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The aim of this study was to investigate whether C1q/TNF-related protein 9 (CTRP9) could stabilize the
mature plaques by targeting macrophages in the apolipoprotein E knockout (ApoE KO) mice model.
In vivo, the mice were subjected to high-fat diet and constrictive collars on the right carotid artery for
eight weeks, a lentiviral vectors expressing CTRP9 (LV-CTRP9) or green fluorescence protein (LV-eGFP) as
a control was intravenously injected into ApoE KO mice. Delivery of LV-CTRP9 resulted in low contents of
macrophages and lipids, and high contents of collagen and vascular smooth muscle cells in the carotid
mature plaques. In addition, CTRP9 also decreased pro-inflammatory cytokines in mature plaques.
In vitro, RAW264.7 macrophages were pretreated with or without LV-CTRP9 transfection, and then
stimulated with oxLDL (50 pg/mL). We found that the expression levels of tumor necrosis factor-o (TNF-
o) and monocyte chemoattractant protein 1 (MCP-1) in the LV-CTRP9 group were significantly lower
than those in the LV-eGFP group after exposure to oxLDL. The present data indicate that CTRP9 over-
expression enhances the plaque stability in ApoE KO mice by reducing pro-inflammatory cytokines in
macrophages. Our study suggests that the therapeutic approaches to enhance CTRP9 production could be
valuable for plaque stabilization.

Keywords:

CTRP9
Anti-inflammation
Atherosclerosis
Plaque stabilization

© 2015 Elsevier Inc. All rights reserved.

1. Introduction [2]. Therefore, plaque vulnerability has become a hot debate at

home and abroad. During the atherosclerosis pathological process,

Atherosclerosis is the main cause of cardiovascular disease and
stroke [1]. The rupture of vulnerable plaques followed by thrombus
formation leads to myocardial infarction, stroke, and sudden death

Abbreviations: ApoE KO mice, apolipoprotein E knockout mice; CTRP9, C1q/TNF-
related protein 9; LV-CTRP9, lentiviral vector expressing CTRP9; LV-eGFP, lentiviral
vector expressing green fluorescence protein; PBS, phosphate-buffered saline;
oxLDL, oxidized low-density lipoprotein; VSMC, Vascular Smooth Muscle Cell;
AMPK, AMP-activated protein kinase; eNOS, endothelial Nitric Oxide Synthase; TC,
total cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-
C, low-density lipoprotein cholesterol; NEFA, nonesterified fatty acids; GLU,
glucose; TNF-¢, tumor necrosis factor-o.; MCP-1, monocyte chemoattratctant pro-
tein-1.
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macrophages contribute to size-independent changes in plaque
morphology, notably necrotic core formation and fibrous cap
thinning, that characterize the “vulnerable” plaque [3,4]. Since
macrophages and foam cells secret a variety of inflammatory cy-
tokines, which attract more monocytes to infiltrate into the sub-
endothelial space, propagate inflammatory response and
subsequently advance atherosclerotic plaques [5]. It is essential to
investigate the mediators of inflammation in macrophages.

CTRP9 is a novel adipocyte-derived cytokine, which belongs to
the C1q family and has the highest homology to adiponectin [6]. It
is well known that adiponectin is an anti-inflammatory and anti-
atherosclerotic cytokine, and is associated with plaque vulnera-
bility [7—10]. Similar with adiponectin, Recent studies show that
CTRP9 is associated with cardiovascular disease. Delivery of CTRP9
significantly attenuates vascular smooth muscle cell proliferation
and neointimal formation [11], and induces vascular relaxation
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[12]. Furthermore, serum CTRP9 concentrations are associated with
favorable glucose utilization and arterial stiffness in patients with
type 2 diabetes [13,14]. All the information indicates that CTRP9
may have effect on atherosclerosis. However, the role of CTRP9 in
carotid plaque stability remains unclear.

Therefore, the aims of our study are (1) to detect whether CTRP9
can stabilize atherosclerotic plaque in ApoE KO mice; (2) to eluci-
date the mechanisms responsible for the anti-atherosclerosis ef-
fects of CTRP9.

2. Materials and methods
2.1. Reagents

Raw264.7 cells were purchased from the American Type Culture
Collection (ATCC, Manassas, VA). Cell culture medium was pur-
chased from Hyclone (Utah, USA). oxLDL was purchased from
Yiyuan biotechnology (Guangzhou, China). MOMA-2 antibody was
purchased from AbD (Oxford, UK). CTRP9 specific antibody was
purchased from Aviscera Bioscience (CA, USA), TNF-a specific
antibody was purchased from CST (MA, USA) and MCP-1 specific
antibody was purchased from Novus (CO, USA). a-SMA antibody
and MMP9 antibody were purchased from Abcam (MA, USA).

2.2. Animal model of atherosclerosis

8-week-old male ApoE KO mice were obtained from Peking
University, and mice were maintained under conditions of standard
lighting (12:12 h light—dark cycle), temperature (21°C—23 °C) and
humidity (50%—60%) with food and water freely available. All mice
received a high-fat diet (0.25% cholesterol and 15% cocoa butter)
until sacrifice. A constrictive collar (0.30 mm inner diameter,
0.50 mm outer diameter, and 2 mm long) was placed around right
carotid artery to induce plaque formation. Eight weeks after sur-
gery, the LV-CTRP9 or LV-eGFP was injected into the right jugular
vein respectively, the titers averaged 2 x 107 TU/mL, and total
volume was 100 pL. Equal volume of PBS was used as a vehicle
control. Another four weeks of high-fat diet was maintained. Mice
sera were collected thirty days after lentivirus injection for further
analysis. Tissues were collected, snap frozen in liquid nitrogen, and
kept at —80 °C. All animal protocols were approved by Animal Care
Committee of Shandong University (Jinan, China).

2.3. Tissue harvesting and quantification of atherosclerosis

The right carotid arteries were removed and perfusion-fixed
with 4% paraformaldehyde overnight and then embedded in
optimal cutting temperature compound. The cryosections were cut
in 5-um thick for further histological and morphological staining.
Plaque contents, including the lipid core, macrophages, collagen,
and smooth muscle cells were identified respectively by Oil Red O
staining, MOMA-2, Sirius red and a-actin. Sections were then taken
for the histological analysis, which were performed and analyzed
by two additional operators who were blinded as to the lesion
classification. The positive component areas of the sections were
quantitated by Image Pro-Plus software. The vulnerable index was
calculated by the formula as follows: the relative positive staining
areas of (macrophages % + lipid %)/the relative positive staining
areas of (a-SMCs % + collagen %).

2.4. Immunohistochemical analyses
Immunohistochemical analyses involved the use of primary

antibodies for MOMA-2 (diluted 1:200), a-SMA (diluted 1:200),
TNF-a. (diluted 1:200), MCP-1 (diluted 1:100) and MMP9 (diluted

1:200). Briefly, cryosections were rehydrated in distilled water for
10 min and blocked with 3% H,0, for 10 min, washed with PBS
3times and 5 min per time, and cultured in 5% bovine serum al-
bumin (BSA) for 30 min at 37 °C. Tissue sections were incubated
with primary antibodies overnight at 4 °C and appropriate bio-
tinylated secondary antibodies for 30 min at 37 °C. Afterward, a
DAB staining was used to visualize the secondary antibody. To
detect cell nuclei, sections were rinsed in water and counter-
stained with Hematoxylin. Data were analyzed by Image Pro-Plus
software.

2.5. Cell culture and lentiviral transfection

RAW264.7 cells were cultured in DMEM medium supplemented
with 10% fetal calf serum at 37 °C in 5% CO,. For overexpression of
CTRP9, the coding sequences of CTRP9 (NM_183175) were cloned
into the lentiviral vector GV287 (Ubi-MCS-3FLAG-SV40-EGFP)
(GeneChem, Shanghai, China). To establish stable expression of
CTRP9 in RAW264.7 macrophage cell line, recombinant LV-CTRP9
or recombinant LV-eGFP was used to transfect RAW264.7 cells
with Polybrene at a final concentration of 6 pug/mL. After 72 h, the
transfection efficiency was detected by fluorescence microscope,
and then cells were treated with oxLDL (50 pg/mL) for another 24 h
for further experiments.

2.6. Western blots

Proteins were separated by SDS-polyacrylamide gel electro-
phoresis and then transferred onto PVDF membranes in an indi-
cated time, incubated with blocking solution in 2 h (5% nonfat milk
in TBS). The blocked membranes were separately incubated with
the specific antibodies overnight at 4 °C, including TNF-a (diluted
1:1000), MCP-1 (diluted 1:1000), washed three times with TBS
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Fig. 1. The CTRP9 level is increased in the LV-CTRP9 group. (A) The transfection effi-
ciency of LV-CTRP9 in plaques. Bright field and dark field of carotid plaque were shown
by fluorescence microscope. Bar = 100 um. (B) The serum CTRP9 levels after lentivirus
injection for thirty days. LV-CTRP9 or LV-eGFP was injected into the jugular vein of
ApoE KO mice (2 x 107 TU/mL), PBS was injected as a vehicle control. The serum CTRP9
levels were analyzed by western blots. Each lane was loaded with 20 pl undiluted
mouse serum. (C) Quantitative analysis of CTRP9 in each group as in (B) (*p < 0.05 vs.
LV-CTRP9 group). Data are presented as means + SEM, n = 6 in each group.
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buffer containing 0.1% Tween, 10 min each. The secondary antibody
conjugated to horseradish peroxidase (1:5000 dilutions with 1%
nonfat milk in TBS) against to the primary antibody was added,
incubated, and washed as described steps above at room temper-
ature with shaking. An ECL Western blotting detection kit (Milli-
pore) was used for detection. Relative protein levels were
quantified by using the Image ].

2.7. Statistics

SPSS v13.0 statistical software package was used for data anal-
ysis. Data are presented as means + SEM. Group differences were
analyzed by Student's unpaired t test or one-way analysis of vari-
ance. p value <0.05 was considered statistically significant.

3. Results
3.1. Serum level of CTRP9 is significantly elevated in LV-CTRP9 group

To investigate the relationship between CTRP9 and the plaque
stability, an atherosclerosis mouse model was constructed. ApoE
KO mice were subjected to surgery on the right carotid with a
constrictive collar, and then treated intravenously with LV-CTRP9
(tilter = 2 x 107 TU/mL), LV-eGFP (tilter = 2 x 107 TU/mL) or PBS.
The transfection efficiency of LV-eGFP on mouse carotid plaque was
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detected by fluorescence with infusion protein GFP (green light)
(Fig. 1A). Mice infected with LV-CTRP9 for thirty days showed a 3.9
or 3.5-fold increase in serum level of CTRP9, compared with the
other two groups (p < 0.05 vs. LV-CTRP9 group), but there was no
significant difference between the LV-eGFP group and the vehicle
group (Fig. 1B and C). These results suggested that the serum level
of CTRP9 was significantly elevated by LV-CTRP9 transfection in
mouse atherosclerosis model.

3.2. CTRP9 decreases serum glucose level

Serum biochemical index of mice were measured at the end of
twenty weeks. The LV-CTRP9 group displayed markedly reduced
glucose levels compared with the LV-eGFP group or the vehicle
group (Table S1). However, no significant differences were found in
serum lipid levels among the three groups. These data suggest that
CTRP9 has decreased the serum glucose level of mice with a high-
fat diet, but showed no significant effects on lipid levels (Table S1).

3.3. CTRP9 enhances the carotid plaque stability

To examine the role of CTRP9 in the stabilization of athero-
sclerotic plaque, the relative contents of the carotid plaque com-
ponents were assessed by staining and immunohistochemistry. The
relative contents of lipids and macrophages were lower in the LV-
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Fig. 2. CTRP9 alters the relative contents of the carotid plaque components. (A) Representative immunohistochemical staining of lipids (oil red O), macrophages (monocyte/
macrophage marker; MOMA-2), collagen (Sirius red), and vascular smooth muscle cells (VSMCs; a-actin) of the carotid plaques. Bar = 100 pm. (B) Quantitative analysis of carotid
components from each group as in (A) (*p < 0.05 vs. LV-CTRP9 group). (C) Quantitative analysis of plaque vulnerability index of the carotid plaques (*p < 0.05 vs. LV-CTRP9 group).

Data are presented as means + SEM, n = 5 in each group.
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CTRP9 group than in the LV-eGFP group or the vehicle group
(p < 0.05). In contrast, the relative contents of collagen and smooth
muscle cells were higher in the LV-CTRP9 group than the other two
groups (p < 0.05). However, there was no difference of the relative
contents between the LV-eGFP group and the vehicle group (Fig. 2A
and B). The vulnerability index of the LV-CTRP9 group was lower
than the LV-eGFP group or vehicle group (p < 0.05) (Fig. 2C). Again
the vulnerability index between the LV-eGFP group and vehicle
group has no significant difference. In addition, the expression of
MMP9 was also detected in the carotid plaque, but no significant
difference was shown among the three groups (Fig. 3A and C).
These results demonstrated that delivery of CTRP9 could enhance
the carotid plaque stability by altering the components of athero-
sclerotic plaque.

3.4. CTRP9 reduces pro-inflammatory cytokines secretion in the
carotid plaque

Pro-inflammatory cytokines are important in the process of
atherosclerosis. To determine whether CTRP9 has the effect on pro-
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inflammatory cytokines expression in the carotid plaques, TNF-a.
and MCP-1 were analyzed by immunohistochemistry. As shown in
Fig. 3B and D, the expression levels of TNF-o and MCP-1 in the LV-
CTRP9 group were apparently lower than those in other two groups
(p < 0.05). However, there was no significantly difference between
the LV-eGFP group and the vehicle group (p > 0.05). These data
suggested that CTRP9 could reduce the pro-inflammatory cytokines
expression such as TNF-o and MCP-1 in local plaque lesions.

3.5. CTRP9 is detected in both the cell lysates and the culture
medium of RAW264.7 macrophages after LV-CTRP9 transfection

To investigate the role of CTRP9 in vitro, the LV-CTRP9 or LV-eGFP
was transfected into RAW264.7 macrophage cells, respectively. The
transfection efficiency was measured by fluorescence with infusion
protein GFP (green light). We found that when MOI was at 60,
almost all cells were transfected successfully (Fig. 4A). Western
blots were then performed to examine the protein expression level
of CTRP9. Results show that CTRP9 exists both in the cell lysates and
the culture medium, but there is no CTRP9 expression in the LV-
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Fig. 3. CTRP9 reduces pro-inflammatory cytokines secretion in the carotid plaque. (A) Representative immunohistochemical staining of MMP9 in the carotid plaques in each group.
Bar = 100 um. (B) Representative immunohistochemical staining of MCP-1 and TNF-«. in the carotid plaques in each group. Bar = 100 pm. (C) Quantitative analysis of MMP9 in each
group as in (A). (NS vs. LV-CTRP9 group). (D) Quantitative analysis of MCP1 and TNF-a in each group as in (B) (*p < 0.05 vs. LV-CTRP9 group). Data are presented as means + SEM,

n = 5-6 in each group.
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eGFP group or vehicle group (Fig. 4B). These data indicated that
CTRP9 is a secreted protein, and we successfully constructed a
macrophage cell line, which can stably express protein CTRP9.

3.6. Pro-inflammatory cytokines are decreased in RAW264.7
macrophages after LV-CTRP9 transfection

To determine whether CTRP9 has the potential function in
suppression of pro-inflammatory cytokines, we first established the
transfection cell lines as described above, and then stimulated
these cells with oxLDL (50 pg/mL) for 24 h to induce foam cells. Two
pro-inflammatory cytokines were detected by western blot. As
shown in Fig. 4C and D, the expression of MCP-1 was significantly
decreased in the LV-CTRP9 group compared with the LV-eGFP
group. Similarly, TNF-o. expression in the LV-CTRP9 group was
significantly reduced compared with the LV-eGFP group (Fig. 4E
and F). These results suggested that CTRP9 inhibit pro-
inflammatory cytokines secretion from macrophage foam cells.

4. Discussion

Current evidence indicates that adiponectin is effective in
attenuating atherosclerotic lesions and plays an anti-inflammatory
role [8—10,15]. CTRP9 shares the highest degree of amino acid
identity to adiponectin in its globular C1q domain [6]. In addition,
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Fig. 4. CTRP9 overexpression in RAW264.7 cells successfully reduces pro-
inflammatory cytokines expression in macrophage foam cells. (A) LV-CTRP9 trans-
fection efficiency in RAW264.7 macrophages, which were observed both in the bright
field and dark field by fluorescence microscope. The best MOI was found to be 60.
Bar = 200 pum. (B) The expression of CTRP9 in cell lysates and cell culture medium were
examined in three groups. (C) Representative blots for MCP-1 in LV-CTRP9 group and
LV-eGFP group. (D) Quantitative analysis of MCP-1 in each group as in (C) (*p < 0.05 vs.
LV-CTRP9 group). (E) Representative blots for TNF-o in LV-CTRP9 group and LV-eGFP
group. (F) Quantitative analysis of TNF-a. in each group as in (E) (*p < 0.05 vs. LV-
CTRP9 group). Data are presented as means + SEM from three independent
experiments.

we hypothesized that CTRP9 could enhance carotid plaque stability
for many other reasons: First, a recent study shows that the serum
CTRP9 concentrations were associated with arterial stiffness, which
was associated with the process of systemic atherosclerosis [14].
Secondly, CTRP9 induced vascular relaxation through the adipo-
nectin receptor 1/AMPK/eNOS/nitric oxide signaling pathway [12].
Moreover, adiponectin receptor 1 is associated with carotid plaque
stability [16]. Thirdly, the proliferation of vascular smooth muscle
cells plays a crucial role in the process of atherosclerosis, and recent
studies found that CTRP9 attenuated vascular smooth muscle cell
proliferation after artery injury [11]. All of these data suggest that
CTRP9 may, to some extent, associate with atherosclerosis.

To clarify the relationship between CTRP9 and atherosclerotic
plaque, we constructed a mouse model for atherosclerosis. LV-
CTRP9, LV-GFP and PBS were injected into the right jugular vein
of mice, respectively. In the present study we found that: (1) CTRP9
enhances carotid plaque stability by altering the contents of the
plaque, as shown by a significant decrease in lipids and macro-
phages whereas a substantial increase in collagen and VSMCs in
carotid plaque; (2) CTRP9 decreases inflammatory cytokines in
atherosclerotic plaque; (3) Macrophage foam cells expressing
CTRP9 has less TNF-o. and MCP-1 expression. To the best of our
knowledge, our study has provided, for the first time, the experi-
mental evidence of the effects of CTRP9 on plaque stabilization and
the possible mechanisms.

CTRP9 is mainly expressed and secreted from adipocytes [6],
which has not been previously detected in RAW264.7 macrophage
cells. To investigate the anti-inflammatory effect of CTRP9 on
macrophages, we expressed the gene coding for mouse CTRP9 in
RAW264.7 macrophage foam cells by using a lentiviral vector.
Furthermore, we demonstrated that the transfected macrophages
could secret CTRP9 into the culture medium, which exerts similar
alterations as exogenous (adipocyte-derived) CTRP9. The secreted
CTRP9 could act on RAW264.7 macrophage cells in ‘autocrine’
manner. Recent report shows that RAW264.7 macrophages express
adiponectin R1 receptor and adiponectin R2 receptor [17], in
additionally, full-length adiponectin and globular form of adipo-
nectin have the anti-inflammatory effect on RAW264.7 macro-
phages through adiponectin R1 receptor or adiponectin R2
receptor, respectively. In our study, we have shown that expression
of CTRP9 in macrophage foam cells can significantly decrease the
expression of anti-inflammatory cytokines, which suggest that
CTRP9 may have the anti-inflammatory effect on RAW264.7 mac-
rophages via adiponectin receptors. We demonstrated that CTRP9
produced by macrophages decreased the expression of TNF-o, and
MCP-1, which were important in the progress of atherosclerosis
[18—22]. Recently, CTRP3, also a member of CTRPs, acts anti-
inflammatory in mice [23]. Previous report also shows that adi-
ponectin downregulate the expression of pro-inflammatory cyto-
kines, TNF-o. and MCP-1, in THP-1 Macrophage Foam cells [24], and
transgenic mouse of adiponectin leads to a reduction of both the
TNF-o and MCP-1 expressions [9]. These data suggest that CTRP9
may play an anti-inflammation role in atherosclerosis, which is
similar to adiponectin. Therefore, our studies provide new insights
for investigating the anti-inflammation role of CTRP9.

In addition, macrophage foam cells also express several matrix
metalloproteinases (MMPs), such as MMP9 and extracellular ma-
trix metalloproteinase [25], which, in turn, contribute to vulnera-
bility of atherosclerotic plaques [26]. Higher MMP9 levels are
associated with plaque vulnerability [27]. Recent studies show that
anti-inflammatory cytokines like adiponectin could predict MMP2
plasma activity [28]. We further explored whether CTRP9 has an
effect on extracellular matrix degradation [29,30]. In our study,
though we observed that the MMP9 expression has the downward
tendency in the LV-CTRP9 group compared with the other two
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groups, there is no significant difference among the three groups.
However, recent research shows that CTRP9 prevents LV-
remodeling by reducing MMP9 activation [31]. Therefore, it re-
mains unclear about the relationship between CTRP9 and MMPs in
the progress of atherosclerosis, further experiments are needed to
investigate the effects of CTRP9 on MMPs.

In conclusion, we demonstrated that CTRP9 alters the compo-
nents of carotid plaque, and may act as an anti-inflammatory
cytokine by reducing TNF-o. and MCP-1 both in vivo and in vitro. All
the results suggested that CTRP9 might enhance carotid plaque
stability and play an anti-inflammation role against atherosclerosis.
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