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Abstract

Apoptosis and inflammation of vascular endothelial cells (VECs) are the most important causes of deep vein thrombosis
(DVT). cAMP response element binding protein 1 (CREB1) encodes a transcription factor that binds as a homodimer to the
cAMP-responsive element and can promote inflammation. CREB1 is found to be upregulated in the plasma of patients with
venous thromboembolism. However, the biological functions of CREB1 in DVT remain unknown. We evaluated the effect of
CREBI in a rat model of inferior vena cava (IVA) stenosis-induced DVT. IVC stenosis resulted in stable thrombus, inflam-
matory response and CREB1 upregulation, whereas CREB1 knockdown inhibited thrombus and inflammation in DVT rats.
In vitro analysis showed that CREB1 knockdown inhibited VEC apoptosis. Mechanistically, CREB1 knockdown reduced
Ribosomal protein L9 (RPL9) expression and blocked the NF-kB pathway. Therefore, CREB1 may become a potential

therapeutic target of DVT prevention.
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Introduction

Deep vein thrombosis (DVT) is a postsurgical complication
of lower limb fracture that affects approximately 250,000
patients every year [1, 2]. DVT can lead to pulmonary hyper-
tension, fatal pulmonary embolism, repeated thrombosis,
and post-thrombotic syndrome [3, 4]. Surgical treatment is a
widely accepted therapeutic option, but vascular endothelial
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cells (VECs) may be destroyed post-surgery, thereby leading
to an increase in the risk of thrombosis recurrence and poor
prognosis [5]. Additionally, warfarin, heparin, aspirin, and
clopidogrel are regarded as effective anticoagulants for DVT
prevention. However, these anticoagulants are associated with
high risk of major bleeding [6]. Thus, better understanding the
underlying mechanisms and exploring novel biomarkers are
necessary for the diagnosis, prevention and prognosis of DVT.

In addition to blood coagulation, fibrinolysis, and thick-
ness regarded as the main pathogenesis, recent evidence
has suggested that inflammation also plays an important
role in thrombosis [7-9]. As reported, infiltration of neu-
trophils, monocytes, and lymphocytes in the vein wall is
recognized as a key event during DVT process [10]. Neu-
trophils account for over 80% of inflammatory cells, and
the neutrophil extracellular traps released from neutrophils
can activate coagulation [11]. Active monocytes can secret
inflammatory cytokines [10, 12]. Intriguingly, nuclear
factor-kappa B (NF-kB) is regarded as an important tran-
scription factor in inflammatory response and can modular
above-mentioned molecules [13]. Higher NF-«xB level is
observed in DVT patients than those in healthy controls
and patients without DVT after surgery [14]. Accumula-
tion of inflammatory factors into venous thrombus and


http://crossmark.crossref.org/dialog/?doi=10.1007/s12265-023-10450-1&domain=pdf
http://orcid.org/0000-0002-1330-3903

Journal of Cardiovascular Translational Research (2024) 17:570-584

571

vein wall is prevented through inhibition of NF-kB sign-
aling [15]. Collectively, inhibition of NF-kB-mediated
inflammatory responses is beneficial to alleviate DVT.

Transcription factors (TFs) are suggested to regulate
gene expression through binding to the promoter region of
target genes, and are identified to regulate various patho-
physiologic processes, including cardiovascular diseases
and VTE [16]. For example, hypoxia-inducible factor-1
alpha (HIF1a), a TF targeting vascular endothelial growth
factor (VEGF), has been shown to promote angiogenesis
and accelerate thrombus resolution and vein recanaliza-
tion in experimental DVT model [17, 18]. Additionally,
Wang et al. articulate that Yin Yang 1 (YY1) upregulates
vitronectin expression by binding to its promoter region
and decreased their binding efficiency can increase the risk
of DVT [19]. CAMP-response element-binding protein 1
(CREB1) encodes a transcription factor that binds as a
homodimer to the cAMP-responsive element. The phos-
phorylated status of CREB1 can induce gene transcription
to respond to hormonal stimulation of the cAMP pathway
[20]. CREB can drive thrombospondin-1 transcription
and regulate the formation and maintenance of arterial
thrombosis [21, 22]. A previous study has postulated that
CREBI1 may play a critical role in venous thromboembo-
lism (VTE) and endothelial cell metabolism [23]. Analy-
sis of TFs-regulatory network of differentially expressed
genes in VTE shows that CREB1 regulate the expression
of ribosomal protein L9 (RPL9) that is highly expressed
in VTE samples [24]. However, the biological functions
of CREB1 and whether CREB1 transcriptionally regulates
RPL9 expression in DVT remain uncertain. Some studies
have suggested that CREB1 and RPL9 knockdown can
inactivate the NF-kB pathway [25-27]. Thus, this study is
performed to explore the biological functions of CREB1
in inflammation of DVT rats and the potential mechanism
in relation to RPL9 and NF-xB signaling.

Methods
Animals

Sprague—Dawley (SD) rats (male, 8—12 weeks of age,
200-300 g; SJA Laboratory Animal CO., LTD, Hunan,
China) were housed in a room with controlled temperature
of 24 +0.5°C and 55 + 5% humidity under a 12-h light/dark
cycle. All rats were given free access to food and water.
All experiments involving animals were approved by the
Animal Ethics Committee of Hospital, and all experimental
protocols strictly followed the Guide for the Care and Use
of Laboratory Animals published by the National Institutes
of Health (NIH publication no.85-23, revised 1996).

Establishment of Experimental DVT

Thrombosis was induced by inferior vena cava (IVC) ste-
nosis as previously described [28]. Briefly, the rats were
given 7 days to acclimate and then fasted for 12 h. Subse-
quently, the rats were anesthetized with intraperitoneal injec-
tion of 1% pentobarbital sodium (40 mg/kg; Sigma-Aldrich,
Shanghai, China) and immobilized on the operating table at
a supine position. Next, a 2-cm incision was made along the
abdominal midline, and the IVC was disserted and exposed.
Thereafter, the IVC was stenosed by putting a 20 G needle
(diameter: 0.91 mm) outside the vein, trying with a 7-0 silk
at about 1 mm below the left renal vein, and removing the
needle. After surgery, the abdominal muscle and skin were
sutured, and ceftriaxone sodium (TopScience, Shanghai,
China) was sprinkled evenly along the incision to prevent
bacterial infection. Sham operation included the same surgi-
cal procedure without IVC stenosis.

Transfection with siRNA

Adenoviral constructs carrying siRNA against CREB1 were
designed and produced by GenePharma (Shanghai, China).
The siRNA sequences were inserted into the pAdeno-
U6-EGFP vector, and recombinant siRNA plasmids were
transfected into HEK293T cells (Procell, Wuhan, China).
The siRNA targeted sequences of CREB1 were 5'-GGAGTC
TGTGGATAGTGTA-3'". The siRNA targeted sequences of
negative control (si-NC) were S>’TTCTCCGAACGTGTC
ACGT-3".

Animal Groups

The current study totally recruited 50 rats. Among these
animals, rat VECs were isolated from 10 rats with IVC-
stenosed DVT. The remaining rats were classified into four
groups: (a) the sham group, the rats received sham opera-
tion; (b) the Model group, the rats underwent IVC stenosis;
(c) the Model +si-NC group, the rats were injected with
20 ml transfection compound containing 400 pmol of si-NC
through the tail vein; (d) the Model +si-CREB1 group, the
rats were injected with 20 ml transfection compound con-
taining 400 pmol of CREB1 siRNA. Each group had 10 rats.

Sample Collection

The animals were intraperitoneally injected with 1% pento-
barbital sodium after 24 h of injection and venous plasma
was harvested from the IVC using a vacuum blood tube
without anticoagulants followed by immediate shocking.
Thereafter, the rats were euthanized by decapitation after
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deep anesthesia. Afterwards, the thrombus-containing IVC
was carefully removed for weight assessment. The IVCs
were split into two parts after clearing unclotted blood: one
was fixed with 4% paraformaldehyde for histopathologic
analysis and the other was stored at -80°C for western blot-
ting, RT-qPCR, and immunofluorescence analyses.

Histological Analysis

The 4% paraformaldehyde-fixed IVCs were subjected to
degradation through graded alcohol, and then embedded
in paraffin and sectioned into 4-pm slices. Next, the slices
were processed for 15-min hematoxylin staining (Solar-
bio, Beijing, China), differentiated for 30 s, and soaked for
5 min at 50°C. Thereafter, the sections were stained with
eosin (Solarbio) for 40 s followed by washing using phos-
phate buffered saline (PBS), dehydration, and clearing via
xylene (Solarbio). Finally, the slices were observed under a
light microscope (Olympus, Tokyo, Japan). The thrombosis
was assessed and recorded by pathological professionals
according to the histological examination of thrombus grad-
ing evaluation criteria. If the thrombosis was uncertain, the
proximal, middle and distal points were obtained for slicing
and the points with obvious thrombus were included in the
statistics. According to the degree of vascular obstruction by
thrombus, 0 represented no thrombus, 1 represented vascular
obstruction < 50%, 2 represented vascular obstruction > 50%
(not completely blocked), and 3 represented complete vas-
cular obstruction [29].

Isolation and Treatment of Rat VECs

The rats were anesthetized by intraperitoneal injection of 1%
pentobarbital sodium, and soaked for 10 min in 75% ethanol.
Then, the abdominal cavity was exposed under sterile condi-
tions, and approximately 3 mL of cord blood was collected
with anticoagulant treatment by heparin, mixed with PBS at
a 1:1 ratio, mixed with 0.5% methyl cellulose (MedChem-
Express, Shanghai, China) at 4:1 ratio, and placed at room
temperature for 30 min for erythrocyte sedimentation. The
supernatant was added to a rat lymphocyte isolation with
a density of 1.803 g/mL and centrifuged for 20 min with a
centrifugal radius of 18.5 cm, 1200 rpm. The boundary layer
was resuspended by adding PBS and centrifuging 8 min with
a centrifugal radius of 18.5 cm, 800 rpm, and washed with
PBS. To the pellet, 5-mL VEC induction medium (Dulbec-
co’s modified Eagle medium supplemented with 10% fetal
bovine serum, 1% penicillin, 1% streptomycin, 20 pg/L
VEGEF, 2 pg/L IGF-1, 2 pg/L bFGF and 20 pg/L EGF). The
cell suspension was placed in 25 cm? culture flasks and
incubated at 37°C, 5% CO, and saturated humidity. When
primary cells fused and covered 90% of the bottom of the
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flask, 0.25% trypsin and 0.01% EDTA (Sigma-Aldrich) were
added, and the cells were subcultured at a 1:2 ratio.

The VECs were seeded onto 6-well plates, and when
reaching 80% confluence, the cells were introduced with
si-NC, si-CREB1, and combination of si-CREB1 and
pcDNA3.1-RPL9 using Lipofectamine 2000 (Sigma-
Aldrich) and harvested after 48 h of transfection. These
plasmids were obtained from GenePharma. To repress the
activation of NF-«B, the cells were pretreated with 40 nM
4-N-[2-(4-phenoxyphenyl) ethyl] quinazoline-4,6-di-
amine (QNZ; MedChemExpress) 1 h after si-CREB1 and
pcDNA3.1-RPL9 intervention.

Reverse Transcription Quantitative Real-time
Polymerase Chain Reaction (RT-qPCR)

Total RNA was isolated from frozen IVCs and transfected
VECs using the TRIzol solution (Beyotime, Shanghai,
China), and the RNA purity was determined by spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, USA).
Primers were designed and synthesized by Takara (Otsu,
Shiga, Japan). Subsequently, RNA was reverse transcribed
into cDNA through using PrimeScript RT kit (TaKaRa).
The relative level of mRNA was determined using a SYBR
Green real-time PCR Kit (Solarbio). The gPCR thermocy-
cling conditions were 95°C for 1 min followed by 40 cycles
of 95°C for 10 s, and 60°C for 34 s, and a final extension at
60°C for 1 min. RT-qPCR was performed using ABI7500
system (Thermo Fisher Scientific). GAPDH was used as an
internal reference. Relative quantification was conducted via
the 2724 method [30]. The primer sequences were listed
in Table 1.

Western Blotting

The frozen IVCs and treated VECs were lysed using
RIPA buffer (Sigma-Aldrich) containing protease inhibi-
tor (ApexBio Technology, Shanghai, China) for the iso-
lation of total protein, and the BCA Protein Assay Kit
(Innochem, Beijing, China) was utilized to measure the
protein concentration. Thereafter, proteins (40 pg) were

Table 1 Sequences of primers used for reverse transcription-quanti-
tative PCR

Genes Sequence (5°—3")

CREBI1 forward
CREBI1 reverse

AGCAGCTCATGCAACATCATC
AGTCCTTACAGGAAGACTGAACT

RPL9 forward AAGACCATTCTCAGCAATCAGAC
RPLO reverse TTACCCCACCATTTGTCAACC
GAPDH forward AGGTCGGTGTGAACGGATTTG
GAPDH reverse GGGGTCGTTGATGGCAACA
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separated by sodium dodecyl sulfate—polyacrylamide
gel electrophoresis and blotted on a polyvinylidene dif-
luoride membrane. After blocking with 5% skimmed milk
for 2 h, the membrane was incubated overnight with pri-
mary antibodies against CREB1 (12208-1-AP, 1:3000;
Proteintech, Rosemont, IL, USA), phosphorylated IkBa,
IkBa (ab32518, 1:1000; Abcam, Shanghai, China), phos-
phorylated p65 (ab133462, 1:10000; Abcam), phospho-
rylated p65 (#3033, 1:1000; Cell Signaling, Shanghai,
China), RPL9 (68054-1-Ig, 1:5000; Proteintech), GAPDH
(10494-1-AP, 1:6000; Proteintech), Bax (ab32503,
1:1000; Abcam), Bcl-2 (ab196495, 1:1500; Abcam) and
p65 (#8242, 1:1000; Cell Signaling Technology) at 4C,
and subsequently incubated with respective secondary
antibodies for 2 h at room temperature. After washing with
TBST (Sigma-Aldrich) three times, the bands were visual-
ized by enhanced chemiluminescence reagent (Beyotime),
and the intensity of blot was quantified by Image Lab 3.0
software (Bio-Rad, Hercules, CA, USA).

Confocal Analysis

IVCs from control and model mice expressing GFP (green
fluorescent protein) fluorescence were freshly excised and
frozen sectioned. Airway sections were stained with DAPI
(Beyotime) for nuclear staining. Confocal images were
acquired using a confocal microscope (Olympus, Tokyo,
Japan).

Measurement of Inflammatory Cytokines

The collected venous plasma was centrifuged at 3000 r/min
for 10 min at 4°C. The cells after indicated treatment were
inoculated into a 96-well plate, and when reaching 70% con-
fluence, the supernatant was collected. The levels of TNF-a,
IL-1p, and IL-6 in serum and cells were assayed with com-
mercially available ELISA kits (Cusabio Technology, Hou-
ston, TX, USA). The absorbance value at 450 nm was read
via a microplate reader (Thermo Fisher Scientific).

Cell Count Kit-8 (CCK-8) Assays

The transfected cells were inoculated into 96-well plates
(3 x 103 cells/well) and incubated overnight. The cell viabil-
ity was assessed at 0, 24, 48 and 72 h via addition of detec-
tion buffer (100 pL medium containing 10 pL. CCK-8 solu-
tion) at different time points. CCK-8 solution was obtained
from (TopScience, Shanghai, China). After 2 h of incubation
at 37°C, the absorbance at 450 nm was measured via a micro-
plate reader (Thermo Fisher Scientific).

Flow Cytometry

The cells were trypsinized using EDTA-free trypsin (Thermo
Fisher-Scientific) and centrifuged. Thereafter, the cells were
stained with Annexin-V-FITC (Sigma-Aldrich) for 30 min,
and subsequently stained with propidium iodide (PI) (Sigma-
Aldrich) for 15 min. Finally, flow cytometer (Thermo Fisher
Scientific) was used to analyze cell apoptosis.

Chromatin Immunoprecipitation (CHIP) Assays

This assay was conducted using a CHIP assay kit (Beyo-
time). The VECs were cross-linked with 1% formaldehyde
and sonicated to shear DNA to lengths between 200—-1000
base pairs. Thereafter, the cell lysates were incubated at 4°C
with protein A/G beads (MedChemExpress) coated with
anti-CREB1 antibody (2 pg, Abcam) or IgG (2 pg, Abcam)
overnight. Subsequently, the samples were washed and
eluted followed by treatment with 5 M NaCl for heating and
incubation with proteinase K (MedChemExpress) for 1 h.
Finally, the bound DNA fragments were purified via a DNA
Extraction Kit (Sigma-Aldrich) and analyzed by RT-qPCR.

Luciferase Reported Assays

The promoter region of RPL9 was constructed into pGL3-
Basic vector (HonorGene, Changsha, China) to obtain
recombinant vector pGL3-RPL9-Wt. The mutation site of
complementary sequence was designed based on pGL3-
RPL9-Wt and was inserted into pMIR-reporter plasmid
(Biovector Science, Beijing. China), and subsequently a
recombinant vector RPL9-Mut was obtained. The promoter-
Renilla luciferase reporter plasmid (Promega, Madison, W1,
USA) of Renilla luciferase was used as an internal reference.
The cells were incubated in 24-well plates (3 x 10* cells/
well). The overexpression plasmids of CREB1 were formed
via cloning the corresponding full-length sequences into
pcDNA3.1 vector (Youbio, Changsha. China), and empty
vector was used as a negative control. Next, the recombinant
plasmids were co-transfected with CREB1 overexpression
vector or empty vector into the VECs. A dual luciferase
reporter gene analysis system (Promega) was used to meas-
ure relative luciferase units after 48 h of transfection.

Immunofluorescence Staining

The VECs were seeded in 24-well plates with poly-L-
lysine-coated coverslips (2 x 10> cells/ml). After indicated
interventions, the coverslips received 2-time PBS wash-
ings, 15-min 4% paraformaldehyde treatment, and 0.1%
Triton X-100 permeabilization (Sigma-Aldrich). The
slides were washed and subsequently incubated overnight
with a primary antibody against p65 (sc-8008, 1:1000;
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Santa Cruz, Beijing, China) followed by incubation with
the corresponding secondary antibody for 1 h at room
temperature. Thereafter, the nuclear was stained by DAPI
for 5 min. Finally, the slides were sealed with an anti-
fluorescence quenching sealant (Beyotime) and observed
via a confocal laser scanning microscope (Olympus).

Statistics Analysis

All experiments were performed at least three independ-
ent repeats. Statistical analysis was analyzed using Graph-
Pad Prism 8 (GraphPad Software, San Diego, CA, USA).
Data were described as the mean =+ standard deviation.
One-way analysis of variance (ANOVA) followed by
Tukey’s post hoc analysis and Student’s t test were used
for comparison analyses. p < 0.05 was considered statisti-
cally significant.
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Fig.1 CREBI expression is upregulated in venous wall tissues of
DVT rats. (A) DVT was induced by IVC stenosis in SD rats, and
the sham operation included the same surgical procedure without
IVC stenosis. The IVCs were collected at 24 h post-surgery. Repre-
sentative images of IVCs isolated from sham-operated and model
rats were photographed (n=5). (B) The weights of IVC thrombosis
(n=5, ***p<0.001 with Student’s ¢ test). (C) The thrombosis in
the rats after DVT model establishment was observed by hematoxy-
lin and eosin staining. The thrombosis was assessed and recorded by
pathological professionals according to the histological examination
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Results

CREB1 Expression is Decreased in Thrombotic IVC
of DVT Rats

An experimental DVT model was established via IVC
stenosis, and the IVC containing thrombus was harvested
and weighed at 24 h post-surgery. We found that IVC
stenosis significantly increased the length and weight
of thrombus (Fig. 1A-B). Then, the IVC sections were
stained with hematoxylin and eosin to examine the patho-
logical changes of venous thrombosis, and we found that
the IVC wall structure was intact without thrombosis in
the vascular lumen of sham-operated rats, whereas IVC
stenosis led to a full thrombosis in DVT rats (Fig. 1C).
Next, the levels of proinflammatory cytokines (TNF-a,
IL-1p, and IL-6) in serum samples collected from sham-
operated rats and DVT rats were measured by ELISA Kkits.
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of thrombus grading evaluation criteria. 0 represents no thrombus, 1
represents vascular obstruction <50%, 2 represents vascular obstruc-
tion>50% and 3 represents complete vascular obstruction (n=35,
*#%p <(0.001 with Student’s ¢ test). (D) The levels of TNF-a, IL-1p,
and IL-6 in serum were measured by ELISA (n=35, **¥p<0.001
with Student’s ¢ test). (E) The mRNA level of CREBI in the throm-
botic IVC of DVT rats was measured by RT-qPCR (n=4, **p <0.01
with Student’s 7 test). (F) The protein level of CREB1 was evaluated
by western blotting (n=4, **p <0.01 with Student’s ¢ test). Data were
expressed as mean =+ standard deviation
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The experimental data revealed that IVC stenosis resulted
in significant increases in the levels of these proinflam-
matory cytokines (Fig. 1D). Thereafter, the mRNA and
protein levels of CREBI1 in the IVCs were measured by
RT-qPCR and western blotting. The results showed that
the DVT rats presented with significantly higher expres-
sion of CREB1 compared to the sham-operated rats
(Fig. 1E-F). Above findings show that IVC stenosis can
induce thrombosis in rats, and CREB1 is highly expressed
in the IVCs of DVT rats.
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in DVT rats. (A) The CREB1 siRNA-GFP signal in freshly har-
vested IVCs (n=3). (B-C) The delivery efficiency of si-CREB1 was
detected by RT-qPCR and western blotting (n=4, **p<0.01 with
Student’s 7 test). (D) Representative images of thrombotic IVC iso-
lated from DVT rats in the si-CREBI1 and the si-NC groups (n=35).
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CREB1 Depletion Suppresses Thrombosis
and Inflammation in DVT Rats

Considering the upregulation of CREB1 in DVT rats, we
effectively knocked it down by injecting 20 ml transfection
compound containing 400 pmol of si-CREB1 through the
tail vein into the DVT rats. To test whether si-CREB1 was
able to exert functions in the DVT rats, confocal micros-
copy was used to confirm the proper insertion of si-CREB1
(Fig. 2A). The knockdown efficiency of si-CREB1 on
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(E) Thrombus weight (n=5, **p <0.01 with Student’s ¢ test). (F) The
levels of TNF-a, IL-1p, and IL-6 in serum were assessed by ELISA
(n=5, **p<0.01 with Student’s ¢ test). (G) Representative images
of hematoxylin and eosin stained IVCs (n=5). (H) Classification
score (n=35, **p <0.01 with Student’s ¢ test). Data were expressed as
mean + standard deviation
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CREBI1 expression in IVCs of DVT rats were confirmed
by RT-qPCR and western blotting (Fig. 2B-C). Then, the
IVCs containing thrombus were collected from DVT rats
injected with si-CREB1 or si-NC. The length and weight of
thrombus in the vascular lumen were significantly declined
with CREB1 knockdown (Fig. 2D-E). Afterwards, the lev-
els of TNF-a, IL-1p, and IL-6 were analyzed by ELISA.
Compared with the si-NC group, the contents of these pro-
inflammatory cytokines were remarkably reduced in the si-
CREBI group (Fig. 2F). Finally, the results of hematoxylin
and eosin staining revealed that CREB1 knockdown allevi-
ated the IVC stenosis-induced thrombosis and decreased the
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Fig.3 The apoptosis and inflammatory responses are inhibited
in CREBI-silenced vascular endothelial cells. (A-B) The mRNA
and protein levels of CREB1 in VECs transfected with si-NC or si-
CREBI1 were measured by RT-qPCR and western blotting (n=3,
##%p <(0.001 with Student’s ¢ test). (C) The viability of VECs was
assessed by CCK-8 assays (n=5, **p<0.01 with Student’s ¢ test).
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thrombosis grading score (Fig. 2G-H). These results indicate
that CREB1 knockdown mitigates thrombosis and inflam-
mation in DVT rats.

CREB1 Knockdown Inhibits Inflammatory Response
and Apoptosis of Rat VECs

To further explore the in vitro effects of CREB1 on inflam-
mation, VECs were isolated and transduced with si-CREB1.
The knockdown efficiency was confirmed by RT-qPCR and
western blotting (Fig. 3A-B). Then, we assessed the in vitro
roles of CREB1 knockdown in viability, apoptosis and
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(D) The apoptosis of VECs was estimated by flow cytometry (n=5,
*#*#%p <0.001 with Student’s ¢ test). (E) The protein levels of Bcl-2
and Bax were measured by western blotting (n=3, ***p <0.001 with
Student’s ¢ test). (F) The levels of TNF-a, IL-1f, and IL-6 in VECs
were measured by ELISA (n=3, **p<0.01 with Student’s ¢ test).
Data were expressed as mean + standard deviation
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inflammation of VECs. As CCK-8 revealed, the viability
of si-CREB1-transfected VECs was significantly increased
than that of si-NC-transfected VECs (Fig. 3C). The apop-
tosis rate of VECs transfected with si-CREB1 was mark-
edly reduced compared to that of VECs transfected with
si-NC, as shown by flow cytometry (Fig. 3D). Consistently,
CREBI1 knockdown increased Bcl-2 (anti-apoptotic gene)
protein level and decreased Bax (pro-apoptotic gene) protein
level in VECs (Fig. 3E). Finally, ELISA demonstrated that
the si-CREBI1-treated VECs expressed lower levels of TNF-
o, IL-1p, and IL-6 than those treated with si-NC (Fig. 3F).
These results show that CREB1 knockdown can suppress
apoptosis and inflammation in VECs.

CREB1 Activates RPL9 at the Transcription Level
in Rat VECs

The mRNA and protein levels of RPL9 were decreased in
VECs in the context of CREB1 knockdown (Fig. 4A-B).
Then, we measured RPL9 expression in the IVCs of sham-
operated and DVT rats. The results showed that the DVT
rats expressed higher RPL9 level than the sham-operated
rats (Fig. 4C-D). UCSC (https://genome.ucsc.edu/) and
JASPAR (https://jaspar.genereg.net) indicated the potential
CREB/1 binding sites on RPL9 promoter (Fig. 4E). Chroma-
tin fragments were immunoprecipitated using anti-CREB1
antibody with anti-IgG antibody as negative control, and the
precipitated DNA fragments were amplified by RT-qPCR.
The results showed the successful recruitment of CREB1
by binding site 1 of RPL9 promoter but not binding site
2 and 3 (Fig. 4F). Finally, to confirm the functional link
between the CREB1-binding site and RPL9 promoter activ-
ity, wild type (pGL3-RPL9 promoter-Wt) and mutant type
(pGL3-RPL9 promoter-Mut) were designed and synthesized.
The results of luciferase reporter assays showed that signifi-
cantly increased luciferase activity upon RPL9 binding could
be observed in cells transfected with CREB1 overexpres-
sion vector. When the binding sites were mutated, CREB1
overexpression was unable to induce any activity within
the RPL9 promoter. (Fig. 4G). These results suggest that
CREBI transcriptionally activates RPL9 dependent of the
602-609(-) in RPL9 promoter area and positively regulates
its expression.

RPL9 Upregulation Abolishes the Inhibitory
Effects of CREB1 Knockdown on Apoptosis
and Inflammation of Rat VECs

We effectively overexpressed RPL9 in VECs, and RT-qPCR
and western blotting were performed to measure the mRNA
and protein levels of RPL9 in RPL9 overexpressed VECs
(Fig. 5A-B). Then, we assessed the effect of RPL9 overex-
pression on cell viability, apoptosis and inflammation. As

CCK-8 assays and flow cytometry revealed, RPL9 overex-
pression abolished the viability enhancing effect and apop-
tosis suppressive effect of CREB1 knockdown on VECs
(Fig. 5C-D). Concomitantly, RPL9 overexpression signifi-
cantly reduced Bcl-2 protein level and increased Bax protein
level in VECs with CREB1 knockdown (Fig. SE). Finally,
in the context of CREB1 knockdown, RPL9 overexpression
increased the levels of TNF-a, IL-1p, and IL-6 (Fig. 5F).
Taken together, RPL9 elevation reverses the si-CREB1-
induced inhibition in apoptosis and inflammation.

CREB1 Knockdown Transcriptionally Regulates RPL9
to Inactivate the NF-kB Pathway in Rat VECs

As western blotting indicated, CREB1 knockdown decreased
the phosphorylation level of IxBa and p65, which was
recovered by RPL9 upregulation. Notably, QNZ effectively
inhibited the activation of NF-kB pathway (Fig. 6A). Then,
immunofluorescence staining was conducted to detect
p65 location. The results showed that CREB1 knockdown
reduced the nuclear translocation of p65, whereas RPL9
overexpression abolished the si-CREB1-induced inhibition
in p65 nuclear translocation. Simultaneously, QNZ effec-
tively declined the nuclear translocation of p65 (Fig. 6B).
Next, we examined the effect of QNZ on cell viability,
apoptosis and inflammation in VECs co-transfected with
si-CREB1 and RPL9 overexpression vector. As shown by
CCK-8 assays and flow cytometry, the QNZ-challenged
VECs presented higher viability and lower apoptotic rate
than that of VECs transfected with si-CREB1 or combina-
tion of si-CREB1 and RPL9 overexpression vector (Fig. 6C-
D). The results of western blotting confirmed the apoptosis
inhibitory effect of QNZ, as evidenced by increased Bcl-2
protein level and decreased Bax protein level (Fig. 6E).
Moreover, QNZ treatment also inhibited the production of
proinflammatory cytokines in VECs (Fig. 6F). The scien-
tific schematic diagram depicting the mechanisms by which
CREB1 promotes inflammation during the process of DVT
was presented in Fig. 7. In conclusion, CREBI1 silencing
alleviates thrombosis and inflammation in IVC stenosis-
induced DVT rats by transcriptionally regulating RPL9 and
inactivating the NF-«B signaling.

Discussion

Thrombosis induces the release of inflammatory cytokines,
which accelerate hypercoagulability state and cause
endothelial damage, exacerbating DVT [31]. In the current
study, experimental DVT was induced by IVC stenosis, and
we found that IVC stenosis stimulated thrombosis forma-
tion, increased infiltration of inflammatory cytokines, and
increased CREBI1 level. Downregulation of CREB1 inhibits
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Fig.4 CREBI activates RPL9 at the transcription level. (A-B) RT-
gPCR and western blotting were conducted to assess the mRNA and
protein levels of RPLY in the context of CREB1 knockdown (n=3,
**p <0.01 with Student’s 7 test). (C-D) The mRNA and protein lev-
els of RPL9 in sham-operated and DVT rats (n=3, **p<0.01 with
Student’s ¢ test). (E) A schematic map to show the potential bind-

cell proliferation and aggravates inflammation in osteoar-
thritis [32], blocks the protective effects of CaMKIV on
inflammatory response and mitochondrial dysfunction [33].
CREBI elevation suppresses the progression of ulcerative
colitis via through attenuation of inflammation in dextran
sodium sulfate-treated mice [34], curtails the release of
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ing of CREB1 on RPLY promoter region. (F) The binding affinity of
CREBI and RPL9 was analyzed by ChIP assays (n=35, ***p <0.001
with Student’s 7 test). (G) Luciferase reporter assays were used
to explore the validity of putative CREBI1 binding sites for RPL9
(n=5, ***p<0.001 with Student’s ¢ test). Data were expressed as
mean =+ standard deviation

proinflammatory proteins in postoperative neurocognitive
disorders [35]. The present study showed that CREB1 silenc-
ing decreased the release of pro-inflammatory cytokines in
blood samples and VECs collected from model rats. VECs
are associated with DVT development, and cellular apop-
tosis of VEC:s inhibits the release of active substances and



Journal of Cardiovascular Translational Research (2024) 17:570-584 579
A 6= Kok ok B 9 5 - c 3= —e— Si-NC
— K] —s— Sj-CREB1
% .% 4= *xk . —— Si-CREB1+RPL9
9 47 RPLo *= D S 5] E
o o
e q , g
2 2 GAPDH “ g a
© o ©]
0] o > 14
0= R <& & o~ 0 I I 1
N ) ) 0 24 48 72
&° Qv © QV
& & ¢ <& Time/h
D
9
Si-NC Si-CREB1 Si-CREB1+RPL9 %
Q@ | iat Q2 5
537 | L13.09 10.86 2
| i -ia
o
4 Q.
m‘ (0]
i I
o
Q3 2'Q4 Q3
1.31 ‘°'§84.90 1.15
Annexin-V-FITC
E F = SiNC
o _ _ == SiCREBI
T 207wk xk 3 1 5007 == Si.CREB1+RPLO
2 Q *% *x XX
Bcl-2 W S - .% 1.5 = c *k 400 —_
3 2 1.0+
2 ) s 300
Bax MEG_—— o 1.0 = =
© —
K @ 05+ w200
GAPDH M N W 2 0O E 100
(0] —_
o [0}
N 9 ¢ 0.0- ¥ 0.0- -
é\'eCJ Qg;b Qg\/ [i4 0
P Rz R
&L ¥ F L ¥ L
& o7 & 5 & «
B & Kl <

Fig.5 RPLY upregulation abolishes the inhibitory effects of CREB1
knockdown on apoptosis and inflammation of VECs. (A-B) RPL9
was overexpressed by pcDNA3.1 vector, and the overexpression
efficiency was determined by RT-qPCR and western blotting (n=3,
*#%p <0.001 with Student’s 7 test). (C) The viability of VECs trans-
fected with si-NC, si-CREBI1, and si-CREB1+ RPL9 was assessed by
CCK-8 assays (n=5, **p<0.01 with one-way ANOVA followed by
Tukey’s post hoc test). (D) The apoptosis of VECs was determined

impairs defense functions in blood vessels, eventually facili-
tating DVT [36]. Induction of human endothelial stromal
cell apoptosis is an effective therapeutic approach for endo-
metriosis [37, 38], and Feng Y report that CREB1 silencing
enhances endometrial stromal cell apoptosis [39]. CREB1
upregulation reduces the infarct-induced cardiomyocytes
apoptosis and attenuates cardiac dysfunction after acute
myocardial infarction [40]. CREB1 can restore the heart

by flow cytometry (n=5, **p <0.01 with one-way ANOVA followed
by Tukey’s post hoc test). (E) The protein levels of Bcl-2 and Bax
were measured by western blotting (n=3, **p<0.01 with one-way
ANOVA followed by Tukey’s post hoc test). (F) The levels of TNF-a,
IL-1p, and IL-6 in VECs were evaluated by ELISA (n=3, **p <0.01
with one-way ANOVA followed by Tukey’s post hoc test). Data were
expressed as mean =+ standard deviation

failure-induced cardiomyocyte apoptosis and alleviate car-
diac dysfunction in rats with heart failure [41]. However,
this study showed that CREB1 knockdown increased the
viability and reduced the apoptosis of VECs isolated from
rats with DVT, and the results of this study was similar to a
previous report of Hu Z et al. that CREB1 silencing reduces
the apoptosis of lung epithelial cells [26]. We postulated that
the differences among studies are attributed to different cell
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Fig.6 CREBI silencing inactivates the NF-kB signaling. (A) West-
ern blotting was performed to measure the protein levels of phospho-
rylated IxkBa and phosphorylated p65 (n=3, **p <0.01, **¥p <0.001
with one-way ANOVA followed by Tukey’s post hoc test). (B)
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Tukey’s post hoc test). (D) The apoptosis of VECs was estimated by
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Annexin V-FITC

flow cytometry (n=5, **p<0.01 with one-way ANOVA followed
by Tukey’s post hoc test). (E) The protein levels of Bcl-2 and Bax
were measured by western blotting (n=3, **p<0.01 with one-way
ANOVA followed by Tukey’s post hoc test). (F) The levels of TNF-a,
IL-1p, and IL-6 in VECs were evaluated by ELISA (n=3, **p <0.01
with one-way ANOVA followed by Tukey’s post hoc test). Data were
expressed as mean =+ standard deviation
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Fig. 7 The scientific schematic
diagram depicts the mecha-
nisms by which CREB1 affects
inflammation during the process
of DVT
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types, specific pathological processes, and distinct underly-
ing mechanisms.

CREBI and RPL9 are upregulated in blood samples of
patients with VTE compared to healthy volunteers [23, 24].
By estimating the prevalence in Saudi Arabia, blood RPL9
can be tracked in patients with thromboembolism [42], and
RPLO level is upregulated in both recurrent VTE and sin-
gle VTE [43]. Watanabe M et al. articulate that RPL9 is
identified as a novel type of damage-associated molecular
pattern molecule with a regulatory role in the proinflamma-
tory response [44]. Knockdown of RPL9 inhibits the innate
immune response and increases proliferation of Salmonella
in neutrophils, which allows the bacteria to successfully
proliferate intracellularly [45]. As reported, CREB1 can
regulate the expression of RPL9 in VTE [24]. In the current
study, we found that RPL9 level was lower in experimental
DVT model compared to that in sham-operated rats, and
CREBI1 knockdown downregulated RPLY level in VECs.
The binding sites and sequences between CREB1 and
RPL9 promoter was predicted by bioinformatics analysis,
and CHIP and luciferase reporter assays were performed
to verify the regulatory relationship. Collectively, CREB1
promotes RPL9 transcription and positively regulated its
expression. Moreover, RPL9 upregulation reversed the
inhibitory effects of CREB1 knockdown on cell apoptosis
and inflammation.

NF-xB is a common transcription factor associated
with inflammation, leading to stimulation of inflammatory
response and cell apoptosis [46]. Inhibition of NF-kB signal-
ing is beneficial to improve DVT as evidenced by previous
studies. For example, rivaroxaban inactivates the NF-xB
signaling to attenuate thrombosis in rats with DVT [47].
Additionally, paeoniae radix rubra prevents DVT by ame-
liorating inflammation by inhibiting NF-«xB signaling [48].
CREB1, a common transcription factor, can transcription-
ally activate lymphotoxin beta receptor (LTBO) and histone
deacetylase 2 (HDAC?2) to promote the activation of NF-xB
pathway [25, 26]. A previous study suggests that RPL9
depletion can result in inactivation of NF-kB signaling in
colorectal carcinoma [27]. The current study demonstrated
that CREB1 knockdown attenuated phosphorylation of IkBa
and p65 and inhibited nuclear translocation of p65, whereas
RPL9 overexpression had the opposite effect. Moreover,
inhibition of NF-xB pathway reduced cell apoptosis and
inflammation.

In conclusion, this study illustrated that CREB1 was
highly expressed in experimental DVT model and CREB1
knockdown attenuated cell apoptosis and inflammation and
reduced thrombosis by downregulating RPL9 expression at
the transcriptional level and blocking the NF-xB signaling
in VECs. There are limitations to this study. First, the anti-
inflammatory and anti-apoptotic effects of CREB1 have been

@ Springer

described in previous studies; thus, more studies are required
to confirm its roles in DVT. Second, further investigation
in more underlying mechanisms by which CREB1 affects
DVT progression are required. Despite these limitations, our
findings suggest that CREB1 may play an important role in
the development of DVT and that targeting of CREB1 may
be an attractive option for exploiting a net-line molecular
therapy of DVT.
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