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Abstract

Background Inflammatory diseases impair the reparative properties of endothelial progenitor cells (EPC); however,
the involvement of diabetes in EPC dysfunction associated with myocardial infarction (MI) remains unknown.

Methods A model was established combining high-fat diet (HFD)/streptozotocin (STZ)-induced diabetic mice
with myocardial infarction. The therapeutic effects of transplanted wild-type EPC, Nirp3 knockout EPC, and Nirp3
overexpression EPC were evaluated. Chip and Luciferase assay revealed CEBPB regulated the transcriptional
expression of Nirp3 as a transcription factor in EPC stimulated by high glucose (HG) or advanced glycation end
products (AGEs). CO-IP results suggested that USP14 selectively suppressed NLRP3 degradation. KEGG enrichment
revealed PI3K/ Akt/mTOR signaling showed striking significance in the entire pathway.

Results In our study, wild-type, Nirp3 knockout and Nirp3 overexpressed EPC, intracardiac injections effectively
improved cardiac function, increased angiogenesis, and reduced infarct size in mice with myocardial infarction.
However, in the HFD/STZ-induced diabetic mice model combined with myocardial infarction, Nirp3 knockout EPC
significantly restored angiogenic capacity. Mechanically, CEBPB regulated the transcriptional level of Nirp3 as a
transcription factor in EPC. Meanwhile, we found that USP14 selectively suppressed NLRP3 protein degradation
through the USP motif on the NACHT domain in mediating inflammasome activation. Cardiac functional outcomes
in recipient mice after intramyocardial injection of shNIrp3 EPC overexpressing CEBPB or USP14 validated the
modulation of EPC function by regulating Nirp3 transcription or post-translational modification. Furthermore, KEGG
enrichment and validation at the protein levels revealed PI3K/ Akt/mTOR cascade might be a downstream signal for
NLRP3 inflammasome.

Conclusion Our study provides a new understanding of how diabetes affected progenitor cell-mediated cardiac
repair and identifies NLRP3 as a new therapeutic target for improving myocardial infarction repair in inflammatory
diseases.
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Introduction

Cardiovascular disease (CVD) remains the leading cause
of morbidity and mortality globally, new therapeutic tar-
gets and complementary prevention that contribute to
CVD development and progression need to be identified
[1, 2]. Acute myocardial infarction (AMI) is a potentially
devastating cardiovascular complication for millions
of individuals each year and is strongly associated with
morbidity, decreased survival time, and mortality [3-6].
CVD in individuals with diabetes is a complex condi-
tion influenced by multiple factors, including metabolic,
genetic, and lifestyle elements. Evidence indicates that a
comprehensive approach to controlling these risk factors
can lead to substantial reductions in the occurrence of
cardiovascular events [7]. Evidence suggests that Type 2
diabetes mellitus (T2DM) enhances the risk for CVD by
2- to 6-fold and exacerbates myocardial ischemia/reper-
fusion injury [8]. Figuring out how T2DM exacerbates
myocardial infarction may provide potential therapeutic
strategies for myocardial infarction in diabetes.

Stem cell therapy shows potential for repairing the
heart after ischemic injury in recent years. Various stem
cell types that may repair the injured heart have shown
small improvements in cardiac structure and function
and a few have shown evidence for myogenesis [9, 10].
Endothelial progenitor cells (EPC) have been isolated
from peripheral blood and bone marrow which can

enhance angiogenesis after infusion into host animals
[11]. However, in clinical trials, EPC transplantation in
myocardial infarction shows encouraging but still rela-
tively modest results [12, 13]. The underlying mecha-
nisms of EPC-mediated repair are largely unknown and
controversial. In addition, the adverse effects of inflam-
mation on the survival and function of transplanted EPC
during angiogenesis remain a challenge.

The NLR Family Pyrin Domain Containing 3 (NLRP3)
inflammasome is a multimolecular complex that includes
an aminoterminal PYRIN (PYD) domain, a nucleotide-
binding NACHT domain, and a carboxyterminal leucine-
rich repeat (LRR) domain [14—16]. NLRP3 is specifically
involved in inflammasome activation under a variety of
conditions, as it can respond to a diverse range of stimuli
that cause loss of autoinhibition, including ATP, nige-
ricin (Nig), alum, crystals, amyloid-p, lysosomal damage
[17]. NLRP3 inflammasome activation causes autotomy
and activation of the cysteine protease caspasel, which
promotes maturation and secretion of IL-1p and IL-18,
and induces pyroptosis. NLRP3 has been implicated in
a wide range of pathological sterile inflammation associ-
ated with several autoinflammatory, neurodegenerative,
and metabolic diseases including Alzheimer’s disease,
rheumatoid arthritis, Parkinson’s disease, gout, athero-
sclerosis, and diabetes [18—-21]. However, studies on the
relationship between NLRP3 inflammasome and EPC
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are still insufficient and thus specific research on them is
imperative and meaningful.

Taken together, our studies demonstrate that knock-
out of Nlrp3 inhibits the secretion of Caspasel p20 and
IL-1B, and improves cardiac function, restrains left ven-
tricular remodeling after permanent myocardial isch-
emia in vivo. Here, we show that CEBPB initiates the
transcription of Nirp3 by directly binding to the pro-
moter region of Nlrp3 in EPC. USP14 could interact with
NLRP3 to restrain autophagic degradation of NLRP3 at
post-transcriptional regulation. Our study thus uncovers
mechanisms regulating NLRP3 inflammasome activation
in EPC and suggests a promising approach for modulat-
ing represent therapeutic targets in diabetic myocardial
infarction.

Materials and methods

Animals

Eight-week-old wild-type (C57BL/6], WT) and Nirp3
knockout (C57BL/6], Nilrp3 KO) male mice were pro-
cured from Nanjing GemPharmatech company. All
experimental protocols were approved by the ethic com-
mittee of China Pharmaceutical University, following the
Guidelines of Animal Experiment set by the Bureau of
Sciences and Techniques of Jiangsu Province, China [NO.
SYXK2007-0025].

Preparation of the HFD/STZ-induced diabetic mice model
Adult C57BL/6] male mice were divided into two groups:
control, and untreated diabetic group. During the first 6
weeks, mice in the untreated diabetic group were given
a high-fat diet (HFD, 10% sucrose, 10% lard, 10% sugar,
5% egg yolk powder, 0.5% cholesterol, 64.5% basic feed)
purchased from Qinglong Mountain Laboratory Ani-
mals Ltd. Control mice received only a regular diet. At
the beginning of the 7th week, HFD-feeding mice were
intraperitoneally injected three times with streptozotocin
(STZ, 35 mg/kg body weight, dissolved in pH 4.5 citrate
buffer, Sigma, N572201) to induce partial loss of pancre-
atic B-cells as described previously. Control mice only
received an equivalent volume of citrate buffer. After 1
week of STZ injection, mice were identified as diabetic
mice with fasting blood glucose (FBG) levels reaching
16.7 mM (Supplementary Fig. 1A). We established the
HFD/STZ-induced diabetic mice model by assessing
multiple indicators including insulin levels (Supplemen-
tary Fig. 1B), HbAlc levels (Supplementary Fig. 1C),
Oral Glucose Tolerance Test (OGTT) (Supplementary
Fig. 1D), and Insulin Tolerance Test (ITT) (Supplemen-
tary Fig. 1E).

Myocardial infarction and cell therapy
Myocardial infarction was induced by ligation of the left
coronary artery as previously described [22, 23]. Animals

Page 3 of 23

are induced with 5% isoflurane in the induction chamber,
then intubated and mechanically ventilated with 1-3%
isoflurane to maintain the depth of surgical anesthe-
sia during the procedure. Surgical pain was reduced by
preincisional subcutaneous injection of buprenorphine
0.05 mg/kg. A left open-heart procedure is performed in
the fourth intercostal space of the mouse, followed by a
pericardiotomy. The left coronary artery is ligated with a
6—0 circular suture, and ST-band elevation is observed
on the ECG. EPC were transplanted to the border area
of myocardial infarction by injecting at three different
but adjacent sites using a syringe. The number of cells
injected at each site was 4x10°, and the PBS group was
injected with the same volume of PBS. The heart is rap-
idly returned to the thorax, which is closed and the mice
are allowed to recover using assisted mode ventilation.
Pulmonary atelectasis was prevented by generating posi-
tive end-expiratory pressure at the end of the procedure.
Sham control animals underwent the same surgical pro-
cedure in the absence of coronary occlusion. The surgi-
cal mortality rate in HFD/STZ-induced diabetic mice
after myocardial infarction is approximately 22%, which
suggests that our surgical approach is feasible. For eutha-
nasia, mice were placed in a sealed chamber and were
euthanized by CO, asphyxiation, followed by cervical
dislocation.

Echocardiography

Echocardiography was performed using a 2% isoflurane
anesthesia delivered through a Viking Medical system
(Medford, NJ) in mice. Transthoracic two-dimensional
M-mode echocardiograms were obtained with the Vevo
3100 equipped with a 30 MHz transducer (Visual Sonics,
Toronto, Canada). Echocardiographic studies were con-
ducted before myocardial infarction (baseline) and at 1, 7,
and 21 days post-myocardial infarction under anesthesia
using a mixture of 1.5% isoflurane and oxygen (1 L/min).
The left ventricular (LV) internal diameter was measured
in the short-axis view recorded in M-mode; ejection frac-
tion (EF) and fractional shortening (FS) were calculated
using the formulas previously described [24].

Bone marrow cell isolation and EPC culture

Briefly, bone marrow mononuclear cells were isolated
from mice by density gradient centrifugation with His-
topaque-1083 at room temperature and depleted of
macrophages by allowing attachment to uncoated plates
for 1 h. The unattached cells were removed and plated
on 6-well type I collagen-coated tissue culture plates
and cultured in phenol red-free endothelial cell basal
medium-2 (EBM-2, Clonetics) supplemented with 10%
FBS, vascular endothelial growth factor (VEGF)-A, fibro-
blast growth factor-2, epidermal growth factor, insu-
lin-like growth factor-1, ascorbic acid, and antibiotics.
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Cells were cultured at 37 °C with 5% CO,, for 48 h before
changing media to remove non-adhered cells by washing
with PBS. Media was changed every 2 days until colonies
appeared after 3 weeks. These EPCs were utilized in sub-
sequent in vivo and in vitro experiments. Similarly, Nipr3
knockout EPC were isolated from bone marrow mono-
nuclear cells of Nirp3 knockout mouse according to the
above experimental procedure.

FACS sorting

To investigate whether diabetic condition affects MI-
induced mobilization of BM-EPC into the circulation,
we performed myocardial infarction (MI) in control
and HFD/STZ induced diabetic mice and assessed
EPC mobilization (Sca-1* Flk1* cells) by FACS analy-
sis on peripheral blood mononuclear cells. Freshly
isolated mononuclear cells from peripheral blood by
histopaque-1083 were stained with Phycoerythrin(PE)-
conjugated Rat anti-mouse stem cell antigen 1 (Sca-1)
and Allophycocyanin (APC)-Rat conjugated anti-mouse
fetal-liver kinase 1 (Flkl) antibodies (BD Pharmingen
Inc.) in 1% BSA. Isotype-matched IgG antibodies were
used as negative controls. Quantitative fluorescence anal-
yses were performed with a CytoFLEX cytometer (Beck-
man Coulter, Inc.) and Flow-Jo Software (Tree Star, Inc.);
50,000 events were counted for each sample.

Plasmid construction and transfection

MmNIrp3-coding (Gene 1D:216799), MmCaspasel-
coding (Gene ID:12362), and MmPycard-coding (Gene
ID:66824) sequence were amplified from EPC by touch-
down PCR and cloned into pCMV-Myc-N (635689,
Clontech). MmUspI4-coding sequence (Gene ID:59025)
was cloned into p3XFLAG-CMV-14 (Sigma). The dele-
tion and truncation sequence of Nlrp3 were amplified
from EPC by touch-down PCR and cloned into pCMV-
Myc-N. pCDH-CMV-MCS-EF1-copGFP-T2A-Puro-
Nirp3 was generated by subcloning the MmNIrp3-coding
sequence into the pPCDH-CMV-MCS-EF1-copGFP-T2A-
Puro (CD513B-1, SBI), and the empty pCDH-CMV-
MCS-EF1-copGFP-T2A-Puro was used as a control.
Plvx-mcherry-Usp14 was generated by subcloning the
MmUsp14-coding sequence into the plvx-mcherry-N1
(632562, Clontech), and the empty plvx-mcherry-N1
was used as a control. In addition, the shRNA target-
ing Uspl4 and Nlrp3 mRNA sequence was introduced
into pSIH1-H1-copGFP-T2A-Puro vector (System Bio-
sciences) under the control of the H1 promoter. The
Nirp3 shRNA targeting sequence was 5- CCGGCCT
TACTTCAATCTGTT-3! The Uspl4 shRNA targeting
sequence was 5-CCTCCGAAAGAGATTAAGTAT-3.
Sh-NC was constructed (5-GAAGCAGCACGACTTCT
TC-3) with no significant homology to any mammalian
gene sequence. All constructed plasmids are verified by
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DNA sequencing. Plasmids were transiently transfected
into EPC with Lipofectamine 2000 Transfection Reagent
(Invitrogen, USA) according to the manufacturer’s
protocol.

Lentivirus production

To make lentiviral particles, HEK 293T cells were grown
in a 100 mm cell culture dish in DMEM media without
antibiotics. When cells were 70~80% confluent, 10 pg
lentiviral transfer plasmid, 5 pg psPAX2, and 2.5ug
pMD2.G were co-transfected into HEK-293T cells with
Lipofectamine 2000 Transfection Reagent (Invitrogen,
USA) according to the manufacturer’s protocol. Lentiviral
particles were harvested at 48 and 72 h post-transfection
and concentrated with L-80XP Super Speed Centrifuge
(BECKMAN). The lentiviruses were subsequently used to
infect EPC.

Luciferase assay

Cells were plated in 96-well plates 24 h before transfec-
tion. Plasmids containing different fragments of the
Nirp3 promoter were generated by subcloning the Nirp3
promoter sequence into the pGL4.17 (Promega) vector.
All plasmids containing different fragments of the Nirp3
promoter were co-transfected with a control Renilla
luciferase plasmid (pRL-TK). The ratio of the experi-
mental plasmid to the control plasmid was set at 50:1.
Luciferase activity was measured using the Duo-Lite
Luciferase Assay System according to the manufactur-
er’s instructions (DD1205, Vazyme). Briefly, at 24-48 h
after transfection, cell lysates were prepared by incubat-
ing the cells with the same volume of Duo-Lite Lucifer-
ase reagent for 10 min at room temperature. The firefly
luminescence signal was detected with Promega GloMax
20 according to the manufacturer’s instructions. After
this, duo-Lite Stop reagents are added for the detection
Renilla luminescence signal. Firefly luminescence signal
in transfected cells was normalized to Renilla lumines-
cence signal.

Chromatin immunoprecipitation assay

The chromatin immunoprecipitation (ChIP) assays were
performed according to the standard ChIP protocol
(Millipore). Briefly, EPC was harvested and fixed with
1% formaldehyde for 10 min at room temperature, then
crosslinking was quenched with 2-M glycine for 5 min.
The chromatin was sonicated until the DNA fragments
were 500 bp in size after nuclei isolation. After sonica-
tion, 2% percent of the sonicated chromatins were used
as input control, and the rest sonicated chromatins were
incubated with specific antibodies. Chromatin frag-
ments containing DNA-protein were precipitated by
using 5 pl of anti-C/EBPp (Proteintech) or 5 pl of anti-
IgG (Beyotime Biotechnology). The immunoprecipitated
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complex was washed with low salt immune complex
wash buffer, high salt immune complex wash buffer, LiCl
immune complex wash buffer, and TE buffer. The DNA
was extracted and purified by DNA Extraction Mini Kit
(Vazyme).

The enrichment of specific DNA sequences was exam-
ined by PCR using specific primer pairs of the different
sites of Nirp3 promoters. Primers were used as follows:

Sitel-F  5'-TCCATCCAGATGAGTAACTGCCAATC
C-3".

Sitel-R 5'-GGGTCACTGTGACACTGGAGAC-3'.

Site2-F 5-CCAGATTTCTGGAGACCAACCTAG
T-3'.

Site2-R 5'-AGCCAGACTCAGGAAGACAGGAG-3'.

Site3-F 5'-GCTCATCCTCCTATGATGGAGTTG-3'.

Site3-R 5'-GGCTCAAAGAAGCCACTAATGACC-3'.

Nuclear protein extraction

The nuclear protein extraction was performed using
the Nuclear and Cytoplasmic Protein Extraction Kit
(P0027, Beyotime, China) according to the manufactur-
er’s instructions. Cells were collected in PBS by scraping
from culture flasks and washed twice with cold PBS. The
supernatant was removed and the cell pellet was col-
lected into a prechilled microcentrifuge tube. The cell
pellet was resuspended with 200 pL Buffer A containing
1 mM PMSF and incubated on ice for 15 min. Then 10 pL
buffer B was added and the mixture was vortexed for 5 s
for 1 min, followed by centrifugation at 12,000 g, 4 °C for
5 min. The supernatant was removed and the precipita-
tion was resuspended in a 50 pL nuclear protein extrac-
tion reagent containing 1 mM PMSE. The mixture was
vortexed for 30 min and centrifugated at 12,000 g, 4 °C
for 5 min. The supernatant was collected as nuclear pro-
tein and analyzed by Western blotting assay.

Co-immunoprecipitation

Cells were washed twice with cold PBS and collected by
scraping from culture flasks. Collected cells were lysed
in IP lysis buffer containing 1 mM PMSF and centrifuged
at 14,000 g, 4 °C for 10 min. The supernatant was trans-
ferred into a microcentrifuge tube and incubated with
2 pg primary antibody (Beyotime Biotechnology) over-
night at 4 °C. Then the mixture was incubated with 20 pl
fully resuspended Protein A+G Agarose for 3 h. Protein
A+G Agarose was washed five times with IP buffer. The
immunoprecipitates were eluted by boiling with 1% (wt/
vol) SDS buffer and analyzed by Western blots assay.

Protein preparation and western blots

Supernatant protein: The precipitation of supernatant
proteins was performed using the methanol/chloro-
form method. Initially, culture media were centrifuged
at 2000 x g for 10 min to pellet the cells and cell debris.

Page 5 of 23

Subsequently, 600 uL of the supernatant was transferred
to a new tube, followed by the addition of 600 pL of meth-
anol and 150 pL of chloroform. The samples were thor-
oughly mixed and centrifuged at 12,000 X g for 10 min.
The upper phase was discarded, and 600 pL of methanol
was added to each sample. After mixing well, the samples
were centrifuged again at 12,000 x g for 10 min. The pro-
tein contents were deter-mined using Bradford reagent
(Bio-R ad protein assay kit) and aliquots normalized to
equal quantities before loading. The supernatants were
removed, and the remaining protein pellets were dried at
55 °C, then resuspended in 2x SDS loading buffer. Finally,
the samples were boiled at 98 °C for 10 min until fully
dissolved.

Matrigel plug: Tissue samples from mice, embedded in
Matrigel, were homogenized using a homogenizer and
subsequently lysed in RIPA buffer. Protein concentrations
were determined using the Bradford assay, with 60 pg of
protein loaded into each well for analysis.

Cell lysates: EPC was lysed in SDS-RIPA lysis buffer
and protease inhibitor cocktail. After 15 min centrifu-
gation at 12,000 x g at 4 °C, protein concentrations in
the lysates were collected and eluted by boiling with 1%
(w/v) SDS sample buffer. Equal amounts of proteins were
separated by SDS—PAGE and then were transferred onto
PVDF membranes for immunoblot analysis. After mem-
branes were blocked with 5% skim milk for 1.5 h at room
temperature, and the blocking buffer was changed to 5%
BSA for phosphorylation, they were probed with various
primary antibodies overnight at 4 °C. After washing for
three times, the membranes were incubated with second-
ary antibodies for 1.5 h at room temperature and visual-
ized with chemiluminescent systems with LumiGlo and
Peroxide. The intensity of protein bands was measured
using Image] image analysis software (NIH, Littleton,
CO, USA).

Immunofluorescence microscopy

EPC was plated on glass coverslips in 24-well plates and
fixed with 4% paraformaldehyde for 15 min. Cells were
permeabilized with 0.3% Triton-X 100 in phosphate buf-
fer saline (PBS) and blocked with 5% goat serum for 1 h.
Then the cells were incubated with anti-USP14 and anti-
Nirp3 diluted in Immunol Staining Primary Antibody
Dilution Buffer (Beyotime) at 4 °C overnight. Next, the
cells were stained with secondary Antibodies, and nuclei
were stained with DAPI (Solarbio, Beijing, China). The
fluorescent images were photographed by a Laser scan-
ning confocal microscope (ZEISS Scope. Al, Germany)
and the images were processed by ZEN blue 2.3 software
(Carl Zeiss, Germany). Pearson’s coefficient which repre-
sents colocalization was calculated by Image ] software
(NIH, Littleton, CO, USA).
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ELISA

The concentrations of mouse IL-1p (cat. EK201B), and
mouse IL-18 (cat. EK218) were measured using ELISA
kits (lianke Biotech Company Ltd., Hangzhou, China)
according to the manufacturer’s instructions.

Angiogenesis assay

The angiogenic capability of EPC was determined by
matrigel tube formation assay. Briefly, 96-well plates were
coated with matrigel (50 pL/well; BD Biosciences) at
37 °C for 30 min. Then, 3x10* EPC were plated on matri-
gel per well and incubated at 37 °C with 5% CO,, for 6 h.
Six hours post-treatment, the digital images of the tubes
were photographed with a phase-contrast microscope.
The total tube length was counted in each well by Image
] software.

Matrigel plug assay

The angiogenesis model was established using Matrigel
(BD) implants in mice. Specifically, 500uL of Matrigel,
with 5x10° EPC, was injected subcutaneously into the
mid-dorsal region of 8-week-old male mice. The injected
Matrigel quickly formed a single, solid plug. After 10
days, the Matrigel plugs were surgically removed from
the mice, ensuring the exclusion of connective tissues.
The neovascularization of Matrigel plugs was quanti-
fied by adding 4 ml of Drabkin’s reagent to 20 ml of
well-homogenized neovascularized Matrigel. Follow-
ing thorough mixing, the absorbance was measured at a
wavelength of 540 nm using a spectrophotometer to esti-
mate hemoglobin levels. Hemoglobin concentration was
calculated using the formula: Hb (g/dl) = (absorbance
of sample / absorbance of standard) X concentration of
standard. The excised Matrigel was then embedded in
paraffin and sectioned for HE analyses. The infiltrated
vessels were counted in three Matrigel H&E-stained sec-
tions and expressed as the mean number.

Bioinformatics analyses

RNA sequencing was performed on an Illumina HiSeq
4000 platform of aptbiotech Co., Ltd. (Shanghai, China)
to evaluate the differential gene expression profiles
in EPC. The gene expression level was normalized by
using the EdgeR method. The criterion for significant
DEGs (differentially expressed genes) was set to at least
a 2-fold change in gene expression, with an adjusted
P-value<0.01. The DEGs were enriched by KEGG (Kyoto
Encyclopedia of Genes and Genomes) pathways with
the GSEA (gene set enrichment analysis) method in the
ClusterProfiler package.

Statistical analysis
Data were presented as meantstandard error mean
(S.E.M.). Statistical analysis was performed with IBM
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SPSS Statistics 20 software. The Independent-Samples
t-test was used to detect significant differences between
the two groups. Significant differences between and
within multiple groups were examined using ANOVA
for repeated measures, followed by Duncan’s multiple-
range test. In addition, for the sample groups where
n=3, Mann-Whitney test was employed. Kaplan—Meier
survival curve was used for survival analysis, and the
log-rank test was used to determine the statistical signifi-
cance. P<0.05 was considered statistically significant.

Results

Impaired cardiac function and promoted left ventricular
remodeling after permanent myocardial ischemia in HFD/
STZ-induced diabetic mice

Diabetes mellitus constitutes a significant risk factor for
cardiovascular diseases. The overall schedule of experi-
mental procedures is presented in Fig. 1A. To assess
cardiac function impairment in diabetic condition, per-
manent myocardial ischemia was performed on control
and HFD/STZ-induced diabetic mice. Left ventricular
cardiac function was measured by echocardiography
on day 7 and day 21. Masson trichrome staining was
employed on day 21 post-myocardial infarction to analyze
cardiac remodeling in heart samples. Our data indicated
that the 30-day survival rate for the HFD/STZ-induced
diabetic mice with myocardial infarction model was 45%,
which was lower than that of the myocardial infarction
mice and significantly lower than that of the sham-oper-
ated mice (Fig. 1B). The HFD/STZ-induced diabetic mice
exhibited significantly impaired left ventricular cardiac
function (Fig. 1C), as demonstrated by the reduced ejec-
tion fraction and fractional shortening percentages on
day 21 post-myocardial infarction (Fig. 1D and E) and
a significant difference in end diastolic volume and end
systolic volume (Fig. 1F and G). Histological analysis of
heart samples on day 21 post-myocardial infarction indi-
cated that the HFD/STZ-induced diabetic mice exhib-
ited a significant increase in myocardial infarction scar
size. (Fig. 1H). Immunofluorescence analysis revealed a
substantial reduction in neovascularization in the HFD/
STZ-induced diabetic mice. (Fig. 1I). Therefore, these
findings demonstrated that, compared to control mice,
the HFD/STZ-induced diabetic mice exhibited exacer-
bated myocardial infarction, which adversely affected
their prognosis.

Reduced EPC mobilization and activated NLRP3
inflammasome in HFD/STZ-induced diabetic mice

The schedule of experimental procedures is presented
in Fig. 2A. To determine whether diabetic conditions
affected MI-induced mobilization EPC in the circula-
tion, we performed MI and assessed relative EPC num-
ber in the circulation by FACS analysis on day 3 after
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Fig. 1 Impaired cardiac function and promoted left ventricular remodeling after permanent myocardial ischemia in HFD/STZ-induced diabetic mice. (A)
a diagram of the experimental protocol. (B) Short-term survival curve after myocardial infarction and the indicated treatments (n=10-12 mice/group).
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Fig. 3 Intramyocardial injectionNIrp3 knockout EPC improved cardiac function and restrained left ventricular remodeling after permanent myocardial
ischemia in HFD/STZ-induced diabetic mice. (A) a diagram of the transplanted experimental protocol. (B) Representative images showing that the fluo-
rescence signal observed in the heart of myocardial ischemia mice on days 1, 7 and 21 after injection of Dil-labeled EPC. (C) Fasting glucose, oral glucose
tolerance test and HbA1c in HFD/STZ-induced diabetic myocardial infarction mice followed by intramyocardial injection of EPC. (D) Representative short-
axis M-mode echocardiograms of the left ventricle at day 21 in the control and HFD/STZ-induced diabetic groups. (E) Left ventricular function after injec-
tion of Nirp3 knockout EPC was assessed by measurements of ejection fraction, LV fractional shortening, end diastolic volume, and end systolic volume
atday 7 and day 21 after Ml (n=6 mice/group). (F) Left ventricular function was assessed by measurements of ejection fraction, LV fractional shortening,
end diastolic volume, and end systolic volume at day 21 after Ml (n=6 mice/group). (G) Representative endothelial CD31 staining at the infarction border
zone sections. (H) Representative images and quantitative infarct size in Masson's trichrome stained mice hearts on day 21 after Ml (n=6 mice/group). (I)
a diagram of the matrigel plug experimental protocol. (J) Representative HE photographs of matrigel plugs removed from mice 10 days after injection.
The relative amounts of hemoglobin extracted from the excised matrigel plugs and the number of blood vessels in matrigel plugs. * p<0.05, ** p<0.01,

*** p<0.001, ¥*** p<0.0001. Similar results were obtained from three independent experiments

MI (Fig. 2B). HFD/STZ-induced diabetic mice showed a
decreased number of Flk1*/Sca-1*(double™) cells on day 3
after MI compared to control mice in MI group (Fig. 2C).
Furthermore, within the selected inflammasome-related
gene family, the expression of Nirp3 showed significant
differences between the control group and the HFD/STZ-
induced diabetic mice group in EPC (Fig. 2D). In addi-
tion, sorted EPC were analyzed for expression of NLRP3
inflammasome-related mRNA abundance. However,
there was no significant difference between sham and
MI mice in sham groups or HFD/STZ-induced diabetic
mice (Fig. 2E). The expression levels of Nirp3, Caspasel
and I/1b mRNA in sorted EPC were significantly greater
in HFD/STZ-induced diabetic mice than in the control
groups with sham and MI groups, suggesting that dia-
betic condition influenced mobilization of EPC and acti-
vated the NLRP3 inflammasome. To further investigate
the effect of diabetic condition on EPC in vivo, EPC were
obtained from mouse bone marrow mononuclear cells by
density gradient centrifugation (Supplementary Fig. 2A
and 2B) and a Matrigel plug (Fig. 2F). Angiogenesis assay
was performed to study the modulation of in vivo angio-
genesis. Hemoglobin content and blood vessel infiltra-
tion in implants from HFD/STZ-induced diabetic mice
were significantly less than in control mice (Fig. 2G).
Similarly, the NLRP3 inflammasome was also activated in
EPC from implants of HFD/STZ-induced diabetic mice
(Fig. 2H). These findings are consistent with the sub-
sequent NLRP3 inflammasome results observed in the
diabetic sorted EPC. Collectively, these results indicated
that diabetic condition decreased EPC mobilization,
angiogenic which was be relevant to the activation of the
NLRP3 inflammasome.

IntramyocardialinjectionNIrp3knockout EPC improved
cardiac function and restrained left ventricular remodeling
after permanent myocardial ischemia in HFD/STZ-induced
diabetic mice

To assess EPC dysfunction under diabetic condition,
WT EPC, Nlrp3~/"EPC, or PBS were administered intra-
myocardially to the border zone of myocardial infarc-
tion in AMI mouse model. The schedule of experimental

procedures were presented in Fig. 3A and Supplementary
Fig. 3A. To examine EPC incorporation at post-trans-
plantation time points, heart tissue from mice injected
with Dil-labeled EPC was subjected to frozen sections
(Fig. 3B). In addition, intramyocardial injection of EPC
did not alter the glucose and hemoglobin levels in the
HFD/STZ-induced diabetic mice (Fig. 3C). Our data
revealed that compared with PBS, WT-EPC or Nirp3~'~
EPC treatment significantly improved left ventricle
cardiac function (Fig. 3D) as evident from increased
percentage ejection fraction and fractional shortening
on both day 7 and day 21 post-MI and a significant dif-
ference in end diastolic volume and end systolic volume
in MI mice without diabetes (Fig. 3E and 3F). However,
for HFD/STZ-induced diabetic mice with MI, WT EPC
intramyocardial injection exerts a limited therapeutic
benefit, Nirp3~'~ EPC intramyocardial injection signifi-
cantly improved cardiac function. Furthermore, overex-
pression of Nirp3 reversed the therapeutic effects of EPC
on myocardial infarction (Supplementary Fig. 3C and
3D). Intramyocardial injection Nlrp3 overexpression EPC
decreased 30 days survival in diabetic myocardial isch-
emia mice model (Supplementary 3B). Immunofluores-
cence and histological analysis on day 21 post-MI heart
samples indicated that Nirp3~/~ EPC treatment signifi-
cantly decreased infarction size and promoted angiogen-
esis compared to WT-EPC in HFD/STZ-induced diabetic
mice with MI (Fig. 3G and 3H). Overexpression of Nirp3
also decreased angiogenesis and increased infarction size
in HFD/STZ-induced diabetic mice with MI (Supple-
mentary Fig. 3E and 3F). Matrigel plug results showed
significantly reduced hemoglobin content and blood ves-
sel infiltration in HFD/STZ-induced diabetic mice 10
days after injection (Fig. 31 and 3]). Similarly, we found
overexpression of Nirp3 failed to increase angiogenesis
in Matrigel plug from HFD/STZ-induced diabetic mice
(Supplementary Fig. 3G and 3H). Taken together, these
data suggested that diabetes can exacerbate myocardial
infarction in vivo by impairing the angiogenic function of
the EPC through the NLRP3 inflammasome.
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Fig. 4 Regulated angiogenesis function of EPC by NLRP3 inflammasome in response to HG or AGEs. (A) Western blot analysis of NLRP3, Caspase1, and
IL-1B cleavage in EPC from WT or Nilrp3~~ mice following stimulation with HG (30 mM) or AGEs (200 pg/ml) for 72 h. The supernatant was collected
directly after a 72-hour incubation period with high glucose and AGEs. (B) EPC from wild-type mice were transfected with Vector or Nirp3. Western blot
analysis of NLRP3, Caspasel, and IL-1B3 cleavage in EPC transfected with Vector or Nirp3 following stimulation with HG (30 mM) or AGEs (200 ug/ml) for
72 h. (C) ELISA analysis of IL-18, and IL-1B in supernatants of EPC from WT or Nlrp3~~ mice and EPC transfected with Vector or Nirp3 following stimulation
with HG (30 mM) or AGEs (200 ug/ml) for 72 h. (D) Wound healing of EPC response to HG (30 mM) or AGEs (200 pg/ml) in vitro. (E) Migration assay with
EPC treated with HG (30 mM) or AGEs (200 pg/ml) was performed. (F) The angiogenic function of EPC was evaluated by tube formation assay. *p <0.05,
**p<0.01, ***p<0.001, ****p < 0.0001. Representative results from three biologically independent experiments

NLRP3 inflammasome activation impaired angiogenesis
function of EPC in response to HG or AGEs

Next, we further explored how diabetes, as an indepen-
dent factor, caused inflammatory responses in the EPC
and affected the angiogenic function of the EPC. To
confirm the role of HG or AGEs in activating inflam-
matory response in EPC in vitro, EPC from wildtype or
Nirp3~'~ mice was stimulated with HG or AGEs for 72 h.
The immunoblotting analysis showed that Nirp3~'~ EPC
responded less efficiently than WT EPC to HG or AGEs.
HG or AGEs induced content of IL-1 and Caspasel p20
in supernatants which indicated the activation of NLRP3
inflammasome (Fig. 4A). Our results suggest that both
HG or AGE:s effectively activated NLRP3 inflammasome
in EPC. Nirp3 knockout effectively inhibited the NLRP3
inflammasome activation under stimulated conditions
with HG or AGEs. In addition, overexpression of Nirp3
dramatically activated the NLRP3 inflammasome in
EPC primed by stimulation with HG or AGEs for 72 h
(Fig. 4B). Further, we found the secretion of II-1p and
11-18 was significantly decreased in Nlrp3~'~ EPC primed
by stimulation with HG or AGEs for 72 h (Fig. 4C). Nirp3
overexpression significantly increased the level of 1I-1f
and I1-18 in the supernatant (Fig. 4C).

To investigate whether the HG or AGEs induced a
decrease in angiogenesis activity of EPC, we carried out
the vitro angiogenesis assays using WT, Nirp3~~ EPC
and Nlrp3 overexpressed EPC following stimulation with
HG or AGEs for 72 h. Our data show that the knockout of
Nirp3 in EPC abrogated HG or AGEs induced a decrease
in tube formation, and chemotactic migration activity,
suggesting that HG or AGEs diminish the angiogenesis
capacity of EPC through NLRP3 inflammasome activa-
tion. However, no change was observed in the EPC from
WT or Nirp3~'~ mice without the following stimulation
with HG or AGEs (Fig. 4D and F). Respectively, overex-
pression of Nirp3 significantly aggravated impairment of
angiogenesis in EPC response to HG or AGEs while no
significant angiogenesis was observed without the stimu-
lation of HG or AGEs (Fig. 4D and F).

Regulated proliferation function of EPC by NLRP3
inflammasome in response to HG or AGEs

Next, we investigated whether NLRP3 inflammasome
could modulate the proliferation capacity of EPC. Cell
cycle analyses showed fewer EPC in the GO/G1 phase

and more in the S phase in Nlrp3~/~ cells, suggesting that
Nirp3 knockout promotes G1/S transition in EPC follow-
ing stimulation with HG or AGEs (Fig. 5A). Additional
experiments were performed to examine the incorpora-
tion of BrdU into EPC following stimulation with HG
or AGEs, Nirp3 knockout effectively increases the BrdU
positive cell ratio (Fig. 5B). Consistently, overexpres-
sion of Nlrp3 significantly inhibited the incorporation
of BrdU and G1/S transition, which resulted in cell cycle
arrest in the G1 phase. Chronic low-grade inflammation
adversely affects the functionality of stem cells, including
their capacity for proliferation and differentiation. HG
or AGEs treatment significantly decreased the number
of clones formed in EPC. Knockout of Nirp3 partially
restored the proliferative capacity impaired by HG and
AGEs (Fig. 5C). Senescence-associated p-galactosidase
(SA-B-gal) is an enzyme that exhibits increased expres-
sion in senescent cells. Its activity is relatively low under
normal physiological pH conditions but escalates in aging
cells. Nirp3 knockout significantly reduced the increase
in the number of senescent EPC cells caused by high HG
and AGEs (Fig. 5D). However, overexpression of NLRP3
not only significantly reduced the number of colonies
under HG and AGEs treatment but also significantly
increased the proportion of senescent EPC following
stimulation with HG and AGEs (Fig. 5C and D). Collec-
tively, these results indicated that HG or AGEs negatively
impaired angiogenesis and proliferation function by acti-
vating the NLRP3 inflammasome in vitro.

CEBPB initiated theNIrp3 transcription by directly binding
to the promoter region of Nirp3in EPC

The upstream and downstream regulation mechanism of
the Nirp3 gene in EPC remains unclear. We conducted
RNA sequencing on normal EPC as well as EPC stimu-
lated with high glucose. We obtained 12 transcription
factors by taking intersections between upregulated
differential genes and transcription factors that may
regulate Nlrp3 gene transcription (Fig. 6A). Through
conducting luciferase reporter gene assays in EPC, we
identified CEBPB as the most significant transcription
factor regulating the NLRP3 promoter. (Fig. 6B). The
CCAAT/enhancer binding protein (C/EBP) transcrip-
tion factor family is associated with inflammation [25].
These transcription factors have binding sites in the pro-
moter and enhancer regions of many cytokines and other
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Fig. 5 Regulated proliferation function of EPC by NLRP3 inflammasome in response to HG or AGEs. (A) Flow cytometry analysis was conducted on EPC
following stimulation with HG (30 mM) or AGEs (200 pg/ml) for 72 h. The representative pattern of the cell cycle distribution of EPC in synchrony after
stimulation. The representative pattern of the cell cycle distribution of EPC in synchrony and after stimulation. (B) Representative images of BrdU incor-
poration status after stimulation with HG (30 mM) or AGEs (200 pg/ml) for 72 h in EPC. Images were generated by merging the DAPI and BrdU channels.
(€) Clone formation assay results showed the effects of NLRP3 inflammasome on the proliferation of EPC. (D) Senescence-associated beta-galactosidase
staining of EPC following stimulation with HG (30 mM) or AGEs (200 ug/ml) for 72 h. *p < 0.05, **p < 0.01, ***p <0.001, ****p <0.0001. Similar results were
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Fig. 6 CEBPB initiated the transcription ofNIrp3by directly binding to the promoter region of Nirp3. (A) The volcano map of DEGs in EPC at the transcrip-
tional level following stimulation with HG (30 mM) or not for 72 h (|log2fold change| > 1 and FDR<0.05). Venn diagram based on the overlapping DEGs
between upregulated genes and mouse transcription factor. Differentially expressed transcription factors and adjust Pvalue in HG vs. Control group. (B
After transfection with various transcription factors, luciferase reporter gene assays using the Nirp3 promoter were performed in EPC. (C) Relative NLRP3
and CEBPB protein levels in EPC following stimulation with HG (30 mM) or AGEs (200 pug/ml) for 72 h. (D) Correlation between NLRP3 levels and CEBPB
levels in EPC. (E) Western blot of nuclear extracts obtained from EPC following stimulation with HG (30 mM) or AGEs (200 ug/ml) for 72 h was performed
to investigate the expression of CEBPB. Each density of CEBPB was normalized with that of LAMIN B. (F) Representative immunofluorescence imaging of
CEBPB nuclear translocation after stimulation with HG (30 mM) or AGEs (200 pg/ml) for 72 h. (G) Luciferase reporter assay in EPC using Nlrp3 promoter
after stimulation with different concentrations of glucose (10, 15, 20, 25, 30mM) for 72 h. (H) Putative binding sites of CEBPB in the promoter region of
Nirp3.TSS, transcriptional start site. Luciferase reporter assay in EPC using different fragments of Nirp3 promoter after transfection with Cebpb. (1) A series
of luciferase reporter constructs harbouring site-directed mutations in the CEBPB binding sites of the Nirp3 promoter region were assayed for promoter
activity in EPC. Luciferase reporter assay in EPC using different mutations on site1, site2 and site3 respectively. (Site3: TTGCATAT to GGTAATAT, Site2: TTG
CAGTA to GGTAAGTA, Site1: TGATGCAA to TGATTACC). (J) ChIP-PCR analysis of EPC following stimulation with HG (30 mM) or AGEs (200 pg/ml) for 72 h.
PCR primers were designed to surround the predicted CEBPB-binding sites 1-3 in the Nirp3 promoter. Nonspecific IgG was used as a control. * p<0.05, **

p<0.01,***p<0.001, **** p<0.0001. These experiments were repeated independently three times with similar results

pro-inflammatory genes. To confirm the role of CCAAT/
enhancer binding protein in activating inflammatory
response in EPC, protein expression levels of NLRP3
and CEBPB were measured. Western blotting confirmed
that there was about a 2 to 4-fold increase in NLRP3 and
CEBPB expression in EPC primed by stimulation with
HG or AGEs for 72 h (Fig. 6C). Indeed, a positive correla-
tion was observed between the protein levels of NLRP3
and CEBPB in EPC treated with HG or AGEs (Fig. 6D).

To determine whether Nirp3 was transcriptionally
regulated by CEBPB in EPC, we performed western blot-
ting and immunofluorescence and found that HG or
AGEs treatment could increase CEBPB nuclear translo-
cation (Fig. 6E and F). Luciferase reporters containing
the 5’ -promoter regions (—1965to+35 bp) of Nirp3 were
expressed in Cebpb-overexpressing EPC and luciferase
activities were notably altered (Fig. 6G). These results
indicate that HG or AGEs promoted the transcription of
Nirp3 through CEBPB.

Three putative CEBPB-binding sites were identified
on the Nirp3 promoter. Thus, a set of pGL4-derived
constructs were transiently transfected in EPC. All con-
structs showed activity in these cells, suggesting the
presence of the elements necessary for the transcrip-
tional activity of the Nlrp3 promoter region. Fragment
full-length (-1965to+35 bp), which harbors all puta-
tive CEBPB-binding sites, exhibited the highest lucifer-
ase activity (Fig. 6H). We next conducted site-directed
mutagenesis to disrupt CEBPB binding sites in selected
Nirp3 promoter constructs. Promoter activity of mutated
con-structs was determined in EPC and expressed rela-
tive to that of the wild type con-struct. Single mutation
of the CEBPB site however resulted in 25+7% reduc-
tions respectively. A double mutation reduced promoter
activity by 69+9%, whereas mutation of all sites reduced
activity by 92%. Luciferase reporter genes indicate that
CEBPB may bind in all three predicted regions (Fig. 6I).
Furthermore, a ChIP assay was conducted to analyze the
interaction between CEBPB and the putative binding
sites on the chromatin of EPC. The antibody to CEBPB

precipitated proteins bound in vivo to the amplified DNA
sequence with three CEBPB putative binding sites (sites
1-3) (Fig. 6]). Collectively, these results strongly indi-
cated that CEBPB may bind to sites 1-3 in the Nirp3
promoter and upregulate the transcription of the Nirp3
gene. Furthermore, ChIP-qPCR results demonstrated a
significant enrichment of CEBPB at the Nirp3 promoter
region following HG treatment. Similarly, CEBPB enrich-
ments within the Nirp3 promoter region was also sig-
nificantly increased by AGEs treatment in EPC (Fig. 6K).
These findings suggest that CEBPB plays a crucial role in
regulating Nirp3 expression in response to HG or AGEs
treatment.

USP14 interacted with NLRP3 and inhibited NLRP3 protein
degradation in EPC

Gene expression is regulated through multiple steps at
both transcriptional and post-transcriptional levels. Con-
sidering the positive regulation of CEBPB on Nlrp3 at the
transcriptional level, we examined whether HG or AGEs
could modulate NLRP3 at the post-transcriptional level.
Actinomycin D is widely used in mRNA stability assays to
inhibit new mRNA synthesis and to assess mRNA decay
by measuring mRNA abundance after transcriptional
repression [26]. Our results suggested that there was no
significant difference in the degradation of Nirp3 mRNA
between normal conditions and stimulation with HG
or AGEs (Fig. 7A). To directly confirm whether HG or
AGEs regulated NLRP3 protein post-translational modi-
fication, EPC were first stimulated with HG or AGEs for
72 h before the treatment of protein synthesis inhibi-
tor cycloheximide (CHX) for different times. We found
the NLRP3 protein degradation was attenuated in HG
or AGEs treated EPC compared to that in control EPC.
However, no differences in CASPASE1 and PYCARD
protein degradation were observed between control EPC
and EPC stimulated with HG (Fig. 7B). These data sug-
gested that HG increased their levels not only through
transcriptional mechanisms but also by reducing the
degradation of NLRP3 protein. Ubiquitination is a key



Li et al. Cardiovascular Diabetology (2025) 24:6

A B

Control
& HG

1.2
| & AcEs 0 812 0 4 8 12 @
08 - - 125
Nres [ — e — ———
0s Caspase 1 i " I ! x 1 i —-— 40
PrearD [== = — — — — |-
0 ACTE [ s sy et e s st | — 40

N
actD(h) 0 3 6 9 12 15

D MYC-NLRP3
Flag-USP14
USP1
MYC

B |
vere reg [ S ] — 55 Fiag

USP3 ACTB

Control HG

IN

4

Nip3 mRNA
% remaining

+ + + + MYC-NLRP3

Flag-USP11

—40 ACTB

USP4
USP5

MYC-Caspase 1+ +  +  + MYC-PYCARD
P |
uspe Flag-USP14 = KDa  Flag-USP14

MYc
use? MYC [ - - -] — 45
usPs Feo [
UsP10
NLRP3

USP11
UsP12 E

USP13

Control

UsP14

. . usPis
. USP16

HG

Control HG
i
0 0
o w0 Q
- -0 o0 %% <
| -

10 Scanbe % B

e ﬂ

shRNA Scramble Usp14

Page 16 of 23

Contel Gonra Contl
15 & HG 15 & HG - 15 & HG
g 2 3
g 8 H
Zs ig 3
58 10 Z 10 88 10
b HI 2
éé 05 - g% 05 “\ %% 05
éz M3 ] o ~
g oo o4 T T ; § 1 T T 1
CHX () O 5 10 15 cHx(m O 5 10 15 cHX(h) 0 5 10 15
+ o+ o+ o+ MYCNLRPS L L,
- il kDo FlagUSP12 . el (o
—125 . g —125
e —
CCC==l-w o [ -
Y-« ~n =] -o
F MYC-NLRP3 (WT)  Pyrin NACHT LRR
o+ o+ F
. KDa MYC-NLRP3 (APyrin) == = NACHT LRR
@ —25 MYC-NLRP3 (ANACHT) | Pyrin —_ - LRR
MYC-NLRP3 (ALRR) Pyrin NACHT — e —
FlagUsPt4a = + + + + +
MYCNLRP3(WT) + = + = = =
MYCNLRP3 (APyrin) = = = 4+ = =
MYC-NLRP3 (ANACHT) - - - - + -
MYC-NLRP3 (ALRR) - - - - - +

IP:MYC

Input

——— 13 LR n e si e
[ J——— I L gf 1 i oie I 13 Vector Usp14 OE i oo
-125 &% i £z Glucose (mM) KD: HIE
nrps [BF SR B ] 0 ﬂﬂ ﬂ;_ yﬂm ﬂﬂ ﬂﬁ __—______uzfz ] H H
vsrts [mamm =] 55 ¢ AL TE LT e )~ 1 100
Caspase 1 |wr s s wowe e wo| _ 45 o 5 . Lo .il CESF’EW1|----—-—-|_45 )
prowo [ ] - s 1 AL L1 ALl rrow D EDED S DD EDES| - - |, y
H q . UsP14 e — o ———] _ 5 1
I |&| ACTB [ o e = e = = —] _ ¢
H il i

shRNA Scramble Usp14

H " e
i | Vector Usp14 OE 1 R .
AGES (Hg/M) ] el %5 1] A i) . e I
— ' R JE— =
11 L . NLrPs H l' H
UsP14 B T conpeset [ :
ég Hisl iy . . '—l USP14 | e s s s s st s | _ 55 §§ |_| |_| ’—|
oo (B il o ] _ .,
i g5 . . 8
B & B .

Fig. 7 (See legend on next page.)

post-translational modification (PTM) that regulates
NLRP3 inflammasome activation [27]. The heatmap
showed the expression of USP11, USP12, and USP14
was relatively high expression in USP family genes
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identified in control EPC vs. HG-treated EPC (Fig. 7C).
Our results showed that USP11 and USP12 did not sig-
nificantly affect NLRP3 expression, while USP14 sig-
nificantly affected NLRP3 protein expression (Fig. 7D).
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Fig. 7 USP14 interacted with NLRP3 and inhibited NLRP3 protein degradation. (A) The expression of Nirp3 mRNA at 04,8 and 12 h post-stimulation was
determined by gRT-PCR and normalized to the 18 S rRNA. (B) Immunoblot analysis of extracts from EPC stimulated with HG (30 mM) for 72 h, followed
by treatment with cycloheximide for various times (CHX, 100 ug/mL). NLRP3, PYCARD, and Caspasel expression levels were quantitated by measuring
band intensities and normalized to ACTB. (C) Heatmap showing the expression of USP family genes identified in control EPC vs. HG (30 mM) treated EPC.
(D) MYC-NIrp3 was transfected in EPC, as well as graded amounts of FLAG-Usp14, FLAG-Usp11 and FLAG-Usp12. The protein level of NLRP3 were detected
by western blot. MYC-Caspasel, and MYC-Pycard were transfected in EPC, as well as graded amounts of FLAG-Usp14. The protein level of Caspasel, and
PYCARD were detected by western blot. (E) EPC was stimulated with HG (30 mM) or AGEs (200 pg/ml) for 72 h, then fixed and incubated with a second-
ary antibody. Colocalization between USP14 and NLRP3 was examined by confocal microscopy. Confocal imaging results are representative of three
independent experiments. (F) Schematic diagram of NLRP3 and its truncation mutants. MYC-tagged Nirp3 or its mutants along with Flag-Usp14 were
individually transfected into EPC. The cell lysates were immunoprecipitated with anti-MYC antibodies and then immunoblotted with anti-Flag antibod-
ies. Similar results were obtained from three independent experiments. (G) Western blot analysis of NLRP3, USP14, Caspase1, and PYCARD in wildtype
(WT) or Usp14 knockdown EPC following stimulation with a gradient concentration of glucose (5, 15,30mM) for 72 h. (H) Western blot analysis of NLRP3,
USP14, Caspase1, and PYCARD in EPC transfected with Vector or Nirp3 following stimulation with a gradient concentration of glucose (5, 10, 20,30mM) for
72 h. (1) Western blot analysis of NLRP3, USP14, Caspase1, and PYCARD in wildtype (WT) or Usp14 knockdown EPC following stimulation with a gradient
concentration of AGEs (50, 100, 200 ug/ml) for 72 h. (J) Western blot analysis of NLRP3 USP14, Caspase1, and PYCARD in EPC transfected with Vector or
Nirp3 following stimulation with a gradient concentration of AGEs (50, 100, 150, 200 ug/ml) for 72 h.*p < 0.05, **p < 0.01, ***p <0.001, ****p < 0.0001. These

experiments were repeated independently at least three times with similar results

Next, we determined whether USP14 regulates NLRP3
protein expression. The expression of myc-NLRP3 was
evaluated in the presence of graded expression levels
of flag-USP14. And there was no impact on the expres-
sion of CASPASE1 and PYCARD protein levels (Fig. 7D).
Additionally, we conducted further experiments to assess
the endogenous levels of NLRP3 upon overexpression of
USP14. The results indicated that the endogenous protein
levels of NLRP3 were significantly elevated following the
overexpression of Uspl4 (Supplementary Fig. 4A). Fur-
thermore, UspI4 overexpression enhanced HG or AGEs
induced NLRP3 expression and had no effect on the
expression of two pattern recognition receptors. These
data indicated that USP14 selectively controlled NLRP3
expression at the protein level (Fig. 7H and J). USP14 is
a major regulator of the proteasome by deubiquitinating
proteasome-bound substrates that are ubiquitinated at
multiple sites [28]. The confocal analysis demonstrated
that co-localization between USP14 and NLRP3 was up-
regulated upon HG or AGEs stimulation (Fig. 7E).

To further find the domain of NLRP3 responsible for
the interaction with USP14, a series of MYC-tagged
NLRP3 truncation mutants were constructed. NLRP3
wild-type (WT), LRR domain deletion mutant (ALRR),
NACHT domain deletion mutant (ANACHT), and PYD
domain deletion mutant (APYD) were co-transfection
with Flag-USP14 into EPC. Co-IP results showed that
NLRP3 mutant with NACHT domain deletion lost the
ability to interact with USP14 (Fig. 7F). Taken together,
these observations suggested that USP14 interacts with
the NLRP3 protein through the USP motif on USP14 and
the NACHT domain on NLRP3.

To investigate the potential role of USP14 in NLRP3
inflammasome activation, we examined the effects of
USP14 knockdown in EPC stimulated with HG or AGEs.
In line with the previous findings, the knockdown of
Uspl14 significantly reduced NLRP3 protein expression,
while it did not affect the expression of CASPASE1 and

PYCARD proteins in EPC stimulated with HG or AGEs
(Fig. 7G and I).

CEBPB and USP14 regulated cardiac function by
modulating NLRP3 inflammasome in vivo

In vivo, our experiments showed that overexpression
of Cebpb or Uspl4 decreased the 30-day survival com-
pared to Nirp3 knockdown EPC (Fig. 8A). In addition,
echocardiography showed that overexpression of Cebpb
reversed the therapeutic effect of intramyocardial injec-
tion. Nirp3 knockdown EPC, as evident from decreased
percentage ejection fraction and fractional shortening
and a significant increase in end diastolic volume and
end systolic volume (Fig. 8B). Similarly, Uspl4 overex-
pression weakened the therapeutic effect compared to
Nirp3 knockdown EPC. Immunofluorescence and histo-
logical analysis indicated that overexpression of Cebpb or
Uspl14 in Nirp3 knockdown EPC significantly increased
infarction size and suppressed angiogenesis (Fig. 8C and
D). Taken together, the impact of CEBPB and USP14 on
NLRP3 is likely minimal due to the knockdown of Nirp3.
The improvement in survival and cardiac function by
CEBPB and USP14 suggests the involvement of pathways
or mechanisms independent of NLRP3 activity that are
responsible for the ameliorations mediated by CEBPB
and USP14.

NLRP3 inflammasome activation inhibited angiogenesis
via PI3K/Akt/mTOR pathway in EPC

To further clarify how NLRP3 inflammasome activa-
tion induces dysfunction in the angiogenic capabilities
of EPC, we treated both wild-type and Nirp3 knockout
EPC with high glucose and performed RNA sequenc-
ing. The differentially expressed genes were then ana-
lyzed using Gene Ontology (GO) enrichment analysis
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis to identify the downstream biologi-
cal processes and metabolic pathways affected by Nirp3
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Fig. 8 CEBPB and USP14 regulated cardiac Function by modulating NLRP3 inflammasome in vivo. (A) Short-term survival curve after myocardial in-
farction and the indicated treatments. (B) Representative short-axis M-mode echocardiograms of the left ventricle at baseline and day 21 in the HFD/
STZ-induced diabetic mice with myocardial infarction groups. Left ventricular function was assessed by measurements of ejection fraction, LV fractional
shortening, end diastolic volume, and end systolic volume. (C) Representative endothelial CD31 staining at the infarction border zone sections. (D)
Representative images and quantitative infarct size in Masson’s trichrome stained mice hearts on day 21 after Ml (n=6 mice/group). *p <0.05, **p <0.01,
***p <0.001, ****p <0.0001. These experiments were repeated independently at least three times with similar results
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Fig. 9 (See legend on next page.)
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Fig. 9 NLRP3 inflammasome activation inhibited angiogenesis via PI3K/Akt/mTOR pathway in EPC. (A) GO enrichment analysis of the known molecular
function in wild-type and Nirp3 knockout EPC stimulated with high glucose (30mM) for72h. (B) KEGG enrichment analysis of the known oncogenic or
metabolic pathways in wild-type and Nirp3 knockout EPC stimulated with high glucose (30mM) for72h. (C) Western blot analysis of p-MTOR, MTOR,
p-AKT, AKT, p-PI3K, PI3K protein levels in EPC pretreated with MCC950 (10uM, 8uM, 4uM, 2uM, TuM) for 6 h in response to HG (30 mM). (D) Western blot
analysis of p-MTOR, MTOR, p-AKT, AKT, p-PI3K, PI3K protein levels in EPC pretreated with MCC950 (10uM, 8uM, 4uM, 2uM, TuM) for 6 h in response to AGEs
(200 pg/ml). (E) Western blot analysis of p-MTOR, MTOR, p-AKT, AKT, p-PI3K, PI3K protein levels in EPC pretreated with shNIrp3, LY294002 (20uM) for 12 h,
and 3-methyladenine (5 Mm) for 12 h. *p <0.05, **p <0.01, ***p < 0.001, ****p <0.0001 vs. Control. These experiments were repeated independently three

times with similar results

knockout in EPC under HG stimulation. Cell adhesion
activity and extracellular matrix structural constituent
were significantly altered in EPC with high glucose fol-
lowing Nlrp3 knockout (Fig. 9A). The extracellular matrix
(ECM) not only provides a scaffold for cellular attach-
ment and migration but also modulates the availability
and activity of growth factors involved in angiogenesis.
Alterations in the ECM can influence angiogenic signal-
ing pathways, affecting the process of new blood vessel
formation. In addition, our results suggested that PI3K/
Akt/mTOR signaling showed strikingly significant upreg-
ulation of the entire pathway in Nlrp3 knockout EPC
stimulated with HG (Fig. 9B). MCC950 is a potent and
well-studied inflammasome lead compound that inhib-
its NLRP3-dependent ASC oligomerization. PI3K/ Akt/
mTOR signaling pathway was significantly inhibited in
EPC stimulated with HG, while MCC950 was shown to
inhibit its effects in a concentration-dependent manner
(Fig. 9C and D). LY294002 and 3-Methyladenine, selec-
tive PI3K inhibitors, were applied to our mechanism res-
cue experiment. In vitro, Nirp3 knockdown significantly
restored the inhibition of the PI3k signaling pathway in
response to HG or AGEs. However, the inhibitor of the
PI3K pathway inhibited the effectiveness of Nirp3 knock-
down in HG or AGEs conditions (Fig. 9E).

Discussion

Type 2 diabetes mellitus is one of the major chronic car-
diovascular diseases. T2DM and its complications have
become a critical worldwide public health problem [29].
Myocardial infarction is the leading cause of death in
patients with T2DM. Patients with type 2 diabetes are
more likely to suffer a myocardial infarction and have a
worse outcome than those without diabetes [30]. More-
over, T2DM is an independent risk factor for recurrent
myocardial infarction, all-cause mortality, and a compos-
ite endpoint in patients with prior myocardial infarction
[31]. Current treatments for post-myocardial infarc-
tion heart failure are limited and treatment is needed to
improve the clinical condition by replacing the damaged
heart cells [32]. In recent years, stem cells have becoming
the most important tool in the application of “regenera-
tive medicine” and clinical work in cardiac regeneration
has focused on bone marrow-derived cells, mesenchy-
mal stem cells, and putative cardiac progenitor cells [33].
Despite the great promise of regenerative approaches,

clinical work involving the transplantation of stem and
progenitor cells has largely failed to materialize [32].

Endothelial progenitor cells can be generated from the
bone marrow or peripheral blood in response to ischemic
signals and thus be mobilized to the site of injury. EPC
has been shown to play an active role in models of skin
injury, hindlimb ischemia, and cardiac infarction and is
shown to improve vessel formation as well as to accom-
pany stable integration into the forming vasculature [34,
35]. Bone marrow and peripheral blood-derived EPC
are also practiced for ischemic heart disease in clinical.
Although studies on injection therapy using EPC have
shown the overall feasibility and safety of cell therapy, the
improvement in cardiac function remains modest [36].
When exposed to chronic inflammatory diseases, EPC
experience stress-induced cellular senescence as well as
impaired EPC function and angiogenic capacity. Interest-
ingly, Tousoulis D found that inflammation appears to
play a dual role in EPC mobilization. Low-level inflam-
mation induces EPC mobilization, whereas high and pro-
longed inflammatory stimulation has the opposite effect
[37]. However, a prolonged inflammatory state appears
to worsen the recovery of cardiac function after myocar-
dial infarction and may alter autologous progenitor cell
angiogenesis, thereby impairing the therapeutic effect of
EPC transplantation.

The NLRP3 inflammasome is activated by diverse
stimuli, affecting regulated cells’ biological functions.
Our previous studies have shown that activation of
NLRP3 inflammasome leads to endothelial and smooth
muscle cell dysfunction in diabetic mice, thus leading to
impaired vascular function [38, 39]. Recent studies sug-
gested that AGEs targeting the NLRP3 inflammasome
signaling pathway decreased the level of NO, and the
expression of eNOS, and reduced EPC numbers [40].
The selective NLRP3-inflammasome inhibitor MCC950
improves cardiac function and inhibits left ventricular
remodeling after permanent myocardial ischemia [41].
After MI, T2DM mice showed increased infarct size and
myocardial necrosis, as well as decreased overall survival
time. However, the contribution of NLRP3 in EPC repair
under myocardial infarction is still not elaborated. In this
study, we further explored the effect of NLRP3 deficiency
on EPC function and the mechanistic basis of inflamma-
tion-induced stem cell dysfunction both in vitro and in
vivo.
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The current results indicate that intramyocardial injec-
tion EPC can improve cardiac function in a clinically
relevant model of myocardial infarction mice. Impor-
tantly, the repair capacity of WT EPC under myocardial
infarction with diabetes is significantly deficient. How-
ever, intramyocardial injection Nilrp3 knockout EPC did
partially reverse the impairment of angiogenic function
by diabetes. HG or AGES could activate NLRP3 inflam-
masome, leading to inhibition of EPC proliferative capac-
ity, EPC angiogenic function, and promotion of its aging
phenotype in vitro. These effects could also explain the
clear inhibition of the impaired angiogenesis function
after the suppression of NLRP3 expression in EPC. How-
ever, how diabetes causes NLRP3 inflammasome activa-
tion is not clearly articulated.

CEBPB, a member of the CCAAT/enhancer binding
protein (C/EBP) family of transcription factors, has been
found to play an important role in multiple inflamma-
tory diseases observed in neurodegenerative diseases and
brain injury [42]. The promoters of many pro-inflamma-
tory genes contain putative C/EBPP shared sequences,
and C/EBPp levels in macrophages are also upregulated
in response to pro-inflammatory stimulation [43]. There
is a correlation between CEBPB and HFD-induced
inflammation in macrophages and adipose tissue in mice
[44]. However, the function of CEBPB in NLRP3 inflam-
masome pathways as an immunity regulator has not
been studied. In this paper, we investigate the function
of CEBPB in NLRP3 inflammasome signaling for the first
time.

The mouse Nilrp3 gene promoter also has predicted
CEBPB-binding sites, and our studies examining EPC
stimulated with HG or AGEs expressing high CEBPB
have also been detected. Based on these findings, the
authors speculate that Nilrp3 transcription is directly
upregulated through the binding of CEBPB at the Nirp3
gene promoter in EPC. In this study, ChIP-PCR, a lucif-
erase reporter gene system was used to confirm that
CEBPB directly transcriptionally regulates Nirp3.

USPs, the largest family of DUBs, are essential in the
regulation of ubiquitin signaling [45, 46] and are associ-
ated with human diseases such as cancer, central nervous
system disorders, autoimmune diseases and infections
[47]. As a key modulator of the proteasome and one of
the three proteasome-related deubiquitinating enzymes,
USP14 is critical in the regulation of protein homeosta-
sis, inflammation, neurodegeneration, and tumorigen-
esis [47, 48]. In our study, we investigated the function
of USP14 in NLRP3 inflammasome signaling by main-
taining protein homeostasis. We showed that USP14
interacts with NLRP3 through the USP motif and the
NACHT domain on NLRP3. In addition, the USP14
did not affect the expression of two pattern recognition
receptors. Based on the above results we can assume
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that USP14 maintains homeostasis by specifically tar-
geting NLRP3. Recent studies have considered USP as
a major pro-inflammatory signal, including the nuclear
factor-xB (NF-kB) and transformed growth factor-BETA
(TGE-B) pathways. The NF-«B signaling pathway is criti-
cal for the induction of pro-inflammatory gene expres-
sion, regulation of the inflammasome and activation of
inflammation, and innate immune cell differentiation
in inflammatory disease. Similar to our study, USP14
forms a complex with TRIM14 and promotes inflamma-
tory responses by inhibiting KDM4D autophagic degra-
dation. Our study provides new insights into USP14 in
inflammatory diseases through regulating the NLRP3
inflammasome.

To further clarify how NLRP3 inflammasome activa-
tion affects EPC angiogenesis, transcriptome sequenc-
ing was performed to identify differentially expressed
genes and conduct pathway enrichment analysis. Recent
studies showed that the PI3K/Akt/mTOR pathway plays
a critical role in many cellular functions, including pro-
liferation, adhesion, migration, invasion, and survival
[49]. In this study, we found that the PI3K/Akt/mTOR
pathway is mediated by NLRP3 inflammasome response
in diabetic EPC. NLRP3 specific inhibitor (MCC950)
almost completely rescued phosphorylation of PI3K
and expression of its downstream genes under HG and
AGEs treatment conditions. We used two selective PI3K
inhibitors and found that two inhibitors attenuated the
benefits of NLRP3 knockout, and we hypothesize that
NLRP3 inflammasome activation may inhibit the PI3K/
Akt/mTOR pathway by acting on the PI3K component
of this signaling cascade. Importantly, activation of the
PI3K/Akt pathway was accompanied by almost complete
attenuation of the negative effects of NLRP3 inflamma-
some activation on EPC survival and angiogenic func-
tion under diabetic conditions. Vascular growth factor
(VEGF) whose effects on endothelial cells are mediated
in part by the PI3K pathway, is an essential mediator of
angiogenesis.

Conclusion

In summary, our results reveal that diabetic condition
regulates NLRP3 inflammasome activation through
pre-transcriptional as well as post-translational modifi-
cations, thereby inhibiting the PI3K signaling pathway,
leading to the impaired angiogenic function of EPC and
exacerbating myocardial infarction. Therefore, it may be
concluded that the inhibition of NLRP3 inflammasome
activation is a potential therapeutic strategy for the treat-
ment of myocardial infarction in T2DM patients, and
raises the possibility of cell therapy for ischemic heart
repair (Table 1).
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Table 1 The sequence of primer for gRT-PCR

Gene Sequence
Nirp3 Forword: 5-ATTACCCGCCCGAGAAAGG-3'
Reverse: 5-TCGCAGCAAAGATCCACACAG-3'
Nirp1 Forword: 5-GCTGAATGACCTGGGTGATGGT-3"
Reverse: 5-CTTGGTCACTGAGAGATGCCTG-3'
Nirp6 Forword: 5-CTGGCGTCATTGTGGAACCTCT-3'
Reverse: 5-TCTCACTCAGCTCCACAGAGGT-3'
Nirc4 Forword: 5-CTCACCACGGATGACGAACAGT-3'
Reverse: 5-TGTCATCCAGTATGAGTCTCTCG-3'
Aim2 Forword: 5-GAAAACTGCTCTGCTGCCT-3'
Reverse: 5-TGCCACCATCTGTTTCTTCTGA-3'
Caspasel Forword: 5-GGCACATTTCCAGGACTGACTG-3'

Reverse: 5-GCAAGACGTGTACGAGTGGTTG-3'
I-1b Forword: 5-TGGACCTTCCAGGATGAGGACA-3’
Reverse: 5-GTTCATCTCGGAGCCTGTAGTG-3'
Forword: 5'-AGTCCCTGCCCTTTGTACACA-3'
Reverse: 5-CGATCCGAGGGCCTCACTA-3"
Actb Forword: 5'-CATTGCTGACAGGATGCAGAAGG-3'
Reverse: 5-TGCTGGAAGGTGGACAGTGAGG-3'

18 S IDNA
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AGEs advanced glycation end products
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CHX cycloheximide
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EPC endothelial progenitor cells

GO gene ontology
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SA-B-gal  senescence-associated 3-galactosidase
T2DM type 2 diabetes mellitus

VEGF vascular growth factor
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