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Dickkopf-1/cysteine-rich angiogenic inducer 61 axis
mediates palmitic acid-induced inflammation
and apoptosis of vascular endothelial cells
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Abstract. Cardiovascular diseases (CVDs) are a major cause
of mortality around the world, and the presence of athero-
sclerosis is the most common characteristic in patients with
CVDs. Cysteine-rich angiogenic inducer 61 (CCNI1) has
been reported to serve an important role in the pathogenesis
of atherosclerotic lesions. The aim of the present study was
to investigate whether CCNI1 could regulate the inflamma-
tion and apoptosis of endothelial cells induced by palmitic
acid (PA). Dickkopf-1 (DKKI1) is an important antagonist of
the Wnt signaling pathway, which can specifically inhibit the
classic Wnt signaling pathway. Firstly, the mRNA and protein
expression levels of CCN1 were detected. Additionally, endo-
thelial nitric oxide (NO) synthase (eNOS), DKKI1, B-catenin,
and inflammation- and apoptosis-associated proteins were
measured. Detection of NO was performed using a commer-
cial kit. The expression levels of inflammatory cytokines
were assessed to explore the effect of CCN1 on PA-induced
inflammation. TUNEL assay was used to detect the apoptosis
of endothelial cells. The results revealed that PA upregulated
the expression levels of CCN1, inflammatory cytokines and
pro-apoptotic proteins in endothelial cells. PA decreased the
production of NO, and the levels of phosphorylated-eNOS,
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whereas knockdown of CCN1 partially abrogated these effects
triggered by PA. Furthermore, the Wnt/B-catenin signaling
pathway was activated in PA-induced endothelial cells; however,
the levels of DKK1 were downregulated. Overexpression of
DKKI1 could reduce CCN1 expression via inactivation of the
Wnt/B-catenin signaling pathway. In conclusion, knockdown of
CCNI attenuated PA-induced inflammation and apoptosis of
endothelial cells via inactivating the Wnt/B-catenin signaling
pathway.

Introduction

Cardiovascular diseases (CVDs) are a major cause of mortality
worldwide, and atherosclerosis is a chronic CVD characterized
by the hardening and narrowing of arteries, within which are
plaques that contain inflammatory cells, lipids, dead endothe-
lial cells and proliferated vascular smooth muscle cells (1,2).
Atherosclerosis is the primary cause of mortality in CVDs due
to its clinical manifestations, including stroke and coronary
heart disease (3). Despite advances in the knowledge of athero-
sclerosis over recent years, the multiple risk factors and the
complex mechanisms for this disease have resulted in difficul-
ties in the diagnosis and treatment of atherosclerosis. Thus,
understanding the mechanisms underlying atherosclerosis is
required to optimize clinical interventions (4).

Cysteine-rich angiogenic inducer 61 (CCN1) belongs to the
CCN family, which is a group of matricellular proteins secreted
by endothelial cells and fibroblasts (5). CCN1 has been demon-
strated to serve a role in leukocyte migration, inflammation
and cardiovascular development (5,6). CCN1 was revealed to
be predominantly expressed in the atherosclerotic aortas of
apolipoprotein E”- mice, and CCNI1 treatment deteriorated
hyperlipidemia, systemic inflammation and the progression of
atherosclerosis (7). In macrophages, neutralizing antibody or
small interfering RNA (siRNA) could inhibit the activity of
CCN1, thereby attenuating oxidized low-density lipoprotein
(ox-LDL)-induced lipid accumulation (7). Furthermore, CCNI1
has been shown to promote apoptosis of endothelial cells in
the presence of TNF-a (2).
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Fatty acids (FAs) can be classified into three major types:
Short-, medium- and long-chain FAs (SCFAs, MCFAs and
LCFAs, respectively). A number of studies have demonstrated
that, in contrast with SCFAs and MCFAs, LCFAs bear greater
risks for the occurrence of coronary heart disease, which
is one of the major types of CVD (8,9). Palmitic acid (PA),
which falls under the category of LCFAs, is the most common
saturated FA in food, plants and animal products. PA has been
reported to be involved in the apoptotic process of various
cells, including cardiomyocytes and endothelial cells (10-13).
Furthermore, a previous plasma metabolomic study has
identified PA as a novel biomarker of atherosclerosis (14).
However, little is currently known about the role of CCN1
in PA-induced endothelial cell injury. Human umbilical vein
endothelial cells (HUVECs) are widely used to study the
functions of endothelial cells (15-17). The present study aimed
to explore the mechanism by which CCNI1 exerts its effects on
the inflammation and apoptosis of PA-induced HUVECs.

Materials and methods

Cell culture. The HUVEC line used in the present study was
obtained from Shanghai Cell Resource Center, Shanghai
Institutes for Biological Sciences, Chinese Academy of
Sciences. The cells were cultured in Dulbecco's modi-
fied Eagle's medium (Gibco; Thermo Fisher Scientific,
Inc.) supplemented with 10% fetal bovine serum (Gibco;
Thermo Fisher Scientific, Inc.) at 37°C in an atmosphere
containing 5% CO,. PA (Sigma-Aldrich; Merck KGaA) was
dissolved in 0.1 mM sodium hydroxide at 70°C and combined
with 10% fatty acid-free BSA (Beijing Solarbio Science &
Technology Co., Ltd.) at 55°C for 10 min to achieve the final
concentrations. The obtained PA (0.2, 0.4 and 0.8 mM) was
used to stimulate HUVECs for 24 h at 37°C.

Cell transfection. siRNAs targeting CCN1 and Dickkopf-1
(DKK1) (CCN1 siRNA#1 and CCN1 siRNA#2; DKK1 siRNA#1
and DKK1 siRNA#2, respectively) and a negative control siRNA
(control siRNA) were synthesized by Guangzhou RiboBio Co.,
Ltd. DKK1 overexpression plasmids (OE-DKKI1) and negative
control plasmids (empty pCEP4 vector; OE-NC) were provided
by Shanghai GenePharma Co., Ltd. HUVECs (1x10° cells/well)
were incubated at 37°C until they reached 70-80% confluence,
and were transfected with 30 nM siRNA or 20 ug plasmids
using Lipofectamine® 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's instructions.
A total of 48 h post-transfection, cells were collected to verify
transfection efficiency. Transfected cells were then treated with
0.8 mM PA for 24 h at 37°C in subsequent experiments. The
sequences are shown in Table SI.

Reverse transcription-quantitative PCR (RT-qPCR).
Total RNA was isolated from transfected HUVECs using
TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc.). The
PrimeScript RT Master Mix kit (Takara Biotechnology, Co.,
Ltd.) was utilized to synthesize cDNA according to the manu-
facturer's instructions. Subsequently, qPCR was performed
with SYBR-Green PCR Master mix (Roche Diagnostics) on
an ABI quantitative PCR 7500 system (Applied Biosystems;
Thermo Fisher Scientific, Inc.). Thermocycling conditions

were as follows: 95°C for 10 min, followed by 40 cycles at 95°C
for 15 sec and 60°C for 60 sec. At the end of the reaction,
the melting curve was analyzed. Relative gene expression was
normalized to B-actin, and the associated data were normalized
using the 2°4%°4 method (18). The primer sequences are listed
in Table SII.

Western blotting. Total proteins were extracted from cells
using RIPA lysis buffer (Beyotime Institute of Biotechnology)
containing proteasome inhibitors. All protein samples were
quantified using a BCA protein assay kit (Beyotime Institute
of Biotechnology) and 20 ug protein was subjected to
SDS-PAGE on 10% gels. Proteins were then transferred onto
polyvinylidene fluoride membranes (Bio-Rad Laboratories,
Inc.). Subsequently, the membranes were blocked with
5% non-fat milk in Tris-buffered saline containing
0.1% Tween-20 at room temperature for 1 h, and were then
incubated with primary antibodies at 4°C overnight. The
following primary antibodies were used: Anti-CCN1 (1:3,000;
cat. no. ab228592), anti-IKK-f (1:5,000; cat. no. ab124957),
anti-NF-kB (1:5,000; cat. no. ab32536), anti-phosphorylated
(p)-IKK-f (1:1,000; cat. no. ab59195), anti-p-NF-xB (1:1,000;
cat. no. ab194726), anti-endothelial nitric oxide (NO) synthase
(eNOS; 1:1,000; cat. no. ab76198), anti-p-eNOS (1:2,000;
cat. no. ab184154), anti-caspase-3 (1:1,000; cat. no. ab90437),
anti-cleaved caspase-3 (1:500; cat. no. ab2302) (all from
Abcam), anti-Bcl-2 (1:1,000; cat. no. 15071), anti-Bax
(1:1,000; cat. no. 2772), anti-f-catenin (1:1,000; cat. no. 9562),
anti-DKK1 (1:1,000; cat. no. 4687) and anti-B-actin (1:1,000;
cat. no. 8457) (all from Cell Signaling Technology, Inc.).
Subsequently, the membranes were incubated with horse-
radish peroxidase-conjugated anti-mouse and anti-rabbit IgG
secondary antibodies (1:1,000; cat. nos. A0216 and A0208;
Beyotime Institute of Biotechnology) at room temperature
for 1 h and visualized using an electrochemiluminescence
system (Amersham; Cytiva). Protein expression levels were
semi-quantified using Image-Pro Plus software version 6.0
(Media Cybernetics, Inc.).

Measurement of NO production. The detection of NO
was performed using NO detection kits (cat. no. A012-1-2;
Nanjing Jiancheng Bioengineering Institute) according to the
manufacturer's protocol.

ELISA. Cell medium of each group was subjected to centrifu-
gation (500 x g, 5 min) at room temperature. The levels of
inflammatory cytokines, including TNF-a, IL-1p and IL-6,
in culture media were detected using the TNF-a ELISA kit
(cat. no. FO281), L-1p ELISA kit (cat. no. FO122) and IL-6
ELISA kit (cat. no. FO1310) according to the manufacturer's
protocols (Shanghai Xi Tang Biological Technology Co., Ltd.).
Absorbance at 450 nm was detected using a microplate reader
(Bio-Tek Corporation).

TUNEL assay. Cell apoptosis was detected using a TUNEL
Assay kit (Beyotime Institute of Biotechnology) according
the manufacturer's protocol. Briefly, cells in a 24-well plate
(2x10° cells/well) were fixed with 4% paraformaldehyde for
30 min at room temperature, treated with PBS containing
0.3% Triton X-100 and incubated at room temperature for
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Figure 1. (A) Protein and (B) mRNA expression levels of CCN1 in HUVECs exposed t0 0.2, 0.4 and 0.8 mM PA for 24 h. “P<0.01, ““P<0.001 vs. control group.
(C) mRNA expression levels of CCN1 in HUVECs transfected with CCN1 siRNA. “P<0.01, ““P<0.001 vs. control siRNA group. (D) Protein and (E) mRNA
expression levels of CCN1 in HUVECS exposed to 0.8 mM PA with or without siRNA. ““P<0.001 vs. control group; “#P<0.001 vs. PA + control siRNA group.
PA, palmitic acid; CCNI, cysteine-rich angiogenic inducer 61; HUVECs, human umbilical vein endothelial cells; siRNA, small interfering RNA.

5 min. Following the addition of 50 xl TUNEL detection
solution to the sample and incubation at 37°C for 60 min
in the dark, cells were washed with PBS. Finally, the apop-
totic cells were observed under a fluorescence microscope
(magnification, x100; Olympus Corporation) after mounting
with an anti-fluorescence quenching mounting solution.

Statistical analysis. Data are presented as the mean + standard
deviation. SPSS 17.0 statistical software (SPSS, Inc.) was used
for all statistical analyses. Each experiment was performed
in triplicate. Comparisons between groups were analyzed
by one-way ANOVA followed by Tukey's test. P<0.05 was
considered to indicate a statistically significant difference.

Results

Expression of CCNI in PA-induced HUVECs. To confirm
the effects of PA on CCNI1 expression, the expression levels
of CCNI1 were measured in in PA-induced HUVECs. As
presented in Fig. 1A and B, the mRNA and protein expres-
sion levels of CCN1 were gradually elevated in HUVECs
treated with increasing concentrations of PA compared with
those in the control group. The results revealed that the
expression of CCNI1 was elevated in PA-induced HUVECS in
a dose-dependent manner. PA at a concentration of 0.8 mM
was used for further experiments. Subsequently, CCN1 was
silenced via transfection with a siRNA (Fig. 1C). As presented
in Fig. 1D and E, the expression levels of CCN1 were signifi-
cantly elevated in PA-induced HUVECs compared with those
in the control group, whereas this effect was reversed when
CCNI1 was knocked down in these cells. Due to the improved
transfection efficiency of CCN1 siRNA#1, this siRNA was
used for the following experiments.

Effects of CCNI knockdown on NO/eNOS and inflammation
in PA-induced HUVECs. The levels of NO and eNOS were
detected to evaluate endothelial function. As presented in
Fig. 2A and B, PA decreased the levels of NO and p-eNOS
compared with those in the control group, whereas CCN1
knockdown increased their levels. The results suggested that
CCNI1 knockdown could recover the inhibitory effects of PA
on the levels of NO and eNOS in HUVECs. In order to assess
whether CCN1 knockdown could alleviate the inflammation
of PA-induced HUVEC:S, the expression levels of p-IKK-f3 and
p-NF-kB were determined in the present study. The results
revealed that p-IKK-f and p-NF-xB were both elevated in
the PA group compared with those in the control group, but
were decreased in the PA + siRNA-CCNI1#1 group (Fig. 2C).
Subsequently, the levels of inflammatory cytokines were
measured using corresponding ELISA kits. The levels of
TNF-a, IL-1p and IL-6 were elevated in PA-induced HUVECs
compared with those in the control group, whereas CCN1
knockdown decreased the levels of these cytokines (Fig. 2D).
These results indicated that CCN1 knockdown could alleviate
inflammation of PA-induced HUVECs.

Effects of CCNI knockdown on the apoptosis of PA-induced
HUVECs. Apoptosis of HUVECs treated with PA was
detected by TUNEL assay; the results revealed that PA
promoted apoptosis of PA-induced HUVECs compared with
that in the control group (Fig. 3A). In addition, the expres-
sion levels of apoptosis-associated proteins were detected by
western blotting; the expression levels of Bax and cleaved
caspase-3 were enhanced after PA treatment, whereas the
expression level of Bcl-2 were inhibited. Moreover, CCN1
knockdown reversed the aforementioned effects caused by
PA compared with in the PA group (Fig. 3B). Overall, these
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Figure 2. (A) NO production in each group. (B) Protein expression levels of p-eNOS and eNOS in each group. (C) Protein expression levels of p-IKK-f, IKK-f3,
p-NF-«B and NF-«B in each group. (D) Concentrations of TNF-a, IL-18 and IL-6 in the cell medium. Cells were treated with 0.8 mM PA. “"P<0.001 vs.
control group; #P<0.001, “#P<0.001 vs. PA + control siRNA group. NO, nitric oxide; p-, phosphorylated; eNOS, endothelial nitric oxide synthase; PA, palmitic
acid; CCNI, cysteine-rich angiogenic inducer 61; siRNA, small interfering RNA.

results suggested that CCN1 knockdown could inhibit cell
apoptosis induced by PA.

Expression levels of DKKI and f3-catenin in PA-induced
HUVEC:s. It has previously been reported that inhibition of the
Wnt/f-catenin signaling pathway can ameliorate endothelial
cell injury (19); therefore, DKK1, which has been considered
to obstruct the Wnt/B-catenin signaling pathway (20), was
investigated in the present study. The results revealed that
the expression levels of B-catenin were gradually elevated,
whereas those of DKK1 were decreased when HUVECs were
exposed to increasing concentrations of PA compared with

those in the control group (Fig. 4A), thus suggesting that PA
may inhibit the expression levels of DKKI1 and activate the
Wnt/pB-catenin signaling pathway. Subsequently, OE-DKK1
and DKK1 siRNA were transfected into HUVECS, in order
to regulate the expression of DKKI1 (Fig. 4B-F); transfection
of was successful, and siRNA-DKK1#1 exhibited an improved
knockdown effect.

Effects of DKKI on the expression of CCNI in PA-induced
HUVECs. The effects of overexpression or silencing of
DKKI1 on the expression levels of CCNI1 and (-catenin were
subsequently assessed. The results of RT-qPCR and western
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Figure 3. (A) TUNEL assay was performed to stain apoptotic cells (magnification, x100). (B) Protein expression levels of Bax, Bcl-2, cleaved-caspase-3 and
caspase-3 in each group. Cells were treated with 0.8 mM PA. "“P<0.001 vs. control group; “P<0.001 vs. PA + control siRNA group. PA, palmitic acid; CCN1,
cysteine-rich angiogenic inducer 61; siRNA, small interfering RNA.

blotting revealed that overexpression of DKK1 decreased the =~ when DKKI1 was silenced (Fig. 5). These results suggested
expression levels of CCN1 and -catenin compared with those  that activation and inhibition of the Wnt/B-catenin signaling
in the PA group; however, the opposite effects were detected  pathway may regulate the expression of CCNI.
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Figure 4. (A) Protein expression levels of DKK1 and f-catenin in HUVECs exposed to 0.2,0.4 and 0.8 mM PA for 24 h. “P<0.01, “"P<0.001 vs. control group.
(B) Transfection efficiency of OE-DKK1. “*P<0.001 vs. OE-NC group. (C) Protein and (D) mRNA expression levels of DKK1 in HUVECs exposed to 0.8 mM
PA with or without OE-DKKI. *“P<0.001 vs. control group; ##P<0.001 vs. PA + OE-NC group. (E) Protein and (F) mRNA expression levels of DKKI1 in
HUVECsS transfected with siRNA. #P<0.001, ##P<0.001 vs. control siRNA group. DKK1, Dickkopf-1; PA, palmitic acid; HUVECs, human umbilical vein
endothelial cells; OE, overexpression; NC, negative control; siRNA, small interfering RNA.

Discussion

CCNI1 has been shown to be closely associated with athero-
sclerosis, based on its expression in diseased arteries, and has
been reported to participate in cardiovascular development
during embryogenesis (21-23). A previous study revealed
that CCN1 was abnormally expressed in tissue injury and
chronic diseases, suggesting its relevance in numerous
pathologies (24). Notably, knockdown of CCN1 may have an
important role in the alleviation of hyperlipemia, inflammation
and the deterioration of atherosclerosis (7). In macrophages,
inhibition of CCN1 expression via neutralizing antibodies
or siRNAs decreased the lipid accumulation induced by
ox-LDL (7). Furthermore, a previous study confirmed the role
of CCNI in the enhancement of endothelial cell apoptosis
induced by TNF-a (2). These findings suggested that CCN1
may be a novel diagnostic marker and an effective target
for the treatment of CVD. As endothelial dysfunction is a
hallmark of the majority of cardiovascular risk factors and is
associated with the initiation of atherosclerosis, PA was used
to simulate the pathological conditions of endothelial dysfunc-
tion in the present study (25,26). The results demonstrated that
the expression levels of CCN1 were upregulated in PA-induced

HUVEG:s. Similarly, in a previous study, CCN1 was increased
in mouse models under pathological conditions (27).
Endothelial dysfunction can also present as a decreased
production or availability of NO, which accounts for the risk
of CVD and occurs prior to the development of atheroscle-
rosis (28,29). The results of the present study demonstrated
that PA diminished the production of NO and the expres-
sion of p-eNOS, suggesting the occurrence of endothelial
dysfunction in PA-induced HUVECs. After knockdown of
CCNI1 in PA-induced HUVECs, both NO and p-eNOS
exhibited elevated levels, suggesting that the aberrant expres-
sion of CCNI contributed to the occurrence of endothelial
dysfunction. As inflammation is an important marker for
endothelial dysfunction and CVD, the levels of inflamma-
tory cytokines were evaluated in the present study (30).
These cytokines exhibited elevated levels in PA-induced
HUVEGs. In agreement with previous studies that suggested
CCNI1 was a regulator of multiple cellular activities, such as
migration, proliferation, inflammation and apoptosis (23,31),
the present study revealed that silencing CCN1 could alle-
viate inflammation and apoptosis. The results of the present
study and of a previous study (32) provided an improved
understanding on the previous evidence and suggested that
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Figure 5. (A) Protein and (B) mRNA expression levels of CCN1 and B-catenin in HUVECs exposed to 0.8 mM PA with or without OE-DKK1. ““P<0.001 vs.
control group; #P<0.001,"P<0.001 vs. PA + OE-NC group. (C) Protein and (D) mRNA expression levels of CCN1 and -catenin in HUVECs exposed to 0.8 mM
PA with or without siRNA. "“P<0.001 vs. control group; “P<0.05,”P<0.01 vs. PA + control siRNA group. CCNI1, cysteine-rich angiogenic inducer 61; HUVECs,
human umbilical vein endothelial cells; DKK1, Dickkopf-1; PA, palmitic acid; OE, overexpression; NC, negative control; siRNA, small interfering RNA.

profoundly altered CCNI expression levels may affect the in this pathway have been observed in degenerative diseases,
activities of inflammatory cytokines in vitro and in vivo. including Alzheimer's disease and in various types of cancer,

The classical Wnt/B-catenin signaling pathway has been  such as non-small cell lung cancer (33-36). The Wnt/p-catenin
implicated in various developmental processes, and mutations ~ signaling pathway can be activated by highly conserved
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Wht proteins (37). A recent study established the association
between the Wnt/B-catenin signaling pathway and atheroscle-
rosis (38). In addition, research has revealed that activation of
[-catenin could induce elevated expression levels of CCN1, and
inhibition of Wnt/B-catenin signaling could attenuate endothe-
lial dysfunction (19,39). Thus, the present study hypothesized
that Wnt/B-catenin signaling may regulate the expression of
CCNI1 to protect endothelial cells from PA-induced injury.
DKKI1, which can antagonize Wnt signaling by binding to
LRP5/6 (34), was also assessed in the present study. In the
present study, DKK1 expression was inhibited, whereas
Wnt/B-catenin signaling was activated when HUVECs
were treated with increasing doses of PA. Overexpression of
DKKI1 inhibited activation of the Wnt/f-catenin signaling in
PA-treated HUVECs and further decreased the expression
levels of CCNI1. Conversely, silencing DKK1 activated the
Wnt/B-catenin signaling pathway and increased CCN1 expres-
sion. In conclusion, the present study provided evidence that
DKK1/CCNI1 may regulate PA-induced inflammation and
apoptosis of HUVECs; however, the effects of DKK1/CCN1
need to be further verified in animal experiments, which may
provide novel biomarkers for clinical diagnosis and therapeutic
strategies for CVDs.
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