eNOS signaling. Nude
mice injected with EPCs treated with CTRP9 under
HG medium exhibited significantly enhanced reen-
dothelialization capacity compared with those treated
with EPCs incubated under HG conditions. Therefore,
modulation of CTRP9 may improve the healing of vas-
cular injuries.

Previous studies have suggested that circulat-
ing EPCs play a vital role in reendothelialization and
neovascularization at the sites of endothelial injury or
ischemia.*-8:214142 Fyrthermore, decreased circulating
EPCs independently predicted atherosclerosis pro-
gression and future acute vascular events.*® Reduced
numbers and impaired functions of EPCs in patients
with type 2 diabetes have been attributed to diabetic
vascular complications. Thus, EPCs hold therapeutic
potential for vascular protection in such patients. The 2
types of EPCs, namely, early and late EPCs, exhibited
functional differences in vitro. Early EPCs were unable
to form tubelike structures, while late EPCs demon-
strated a certain capacity for capillary formation. In
contrast, early EPCs exhibited a stronger ability to se-
crete angiogenic factors compared with late EPCs. The
concentration of well-known angiogenic cytokines,
such as VEGF and interleukin-8, was significantly
higher in the supernatant of early EPCs compared
with that of late EPCs. Stromal cell-derived factor 1
levels did not show an increase in either of the super-
natants. These findings align with the study conducted
by Hur et al.3% Consistent with previous research, this
study found that human late EPCs’ functions, namely,
migration, adhesion, and vasculogenesis, were at-
tenuated by HG. However, gCTRP9 could directly
enhance EPC functions without HG or the dysfunc-
tions caused by HG. These results support the role of
CTRP9 in vascular protection, as proposed in previ-
ous studies.’®'® Indeed, exogenous gCTRP9 admin-
istration at physiological levels was found to improve
endothelium-dependent vasodilation and enhance
endothelial cell growth.'® Additionally, gene transfer of
CTRP9 significantly inhibited vascular smooth muscle
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cell proliferation and reduced neointima formation after
vascular injury.”” Reduced plasma CTRP9 levels have
been observed in type 2 diabetes'® and coronary ar-
tery disease patients.?® Therefore, low CTRP9 levels
might be a biomarker for predicting endothelial dys-
function and coronary plaque vulnerability. Although
the mechanisms are unclear, CTRP9-knockout hearts
showed negligible mesenchymal stem cell mobiliza-
tion, which was restored by gCTRP9 administration.*°
Thus, the observed improvements in EPC functions
after gCTRP9 treatment in this study are consistent
with previous research on CTRPO.

HG impairs eNOS expression or its Ser1177 phos-
phorylation, leading to reduced bioavailability of NO,
decreased proliferation, and increased apoptosis of
endothelial cells, which may contribute to the devel-
opment of atherosclerosis in diabetes.***® CTRP9 can
increase NO production in endothelial cells by promot-
ing the phosphorylation of eNOS at Ser1177 by Akt,'6:3°
indicating that increasing vascular NO bioavailability
using CTRP9 might have vasoprotective effects at the
endothelium level. In addition, eNOS expression and
phosphorylation are essential for the survival, angio-
genesis, and mobilization of EPCs.573646 A recent
study demonstrated that promoting eNOS phosphory-
lation could restore HG-induced impairment of EPCs."?
Therefore, increasing EPCs and their functional capac-
ities by enhancing eNOS-derived NO bioavailability
using drugs could benefit patients with type 2 dia-
betes. In the present study, gCTRP9 enhanced Akt/
eNOS phosphorylation and NO production, resulting
in improved tube formation and migration capabilities
of EPCs. This is supported by a previous study show-
ing that CTRP9 stimulates the phosphorylation of Akt
and eNOS in endothelial cells.'® Additionally, AMPK
stimulates eNOS phosphorylation at Ser1177.47 In the
present study, EPCs treated with gCTRP9 displayed
increased phosphorylation of AMPK at Thr172. To
examine the hierarchy of AMPK and Akt signaling in
CTRP9-induced eNOS phosphorylation, pharmaco-
logical inhibition of AMPK and Akt phosphorylation
levels were performed in EPCs. The downregulation
of the phosphorylation of either AMPK or Akt led to
the significant attenuation of CTRP9-induced eNOS
phosphorylation, suggesting that both AMPK and Akt
are involved. After AMPK inhibition, CTRP9-induced
Akt phosphorylation at Ser473 was blocked. On the
other hand, Akt inhibition had no effect on CTRP9-
induced AMPK Thr172 phosphorylation, suggesting
that AMPK might be the most upstream molecule in
CTRP9-induced eNOS phosphorylation. Moreover,
the beneficial effects of CTRP9 on HG-impaired EPC
migration were blocked by treatment with an AMPK
inhibitor (Compound C). Therefore, CTRP9 could in-
crease eNOS activation through the AMPK-mediated
Akt/eNOS pathway.
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CTRP9 acts through adipoR1 and adipoR2, which
are surface membrane proteins that share a similar
structure and are expressed in skeletal muscle, liver,
and endothelial lineage cells.'®48-50 Before this study,
it was completely unknown whether CTRP9 interacts
with 1, both, or neither receptor in EPC. In this study,
adipoR1 siRNA decreased the activation of AMPK,
Akt, and eNOS and impaired EPC functions under
treatment with gCTRP9 under HG conditions, while
knocking down adipoR2 resulted in no significant ef-
fects. Notably, Yan et al*® identified N-cadherin as a
novel CTRP9 receptor in adipose-derived mesenchy-
mal stem cells, and N-cadherin-mediated signaling
protected cardiomyocytes against oxidative stress—in-
duced cell death. Similarly, the immunochemistry re-
sults also showed that EPCs expressed N-cadherin.
The administration of N-cadherin siRNA also decreased
the activation of AMPK, Akt, and eNOS and impaired
EPC functions under treatment with gCTRP9 and HG,
suggesting that gCTRP9 promotes HG-suppressed
EPC function via both adipoR1 and N-cadherin. Thus,

CTRP9 Reverses Glucose’s Effects on EPCs

this study provided a novel mechanism for CTRP9 in
vascular protection by improving late EPC function
(Figure 8).

Moreover, this study indicated that EPCs treated
with gCTRP9 could home to areas of vascular damage
and participate in repairing the damaged endothelium
in nude mice. HG-treated EPCs showed decreased
homing and repair capacity, which was restored by
gCTRP9 treatment. As EPCs play a major role in re-
pairing endothelial damage,* the results strongly sug-
gest that gCTRP9 could eventually be used to restore
EPC repair capacity in patients with type 2 diabetes
or that EPCs from a patient could be boosted ex vivo
using gCTRP9 and then reinjected in the patient to
increase repair after a vascular event. However, addi-
tional studies are necessary before any clinical appli-
cation of gCTRPQ.

This study possesses certain limitations that should
be acknowledged. First, while we identified 2 recep-
tors, adipoR1 and N-cadherin, involved in the CTRP9-
induced vascular protective effects of EPCs in an HG

AdipoR1

CTRP-9

Vascular adventitia

Figure 8. Schematic illustration of the pivotal role of CTRP9 in reendothelialization of EPCs and the protective mechanisms
of AMPK-mediated Akt/eNOS signaling involved in adipoR1 and N-cadherin receptor.

Chronic exposure to HG impairs the reendothelialization capacity of EPCs. Treatment with gCTRP9 restores EPC functions and
reendothelialization capacity under the HG environment through adipoR1 (not adipoR2) and N-cadherin-mediated AMPK/Akt/eNOS
pathway. adipoR1 indicates adiponectin receptor 1; adipoR2, adiponectin receptor 2; Akt, protein kinase B; AMPK, AMP-activated
protein kinase; EC, endothelial cell; eNOS, endothelial nitric oxide synthase; EPC, endothelial progenitor cell; gCTRP9, globular C1g/
tumor necrosis factor-related protein-9; HG, high-glucose; and VSMC, vascular smooth muscle cell.
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environment, further research is needed to determine
the relative importance of each receptor-mediated
signaling pathway. Second, due to experimental con-
straints, we were unable to use adipoR1, N-cadherin—
specific endothelium conditional knockout models, or
type 2 diabetes mice to assess the in vivo endothelial
repair capacity of EPCs. Third, owing to experimental
constraints, we only investigated an extreme glucose
level of 25 mmol/L, and we were unable to examine the
entire spectrum of diabetes. Nevertheless, such a high
concentration of glucose may pose a risk of osmotic
stress on the cells. The osmotic control (25mmol/L
mannitol) suggested that the observed changes in
this study were not attributable to osmotic pressure,
as previously observed in EPCs,%8 but in contradiction
with 2 previous studies in human aortic endothelial
cells.®"%2 The discrepancy could be due to the nature
of the cells; that is, EPCs are circulating cells that can
adhere to injury sites and participate in new vessel for-
mation,®® while human aortic endothelial cells are fully
differentiated cells found in the aortic vessel wall.5
Nevertheless, the present study did not include human
aortic endothelial cells, and future studies could exam-
ine that issue in several cell types in parallel. Finally, this
study was primarily designed to investigate whether the
administration of gCTRP9 could restore EPC functions
suppressed by HG by activating eNOS. Therefore, the
mechanisms explored were only preliminary, and addi-
tional studies will be necessary to elucidate the precise
underlying mechanisms. This could involve compari-
sons with known agonists of EPC function, such as
VEGF.

CONCLUSIONS

CTRP9 promotes EPC migration, adhesion, and tube
formation and restores these functions under HG
conditions through eNOS-mediated signaling mecha-
nisms. These findings suggest that CTRP9 may serve
as an endothelium regeneration agent that can en-
hance EPC functions both in vitro and in vivo. The use
of CTRP9 and EPCs may have implications for the fu-
ture management of patients with vascular diseases,
particularly those with type 2 diabetes.
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