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miR-449a disturbs atherosclerotic plaque @
stability in streptozotocin and high-fat diet-
induced diabetic mice by targeting CEACAM1
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Yan Wang®'"

Abstract

Background Emerging evidence indicates carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1)
is involved in the development of atherosclerosis (AS). However, the roles and functions of CEACAM1 in AS remain
unknown. Therefore, this study aims to investigate the roles and molecular functions of CEACAM1 in AS.

Methods We constructed a diabetes mellitus (DM) + high-fat diet (HFD) mouse model based on the streptozotocin
(STZ)-induced apolipoprotein E-knockdown (ApopE~") mouse to investigate the roles and regulatory mechanism of
miR-449a/CEACAM1 axis. The mRNA expression and protein levels in this study were examined using quantity PCR,
western blot, immunofluorescence (IF), enzyme-linked immunosorbent assay (ELISA), and immunohistochemistry
(IHQO), respectively. And the lipid deposition and collagen content were detected using Oil Red O and Sirius Red
staining. Cell apoptosis, migration, invasion, and tuber formation were detected by Annexin-V FITC/PI, wound
healing, transwell, and tuber formation assays, respectively. The relationship between miR-449a and CEACAM1 was
determined by a dual-luciferase reporter gene assay.

Results miR-449a and MMP-9 were upregulated, and CEACAM1 was downregulated in the DM +HFD MOUSE model.
Upregulation of CEACAM1 promoted atherosclerotic plaque stability and inhibited inflammation in the DM+HFD
mouse model. And miR-449a directly targeted CEACAM1. Besides, miR-449a interacted with CEACAM1 to regulate
atherosclerotic plaque stability and inflammation in DM-associated AS mice. In vitro, the rescue experiments showed
miR-449a interacted with CEACAM1 to affect apoptosis, migration, invasion, and tuber formation ability in high
glucose (HG)-induced HUVECs.

Conclusion These results demonstrated that miR-449a promoted plaque instability and inflammation in DM and
HFD-induced mice by targeting CEACAM1.
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Introduction

Diabetes mellitus is a globally epidemic disease, which
includes 415 million diagnosed and 193 million undiag-
nosed diabetes worldwide in 2015, and more than 90% of
those patients have been accounted for as type 2 diabe-
tes mellitus (T2DM) [1]. Complications of atherosclero-
sis (AS) are the leading cause of rises in morbidity and
mortality in diabetes mellitus (DM) patients [2—4]. The
autoimmune destruction of pancreatic 3-cells causes type
1 diabetes mellitus (T1DM), but T2DM is non-insulin-
dependent diabetes [5], which primarily results from
the interaction of genetic, environmental, and other risk
factors [6]. AS has been characterized by arterial wall
thickening and lipid accumulation promoting plaque
formation; the process of AS includes initiation, progres-
sion, and plaque disruption [7]. During the AS process-
ing, several types of cells are involved in this process,
such as vascular endothelial cells (VECs), leukocytes
(e.g., T cells, macrophages, etc.), and vascular smooth
muscle cells (VSMCs) [8]. VECs serve as a plate for mol-
ecules to adhere to and permit their penetration under-
neath the vascular layer to initiate the inflammatory
process. Then, infiltrated macrophages engulf the oxi-
dized low-density lipoprotein (ox-LDL), convert to large
foam cells, and then die, aggravating the inflammation
process by inducing hypoxic, necrotic, and pro-inflam-
matory core formation. Known from the early events of
inflammation and inflammatory core formation, VSMCs
respond to inflammation by producing collagen and then
forming a fibrous cap against plaque rupture and throm-
bosis [8, 9]. Macrovascular complications, including AS,
are major causes of morbidity and mortality in T2DM
patients [10]. Although knowledge of the pathology of AS
and exploration of abundantly regulatory genes over the
past decades, the outcome of DM-associated AS remains
unsatisfactory.

Carcinoembryonic antigen-related cell adhesion mol-
ecule 1 (CEACAM]1) is a member of the immunoglobu-
lin superfamily that functions as an adhere molecule
and modulates vascular permeability [11]. CEACAMI1
contributes to aging-related vascular disorders such as
endothelial dysfunction and atherosclerotic plaque for-
mation via collagen depositions [12]. CEACAM1 plays
a dominant role in vascular homeostasis by regulating
endothelial function and inflammation response in AS
and cardiovascular dysfunction [13-15]. Despite the
fact that we have proved the function and mechanism of
CEACAM1 in the diabetic AS in the previous study [22].
However, the upstream regulatory mechanism remains
unclear. Increasing evidence highlights that microRNAs
(miRNAs) play essential roles in the initiation, develop-
ment, and plaque rupture by directly interacting with
target genes in regulating transcriptional and post-tran-
scriptional gene expression [16, 17]. Only knowledge on
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miR-342 and miR-30b/30d targeting CEACAM]1 in the
lumen formation of breast epithelium and fulminant
hepatic failure (FHF) [18, 19]. The abundant number of
miRNAs targeting CEACAMI1 remains unfound. Previ-
ous studies have found that miR-449a is essential in the
development of atherosclerosis [20, 21]. Nevertheless,
whether miR-449a interacts with CEACAMI1 to affect
atherosclerosis progression remains unknown.

Here, we investigated the role of CEACAMI and the
regulatory mechanism of the miR-449a/CEACAMI1
axis in DM-associated AS. We constructed the DM-
and HFD-induced mice and HG-induced cell models to
investigate the role and mechanism of the miR-449a and
CEACAM1 in DM-associated AS. We found miR-449a
promotes plaque rupture via targeting CEACAMI1 in
DM- and HFD-induced mice.

Methods

Animals

All animal experiments in this study were approved by
the Ethics Committee of Yunnan Labreal Biotech Ltd.
Co., and operations followed the standard operating
procedures of the Laboratory Animal Center of Kun-
ming Medical University (No. PZ20230109). A total of
40 eight-week-old male apolipoprotein (Apo E~/~) mice
(22.010.4 g) were provided by the Animal Center of Kun-
ming Medical University. Firstly, DM mice were estab-
lished via daily injecting with 50 mg/kg streptozotocin
(STZ; Sigma-Aldrich, MO, USA) for five days [22]. The
control group mice were accepted with an equal volume
of citric acid (CA) for five consecutive days. The DM
mice were confirmed with blood glucose>16.7 mM then
were randomly distributed into seven groups includ-
ing DM+HFD group (n=5), DM+HFD+pcDNA3.1
group (n=5), DM+HFD+CEACAMI1 group (n=5),
DM+HFD+NC inhibitor group (#=5), DM+HFD+miR-
449a inhibitor group (n=5), DM+HFD+miR-449a
inhibitor+Si-NC group (#=5), DM+HFD+miR-449a
inhibitor+Si-CECAM1 group (#=5). Subsequently, the
DM mice were fed a high-fat diet (HFD), including 0.25%
cholesterol and 20% lard oil, for four weeks to establish
the AS mouse model. The control mice were fed with
standard mice chow. All mice were grown in living con-
ditions with 18-22°C, 50% humidity, and a 12 h light/
dark cycle. The formation of atherosclerotic plaque was
confirmed with transabdominal aortic ultrasound, and
the DM mice with an atherosclerotic plaque served as
DM-induced AS mice. After four weeks, the DM +HFD
mice were injected with lentivirus expressing CEACAM1
(2x10” TU/each mouse) or lentivirus expressing NC
(2x107 TU/each mouse) by tail vein injection or miR-
449a inhibitor and its negative control, or si-CECAM1
and its negative control. The control and DM+HFD
group mice were injected with equal saline and then fed
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with standard mice chow for another sixteen weeks. At
the end of the twentieth week, all mice were euthanized
with excessive inhalation of isoflurane, and then blood
samples and the thoracic aortic tissues were harvested
from subsequent experiments. The body weight of each
mouse was calculated, and the biochemical measure-
ments, including oxidized low-density lipoprotein (Ox-
LDL), T-CHO (total cholesterol), total triglycerides (TG),
and blood glucose (BG), were measured. A flow chart of
animals interfering in this study is shown in Supplemen-
tary Fig. 1.

Immunofluorescence (IF)

After the euthanasia, the aorta roots were separated from
the mice and immediately fixed with 4% paraformalde-
hyde (PFA). The sections were paraffin-embedded and
subjected to pathological and immunological staining.
To investigate the levels of CEACAM1 on the surface of
the aorta using the IF staining. The paraffin-embedded
sections were sliced into the 4-pm thickness and dehy-
drated with xylene and gradient ethanol. The slices were
incubated with primary CEACAMI1 monoclonal Anti-
body (MA5-24338; Thermo Fisher Scientific, Waltham,
MA, USA) at 25 pg/mL overnight at 4°C. After that, the
sections were incubated with Goat Anti-Rat IgG North-
ernLights™ NL557-conjugated Antibody (1:200, NL013;
R&D Systems, Minneapolis, MN, USA) for 2 h at room
temperature in the dark. The nuclear was stained with 4,
6-diamidino-2-phenylindole (DAPL Sigma-Aldrich, St.
Louis, MO, USA) for 5 min. After washing the sections
three times, the positive cells were observed and photo-
graphed using a confocal fluorescence microscope (Ultra-
View Vox; PerkinElmer, MA, USA).

Histological staining and immunochemistry (IHC)

The aortic sinus lesions were detected using an Oil Red
O staining kit (Beyotime, Shanghai, China) and Sirius
Red Sigma-Aldrich (365548-25G; St. Louis, MO, USA,
respectively. Oil Red O staining was used to examine the
lipidosis. Briefly, the 4-pm sections were stained with
Oil Red O staining solution for 20 min at room tempera-
ture according to the manufacturer’s instruction, then
rinsed with phosphate buffer saline (PBS) three times,
then lipid deposition was observed and imaged under an
inverse microscope (Leica, Wetzlar, Germany). Addition-
ally, Sirius Red staining was used to detect the intersti-
tial collagen content of the atherosclerotic plaques. The
sections were stained with Sirius red staining solution
and incubated at room temperature for 30 min. The col-
lagen of the plaques was observed and photographed
under an inverse microscope (Leica, Wetzlar, Germany).
In addition, the numbers of VSMCs and macrophages
were examined using IHC staining with SMCs marker
o smooth muscle actin (a-SMA, 1:1000; ab124964,
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Abcam, Cambridge, MA, USA) and macrophage marker
(MOMA2, 1:500; ab33451, Abcam, Cambridge, MA,
USA). Then, the plaque vulnerable index was then calcu-
lated according to the ratio between the Oil red O posi-
tive area plus the MOMA-2 positive area and the Sirius
Red area plus a-SMA area. Moreover, the levels of VECs
marker CD34 (1:2500; ab82289, Abcam, Cambridge, MA,
USA) and vascular endothelial growth factor (VEGE,
1:100; MA5-13182, Thermo Fisher Scientific, Waltham,
MA, USA) were detected with IHC staining. In brief,
4-pm sections were incubated with primary antibodies
overnight at 4°C and stained with Goat anti-rabbit IgG
HRP-conjugated secondary antibody (1:1000; ab150077,
Abcam, Cambridge, MA, USA) at room temperature for
1 h. Finally, the sections were counterstained with hema-
toxylin for 1 min and blued with 1% ammonia water. The
positive rate was measured by the product of the percent-
age of immunopositive area (0%, 0; 1-25%, 1; 26-50%, 2;
51-75%, 3; 76—100%, 4) and staining intensity (0, nega-
tive; 1, weak positive; 2, medium positive; 3, strong posi-
tive). The images were measured using Image J software.

Enzyme-linked immunosorbent assay (ELISA)

The levels of inflammatory factors tumor necrosis
factor-a (TNF-a), interleukin-1p (IL-1p), interleukin-6
(IL-6), and interleukin-8 (IL-8) were measured using the
ELISA kits (R&D Systems, Minneapolis, MN, USA) fol-
lowing the manufacturer’s suggestion. The expression of
adhesion molecules such as vascular cell adhesion mol-
ecule 1 (VCAM-1), intercellular adhesion molecule 1
(ICAM-1), and macrophage cationic peptide 1 (MCP-1)
was also examined using ELISA kits (Abcam, Cambridge,
MA, USA).

Apoptosis analysis in vivo

TUNEL staining was used to determine the apoptotic
rate of the VECs in vivo. In brief, the atherosclerotic
plaque sections were stained with anti-CD34 antibody
overnight at 4°C. Subsequently, the sections were stained
with TUNEL staining solution (Beyotime, Shanghai,
China) following the manufacturer’s protocol. After that,
the sections were stained with Goat anti-rabbit IgG HRP-
conjugated secondary antibody as previously described.
Finally, the apoptotic VECs were calculated according
to the total of the CD34 and TUNEL positive cells rela-
tive to the total number of the CD34 positive cells in the
plaque.

Cell culture and transfection

Human umbilical vein endothelial cells (HUVECs) were
purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA). HUVECs were cultured in
the EGM-2 medium (Lonza, Basel, Switzerland). Then,
HUVECs were incubated in a humid incubator with 37°C



Yu et al. Diabetology & Metabolic Syndrome (2024) 16:98

and 5% CO,. HUVECs were seeded into six-well plates
at 4x105 cells/well density and cultured at 37°C with 5%
CO, until cells reached 80-90% confluence. HUVECs
were stimulated with a high glucose (33 mM) medium
for five days in the absence or presence of miRNA inhibi-
tors and si-RNAs. Then, HUVECs were randomly divided
into five groups, including the HG group, HG+NC
inhibitor ~group, HG+miR-449a inhibitor group,
HG+miR-449a inhibitor+Si-NC group, HG+miR-449a
inhibitor+Si-CEACAM1 group. Exception of the con-
trol group, miRNA inhibitor, and interfering RNA sub-
sequently transfected into HUVECs using Lipofectamine
3000 regents (Invitrogen, Carlsbad, CA, USA) following
the manufacturer’s instruction.

Apoptosis analysis in vitro

The apoptosis was detected using the Annexin V-FITC/
PI detection kit (Beyotime, Shanghai, China) according
to the manufacturer’s suggestion. Briefly, the transfected-
HUVECs were collected and resuspended in 500 pL PBS
at a density of 1x10° cells. Then, cells were centrifuged at
1000 g for 5 min and resuspended with 195 pL Annexin
V-FITC binding solution. After that, 5 pL Annexin
V-FITC and 10 pL Propidium iodide (PI) staining solu-
tion were added to cells and then incubated for 20 min
at room temperature in the dark. Finally, apoptotic cells
were detected using flow cytometry (FCM).

RNA extraction and quantitative PCR (qPCR)

Total RNA and microRNA were extracted from tissues
and cells using Trizol reagent (Takara, Dalian, China) and
RNAiso for Small RNA (Takara, Dalian, China) follow-
ing the manufacturer’s suggestion, respectively. RNA was
reversed transcription into cDNA using PrimeScript™
RT reagent Kit (Takara, Dalian, China) according to the
manufacturer’s protocol. Then, cDNA was performed
qPCR analysis with TB Green® Fast qPCR Mix (Takara,
Dalian, China) on an ABI Prism 7300 system (Applied
Biosystems, Waltham, MA, USA). The amplification con-
ditions include 95°C for 15 s, 95°C for 5 s, and 60°C for 30
for 42 cycles. The relative expression of genes was deter-
mined using 274" methods, which calculated ACt=Ct
(target gene) — Ct (reference gene) and AACt = ACt
(experimental group) - ACt (control group). GAPDH and
U6 were used to normalize gene expression. The primers
were listed as follows, miR-449a, F, 5-GTGTGATGAGC
TGGCAGTGTA-3; R, 5-AGCAGTTGCATGTTAGCCG
AT-3. CEACAML, F, 5-GCTGGGACGTATTGGTGTG
A-3) R, 5-GTCATTGGAGTGGTCCTGCC-3. MMP-9,
E 5-TCTATGGTCCTCGCCCTGAA-3} R, 5-TTGTATC
CGGCAAACTGGCT-3. U6, F, 5-GGCTCAGAATCAC
CCCATGT-3] R, 5-CCTGGACGTGCAGATGACTT-3!
GAPDH, F, 5-GGTCACCAGGGCTGCTTTTA-3; R, 5-
CCCGTTCTCAGCCATGTAGT-3.
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Dual-luciferase reporter gene assay

The sequences of 3'UTR of CEACAMI1 contained bind-
ing sites (CACUGCC) with miR-449a were amplified
and inserted into luciferase reporter plasmids to con-
struct the wild-type recombinational luciferase reporter
genes (CEACAMI1-WT). In addition, the binding site
sequences were mutated into CUGACGC, and the
mutant-type recombinational luciferase reporter genes
(CEACAMI1-MUT) were constructed. Then, the recom-
binational wild/mutant type luciferase reporters were
con-transfected with miR-499a mimic or its negative
control into HUVECs and incubated for 48 h. After that,
the luciferase activity was measured using a dual-lucif-
erase activity reporter system (Promega, Madison, WI,
USA) according to the manufacturer’s protocol.

Western blot assay

Protein was isolated from tissues and cells using Cell
lysis buffers (Takara, Dalian, China) following the sug-
gestion of the manufacturer. Subsequently, the protein
was separated by 10% SDS-PAGE gel, transferred with
PVDF membranes, and blocked with 5% non-fat milk.
After that, the membranes were incubated with rabbit
anti-MMP9 antibody (1:1000; ab38898, Abcam, Cam-
bridge, MA, USA), rabbit anti-TIMP1 antibody (1:1000;
ab216432, Abcam, Cambridge, MA, USA), rabbit anti-
CEACAM1 antibody (1:1000; #14,771, Cell Signaling
Technology, Danvers, MA, USA), rabbit anti-GAPDH
antibody (1:2000; ab8245, Abcam, Cambridge, MA, USA)
overnight at 4°C. The membranes were further incubated
with HRP-labeled goat anti-rabbit IgG (1:2000; ab7090,
Abcam, Cambridge, MA, USA) at room temperature
for 1 h. Finally, bands were visualized using an enhanced
chemiluminescence reaction solution (Bio-Rad, Hercu-
les, CA, USA). GAPDH is used as an internal reference
gene to normalize protein levels.

Migration and invasion assay

The cell migration and invasion were examined using
the wound healing and Transwell assays. After HUVECs
transfection or stimulation, cells were harvested and
seeded into the six-well plates at the density of 1x10°
cells/well, then incubated overnight at 37°C. Subse-
quently, the monolayer cells were scratched using a 200
pL pipette. The migrated areas of the migrated cells were
observed and photographed at 0 h and 24 h. In addition,
the transfected and stimulated HUVECs (2x10° cells/
well) were collected and seeded onto the transwell insert,
which was pro-coated with Matrigel (BD Biosciences, San
Jose, CA, USA). 500 pL EGM-2 medium was added into
the lower well and incubated for 24 h. Finally, the invaded
cells on the opposite filters were fixed with methanol
and stained with 1% crystal violet (Beyotime, Shanghai,
China) according to the manufacturer’s protocol. And
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the invaded cells were observed and counted under an
inverted microscope (Leica, Wetzlar, Germany).

Tube formation assay

The tube formation was performed using Matrigel (BD
Biosciences, San Jose, CA, USA). After cell transfection
and stimulation, 1x10* HUVECs were seeded onto the
Matrigel pre-coated 96-well plates and incubated in the
EGM-2 medium for 12 h. The tube formation of HUVECs
was visualized, and the number of nodes was calculated
according to at least three cells formed at a single point
quantitated as a node.

Statistical analysis

All values in this study were expressed as mean=stand
deviation (SD). Comparison between multiple groups
was performed using one/two-way analysis of variance
(ANOVA), respectively. All statistical analyses were per-
formed using GraphPad Prism 9 (GraphPad, Inc).

Results

Downregulation of CEACAM1 in STZ and HFD-induced
diabetic mice

Firstly, we tested whether CEACAM1 was abnormally
expressed in STZ and HFD-induced diabetic mice.
Mice were treated according to the description in Fig-
ure S1. We found there are no significant differences in
body weight of the STZ-induced alone, and the STZ and
HFD-induced diabetic mice than control mice (Fig. 1A).
However, the levels of Ox-LDL, T-CHO, TG, and BG
increased both in STZ-induced alone and in the STZ-
and HFD-induced diabetic mice compared with control
mice (Fig. 1B-E). Additionally, we found the expression
of CEACAM1 was upregulated, whereas MMP-9 was
downregulated in both STZ-induced alone and the STZ-
and HFD-induced diabetic mice compared with control
mice (Fig. 1F-G). These data suggested that CEACAM1
exerted an essential role in diabetes.
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Upregulation of CEACAM1 promotes atherosclerotic
plaque stability in STZ and HFD-induced diabetic mice
CEACAM1 expression involves in vascular homeosta-
sis in atherosclerosis [12]. While the function of the
CEACAM1 in diabetes facilitates plaque formation
remains not entirely understood. Therefore, we next
investigated whether CEACAMI1 affects plaque sta-
bility and inflammation in STZ and HFD-induced
diabetic mice. Here, the STZ and HFD-induced ApoE™/~
mouse model was developed to explore the function of
CEACAM1 in vivo. As shown in Fig. 2A, the expression
of CEACAMI decreased in the STZ and HFD-induced
mice, whereas the CEACAMI1 was stably expressed
by using the lentivirus. In addition, we examined the
plaque stability according to the vulnerable index. The
results indicated that overexpression of CEACAMI1
repressed the lipid deposition and macrophages increas-
ing, but increased the collagen content and the number
of VSMCs (Fig. 2C-D). According to the calculation of
the vulnerability index, we found that the upregulation
of CEACAM1 promotes the stability of atherosclerotic
plaque in STZ and HFD-induced diabetic mice. More-
over, the IHC results revealed that an increasing num-
ber of VECs in STZ and HFD-induced diabetic mice
were repressed by CEACAM1 upregulation (Fig. 2F-G).
We also observed that CEACAM]1 upregulation notably
induced the apoptosis of ECs (Fig. 2H-I). Besides, the lev-
els of inflammatory factors IL-1p, IL-6, IL-8, and TNF-a
were remarkably increased in STZ and HFD-induced
diabetic mice, whereas they were reduced by CEACAM1
upregulation (Fig. 2J-M). To sum up, our results indi-
cated that the upregulation of CEACAMI1 contributed to
plaque stability in STZ and HFD-induced diabetic mice.

CEACAM1 is a target of miR-449a

We further examine the upstream regulatory mecha-
nism of CEACAMI in STZ and HFD-induced diabetic
mice. miRNAs have emerged as a major player in vari-
ous diseases. Therefore, we focused on the miRNAs that
interacted with CEACAMI. According to the Starbase

* =
A 30 B 25 iy — C 6 * D 8 E 25 T & F% 1.0 o G 515
— *kk * % g g —
> ) 20 2‘ ] 'y 6 *kk _ 2.0 % 0.8 g_ -
= 20 £ Q4 - —yw J ) S0
5, 215 £ 3 E 15 S 06 2
5 2 £ g4 H 3 il d
< g 10 =} = = 1.0 2 04 =
o ) 52 e 2 i =05
@ S 5 = 2 05 s 02 £
= ©
- : :
0 o T T T 0 T T 0.0 E 0.0 © 0.0
& ng & L & ng & 9 ng & & ng & ‘(<<° & qf<°
& & & & S & & & & & & & & &
o S © N < 3 <) 3 9 S S 3 &

Fig. 1 Downregulation of CEACAM1 in STZ and HFD-induced diabetic mice. (A) Body weight of the STZ-induced diabetic mice with and without HFD,
and control mice. (B)-(E) Biochemical measurement of the serum levels of low-density lipoprotein (Ox-LDL), T-CHO (total cholesterol), total triglycerides
(TG), and blood glucose (BG) of STZ-induced diabetic mice with and without HFD, and control mice. (F)-(G) QPCR analysis of the CEACAM1 and MMP-9
expression in STZ-induced diabetic mice with and without HFD, and control mice. The Scatter plot represented values obtained from five individual mice,
and the significances between those groups were obtained by the value (mean +SD) analyzed by one-way ANOVA. *P < 0.05; **P < 0.01; ***P <0.001
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Fig. 2 Upregulation of CEACAM1 promotes atherosclerotic plaque stability in STZ and HFD-induced diabetic mice. (A)-(B) Immunofluorescence analysis
of the levels of CEACAM1 in STZ and HFD-induced DM mice after being subjected to CEACAM1 overexpression. (C) The histological analysis was per-
formed by Oil red O and Sirius red staining in STZ and HFD-induced DM mice after being subjected to CEACAM1 overexpression. (D) Immunohistochem-
istry analysis of the levels of MOMA-2 and a-SMA in STZ and HFD-induced DM mice after being subjected to CEACAM1 overexpression. (E) The plaque
vulnerable index was calculated according to the formula: vulnerable index = (Oil red O positive area + MOMA-2 positive area) / (Sirius Red area +a-SMA
area). (F)-(G) Immunohistochemistry analysis of the levels of CD34 and VEGF in STZ and HFD-induced DM mice after being subjected to CEACAM1
overexpression. (H)-(I) Immunohistochemistry and TUNEL assay detected the apoptotic VECs in STZ and HFD-induced DM mice after being subjected
to CEACAM1 overexpression. (J)-(M) ELISA detected the levels of TNF-q, IL-1B, IL-6, and IL-8 in STZ and HFD-induced DM mice after being subjected to
CEACAM1 overexpression. The Scatter plot indicated values obtained from five individual mice, and the significances between those groups were ob-
tained by the value (mean +SD) were analyzed by one-way ANOVA. *P <0.05; **P < 0.01; ***P <0.001
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Fig. 3 CEACAM1 is a target of miR-449a. (A) The binding sites between miR-449a and CEACAM1 were predicated using Starbase online database. (B)
Dual-luciferase activity analysis after miR-449a mimic co-transfected with wild type 3'-UTR CEACAM1 recombination reporter gene or mutant type 3'-UTR
CEACAM1 recombination reporter gene. (C)-(E) QPCR and western blot analysis of the levels of CEACAM1 by CEACAM1 silencing and overexpressing. (F)
QPCR analysis of miR-449a expression in STZ-induced diabetic mice with and without HFD. Scatter plots represented values obtained from three indi-
vidual experiments or five individual mice, and the significances between those groups were obtained by the value (mean +SD) were analyzed by one/
two-way ANOVA. *P<0.05; **P<0.01; **P<0.001

online database (http://starbase.sysu.edu.cn/index.php),
we found CEACAML is a target of miR-449a; the specu-
lated binding sites between miR-449a and CEACAM1
were shown in Fig. 3A. The speculated relationship was
determined by a dual-luciferase activity assay; we found

that the CEACAMI1-WT recombined reporter gene
co-transfected with miR-449a mimics strongly inhib-
ited luciferase activity whereas there was no change by
CEACAMI1-MUT recombined reporter gene co-trans-
fected with miR-449a mimic (Fig. 3B). qPCR and western
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blot indicated the mRNA and proteins of CEACAM1
were upregulated by miR-449a inhibition, whereas they
were repressed by miR-449a overexpression (Fig. 3C-E).
We also detected the expression of miR-449a in the STZ
and HFD-induced diabetic mice; the results illustrated
that it was upregulated both in STZ and HFD-induced
diabetic mice (Fig. 3F).

MiR-449a aggravates plaque rapture via inhibiting
CEACAM?1 in STZ and HFD-induced diabetic mice

We further investigate the regulatory mechanism of
the miR-449a/CEACAMI1 axis in vivo. qPCR results
demonstrated miR-449a upregulated in STZ and HFD-
induced diabetic mice, and the expression of miR-449a
was inhibited by miR-449a inhibitor. However, the effects
of miR-449a inhibitor were neutralized by CEACAM1
knockdown (Fig. 4A). Western blotting indicated pro-
tein levels of CEACAM1 and TIMP-1 were reduced in
STZ and HFD-induced diabetic mice; knockdown of
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miR-449a increased CEACAM1 and TIMP-1 levels and
subsequently reduced by knockdown of CEACAMI;
however, MMP-9 exhibited the opposite expression
by the previous interfering (Fig. 4B-E). ELISA results
showed that the levels of TNF-a, IL-1B, IL-6, IL-8,
VCAM-1, ICAM-1, and MCP-1 were significantly upreg-
ulated in STZ and HFD-induced diabetic mice, and
these levels were reduced by miR-449a inhibition but
reversed by CEACAM1 knockdown (Fig. 4F-L). We also
found that the mice’s body weight was not significantly
different in different treatment groups (Fig. 5A). Fur-
ther, the knockdown of miR-449a reduced the oxidized
low-density lipoprotein, total cholesterol, total triglyc-
erides, and blood glucose in STZ and HFD-induced dia-
betic mice, but the knockdown of CEACAMI1 reversed
those phenomena (Fig. 5B-E). However, the histological
and IHC staining showed inhibited lipid deposition and
macrophages. Still, the collagen content and number of
VSMCs were increased by miR-449a inhibition, but the
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(mean +SD) analyzed by one-way ANOVA. *P < 0.05; **P<0.01; ***P<0.001
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effects of miR-449a inhibitor were partly reversed by
CEACAM1 knockdown (Fig. 5F). Statistically, the vul-
nerability index of STZ and HFD-induced diabetic mice
was reduced by the knockdown of the miR-449a but
increased by CEACAM1 knockdown (Fig. 5G). As shown
in Fig. 5H-I, the increasing number of VECs in the STZ
and HFD-induced diabetic mice were reduced by miR-
449a inhibition, whereas the function of miR-449a inhi-
bition was restored by CEACAM1 knockdown. Besides,
the apoptosis of VECs was induced by miR-449a inhibi-
tion but reduced by CEACAM1 knockdown (Fig. 5J-K).
The above results indicated that miR-449a silencing pro-
moted plaque stability via targeting CEACAM]1 in STZ
and HFD-induced diabetic mice.

MiR-449a accelerates inflammation and endothelial
dysfunction via targeting CEACAM1 in HG-induced

HUVECs

Moreover, to further explore whether miR-449a affected
endothelial dysfunction via targeting CEACAMI1 in
vitro. qPCR results indicated that HG promoted miR-
449a upregulation, but miR-449a upregulation in HG-
induced HUVECs was inhibited by miR-449a inhibition
whereas enhanced by CEACAM1 knockdown (Fig. 6A).
Western blotting results showed that HG increased
MMP-9 levels but reduced TIMP-1 levels, the effects of
HG on HUVECs were inhibited by miR-449a inhibition,
and the effects of miR-449a inhibition were reversed by
CEACAM1 knockdown (Fig. 6B-C). Moreover, the lev-
els of TNF-a, IL-1B, IL-6, IL-8, VCAM-1, ICAM-1, and
MCP-1 were increased by HG stimulating but reduced by
miR-449a inhibition and enhanced by CEACAM1 knock-
down (Fig. 6D-J). Moreover, the pro-apoptosis effect of
HG on HUVECs was inhibited by miR-449a inhibition
but enhanced by CEACAMI1 knockdown (Fig. 6K-L).
In addition, HG-induced cell migration and invasion
were inhibited by miR-449a inhibition and increased by
CEACAM1 knockdown (Fig. 6M-P). We also found that
HG promoted tube formation, but miR-449a inhibition
inhibited tube formation; however, CEACAM1 knock-
down enhanced tube formation by partly neutralizing
the effects of miR-449a inhibition (Fig. 6Q-R). The NF-xB
pathway is proinflammation and is associated with
inflammatory factors-induced angiogenesis [23]. There-
fore, we further examined whether NF-«xB pathway acti-
vation is involved in the HG-induced HUVECs. Western
blotting revealed that HG activated the NF-xB pathway
by promoting p65 and IkB phosphorylation, however, the
HG effects on HUVECs were inhibited by miR-449a inhi-
bition and enhanced by CEACAM1 knockdown (Fig. 6S-
T). The above data indicated that miR-449a promoted
inflammation and endothelial dysfunction by targeting
CEACAM1 in HG-induced HUVECs.
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Discussion

The atherosclerotic macrovascular complication is a
severe chronic inflammatory cardiovascular disease
(CVD), and the physiological and pathological alterna-
tion during the initiation, development, and plaque dis-
ruption are modulated by inflammation [24]. Therefore,
maintaining plaque stability and inhibiting inflammation
are the strategies for alleviating AS to improve the life
quality of DM patients eventually. In the present study,
we found miR-449a and MMP-9 upregulated, whereas
CEACAM1 was downregulated in DM-associated AS.
Upregulation of CEACAM1 inhibited inflammation, pro-
moted plaque stability in vivo, and suppressed endothe-
lial dysfunction in vitro.

Much evidence has indicated that atherosclerotic lesion
is a complex process involving multiple cell types that
regulate plaque stability and inflammation. For example,
macrophages contribute to endothelial lipid metabolism
and produce pro-inflammatory mediators that cause
arterial wall lesions [25]. Additionally, not only VSMCs
exert a vital role in promoting fibrous caps, but also
the non-VSMCs attend fibrous cap formation through
endothelial-to-mesenchymal transition (EndoMT) or a
macrophage-to-mesenchymal (MMT) [9]. CEACAM1
has been found to have abundant expression in epithe-
lial, vessel endothelial, and hematopoietic cells, such as
lymphocytes, macrophages, dendritic cells, and NK cells
[26]. And CEACAM]1 contributes to VECs migration,
tuber formation, and vascular remodeling [27]. Our find-
ing found that overexpression of CEACAMI decreased
the number of VECs in vivo and induced HUVEC migra-
tion, invasion, and tuber formation in vitro. Interestingly,
CEACAM1 is also abundantly expressed in activated
lymphocytes to promote IL-6 and IL-1P release [28].
In several cancers, CEACAMI1 not only suppresses the
inflammatory response and neoangiogenesis but also
initiates extracellular matrix (ECM) remodeling dur-
ing tumor development [29-31]. In vivo, we found that
overexpression of CEACAM1 promotes collagen accu-
mulation and increases the number of VSMCs but inhib-
its lipid deposition and the number of macrophages and
VECs. Therefore, we deduced that CEACAMI1 inhibited
inflammation response and plaque instability.

miRNAs are a group of small non-coding RNAs that
usually inhibit target gene expression by directly bind-
ing the 3’'UTR of the mRNAs to attend to the biological
processes of multiple diseases [32]. Increasing evidence
has revealed that miRNAs modulate multiple critical
biological processes correlated with AS [33], such as
miR-342-5p, promoting HUVECSs’ apoptosis to enhance
atherosclerosis [34]. And miR-181b contributes to AS by
targeting TIMP-3 and elastin [35]. MiR-155, derived from
SMCs, induces endothelial injury and AS [36]. Our study
found miR-449a upregulated in DM and HFD-induced
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Fig. 6 miR-449a accelerates inflammation and endothelial dysfunction via targeting CEACAM1 in HG-induced HUVECs. (A) gPCR analysis of expression
of miR-449a after treatment with HG and transfection with miRNA inhibitors and small interfering RNAs in HUVECs. (B)-(C) Western blot analysis of the
expression of TIMP-1 and MMP-9 after treatment with HG and transfection with miRNA inhibitors and small interfering RNAs in HUVECs. (D)-(J) ELISA
analysis of the inflammation cytokines (TNF-a, IL-1(3, IL-6, IL-8) and adhere molecules (VCAM-1, ICAM-1, MCP-1) after treatment with HG and transfection
with miRNA inhibitors small interfering RNAs in HUVECs. (K)-(L) Annexin-V FITC/PI analysis of the cell apoptosis after treatment with HG and transfection
with miRNA inhibitors and small interfering RNAs in HUVECs. (M)-(P) Wound healing and Transwell assays were used to detect cell migration and inva-
sion after treatment with HG and transfection with miRNA inhibitors and small interfering RNAs in HUVECs. (Q)-(R) Tuber formation assay was utilized to
analyze tuber formation ability after treatment with HG and transfection with miRNA inhibitors and small interfering RNAs in HUVECs. (S)-(T) Western blot
analysis of the levels of p65 and IkB and the phosphorylation of p65 and IkB after treatment with HG and transfection with miRNA inhibitors and small
interfering RNAs in HUVECs. Scatter plots represented values obtained from three individual experiments, Data are and the significances between those
groups were obtained by the value (mean + SD) were analyzed by one-way ANOVA. *P < 0.05; **P<0.01; ***P<0.001

AS and directly targeted to 3'UTR of CEACAM1. More-
over, miR-449a aggravated inflammation and plaque

instability in DM and HFD-induced mice.

Commonly, the fibrous caps and immune cell infiltra-
tion are the essential characteristics of AS, which involve
multiple cell types, including VECs, VSMCs, monocytes/

macrophages, lymphocytes, and dendritic cells [37].
In addition, an imbalance of lipid metabolism is also a

characteristic of AS, which causes excessing cholesterol-

rich apolipoprotein B remnants and LDL accumulation
in the endothelium and recruits monocytes to gather
into the sub-endothelium [38]. Therefore, maintaining
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lipid metabolism balance is also a potential therapeu-
tic strategy in the early stage of AS. Here, we provided
evidence that downregulation of miR-449a decreased
lipid deposition, inflammatory cytokines as well as the
number of macrophages and VECs but increased colla-
gen accumulation and the number of VSMCs via target-
ing CEACAML1 to inhibit the NF-kB pathway, which is a
canonical pro-inflammatory pathway involves in athero-
sclerosis [39-41].

Although we demonstrated that the miR-449a/
CEACAM1 axis played a dominant role in the develop-
ment of the DM-associated AS, the present study still
has a huge limitation. Increasing LDL, hyperglycemia,
oxidative stress, and increased inflammation are the risk
factors for AS [5]. Sustaining hyperglycemia is a leading
cause of macro-and microvascular complications, and
sustaining hyperglycemia is a common characteristic of
T1DM and T2DM [42, 43]. While the role of metabolic
abnormalities cannot be ignored, the pathways including
advanced glycation end products, the renin-angiotensin
system, oxidative stress, and increased expression of
growth factors and cytokines were shown to contribute
a causal role in the formation of atherosclerotic plaques
and account for the increased risk of macrovascular com-
plications [44]. Streptozotocin (STZ) is a broad-spectrum
antibiotic derived from Streptomyces [45]. After injec-
tion with a large dose or with multiple injections in small
dose, it directly damages pancreatic islet B-cells, destroys
B-cells by activating autoimmunity, increases the body’s
oxidative capacity to damage pancreatic endocrine
cells, and ultimately decreases insulin secretion, lead-
ing to increased blood glucose levels [46, 47]. Here, we
constructed the STZ-induced mice to verify the regula-
tory mechanism for DM-associated AS. STZ causes the
destruction of the pancreatic islet in diabetes mice [48],
which is more similar to the insulin-dependent T1DM
[49]. While the subsequent HFD influenced the insulin
secretion but not induced insulin resistant. This results in
a limitation of the model to fully mimic the complicated
pathology development in DM-associated AS. Although
previous studies have indicated that genetically obese
rodent model db/db mice are more similar to T2DM [50,
51], it is recognized, that STZ-induced ApoE~'~ mice
have shown more stable and recognized spontaneous
atherosclerotic plaques [52, 53]. Moreover, another limi-
tation was that we constructed the HG-induced HUVECs
to examine the function and mechanism of the miR-
449a/CEACAMI axis in vitro. There are not only VECs
but also VSMCs and some lymphocytes involved in the
processing of atherosclerosis. However, in the present
study, the limitations will not affect the results and con-
clusion that miR-449a promotes atherosclerotic plaque
rupture, inflammation, and endothelial dysfunction by
interacting with CEACAMI1.
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Conclusion

In conclusion, we unveiled that miR-449a plays a vital
role in promoting plaque friability and proinflammation
via targeting CEACAMI1 and NF-xB pathways. There-
fore, our findings might supply efficiently potential thera-
peutic targets for AS to improve the current status of
treatment DM.
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