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Abstract: In the present study, we investigated a novel signaling target in diabetic cardiomyopathy
where inflammation induces caspase-1-dependent cell death, pyroptosis, involving Nek7-GBP5
activators to activate the NLRP3 inflammasome, destabilizes cardiac structure and neovascularization.
Furthermore, we explored the therapeutic ability of bone morphogenetic protein-7 (BMP-7) to
attenuate these adverse effects. C57BL/6J mice (n = 16 mice/group) were divided into: control
(200 mg/kg, 0.9% saline intraperitoneal injection, i.p.); Streptozotocin (STZ) and STZ-BMP-7 groups
(STZ, 200 mg/kg, i.p. injection). After 6 weeks, heart function was examined with echocardiography,
and mice were sacrificed. Immunostaining, Western blotting, H&E, and Masson’s trichrome staining
was performed on heart tissues. STZ-induced diabetic cardiomyopathy significantly increased
inflammasome formation (TLR4, NLRP3, Nek7, and GBP5), pyroptosis markers (caspase-1, IL-1β,
and IL-18), inflammatory cytokines (IL-6 and TNF-α), MMP9, and infiltration of monocytes (CD14),
macrophage (iNOS), and dendritic cells (CD11b and CD11c) (p < 0.05). Moreover, a significant
endothelial progenitor cells (EPCs) dysfunction (c-Kit/FLk-1, CD31), adverse cardiac remodeling,
and reduction in left ventricular (LV) heart function were observed in STZ versus control (p < 0.05).
Treatment with BMP-7 significantly reduced inflammasome formation, pyroptosis, and inflammatory
cytokines and infiltrated inflammatory cells. In addition, BMP-7 treatment enhanced EPC markers
and neovascularization and subsequently improved cardiac remodeling in a diabetic heart. Moreover,
a significant improvement in LV heart function was achieved after BMP-7 administration relative
to diabetic mice (p < 0.05). In conclusion, BMP-7 attenuated inflammation-induced pyroptosis,
adverse cardiac remodeling, and improved heart function via the TLR4-NLRP3 inflammasome
complex activated by novel signaling Nek7/GBP5. Our BMP-7 pre-clinical studies of mice could
have significant potential as a future therapy for diabetic patients.
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1. Introduction

The prevalence of diabetic cardiomyopathy is found to be ~17% of the diabetic popula-
tion, with a significant increased risk of heart failure in type-1 and type-2 diabetes [1]. The
incidence rate of mortality from heart failure, arrhythmia, and sudden death is increased
due to diabetic cardiomyopathy in type-2 diabetic patients compared to non-diabetic pa-
tients [2,3]. Diabetic cardiomyopathy is characterized by an alteration of cardiac structure
and left ventricular dysfunction in the absence of other cardiac risk factors such as coronary
artery diseases or hypertension [1]. The progression of diabetic cardiomyopathy occurs
through inflammation, oxidative stress, and lipotoxicity that induces structural alterations
in a diabetic heart [1–3]. However, the exact nature of inflammation in the diabetic heart
and its involvement in the disease progression remains unknown.

Apoptosis and necrosis are widely recognized forms of cell death found in cardiomy-
opathy [4]. However, whether the presence of inflammation involves the recently recog-
nized pyroptotic cell death in the diabetic heart [5,6] has gained attraction, but detailed
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understanding on inflammatory cells and the pyroptotic pathway remains unknown. The
initiation of pyroptosis is characterized by an inflammasome complex formation, caspase-1
and IL-1β found in various diseases [7,8]. The prevalence of the pyroptotic pathway as well
as addition signaling molecules in diabetic cardiomyopathy is complex and understudied.
Therefore, the cutting-edge research that we present in this paper aims to understand those
molecular mechanisms and establishes a potential therapeutic agent to attenuate such
a pathway.

Recent heart studies suggest that there is a presence of sterile inflammation involving
the upregulation of endogenous inducers called damage-associated molecular patterns
(DAMPs) [8,9]. These upregulated DAMPs can be initiated by apoptosis, necrosis, or other
cellular processes that occur when organs are challenged by an injury [10]. Subsequent
to DAMPs initiation, inducers directly bind to toll-like receptor-4 (TLR4)- nucleotide-
binding oligomerization domain-like receptor (NLR) pyrin domain containing 3 (NLRP3)
complex and initiate the pyroptotic cascade [8,9,11]. Recently, NIMA-related kinase 7
(Nek7) was found to have a role in oligomerization and activation of NLRP3 inflammasome
complex [12,13]. Additionally, guanylate binding protein-5 (GBP5) is an activator for
NLRP3-ASC (apoptosis-associated speck-like protein containing a caspase recruitment
domain) oligomerization complex [14]. The exact role of Nek7 and GBP5 in the heart as well
as in diabetic cardiomyopathy has never been examined as per the best of our knowledge.
Therefore, the present study investigates whether diabetic cardiomyopathy involves sterile
inflammation and causes the upregulation of NLRP3-Nek7-GBP5 inflammasome complex,
which finally initiates caspase-1-dependent pyroptosis in diabetic cardiomyopathy. We also
investigate the source of inflammation and whether an increase in inflammation-induced
pyroptosis has any adverse effects on diabetic cardiac remodeling, endothelial progenitor
cells (EPCs), neovascularization, and cardiac function.

We and others have recently reported that exogenous bone morphogenetic protein-7
(BMP-7; Osteogenic protein-1; OP-1) inhibits inflammation in pre-diabetic cardiomyopa-
thy [4,7]. Moreover, studies on BMP-7 attenuating diabetic nephropathy [15] and atheroscle-
rosis [16] are gaining significant attention in the current literature due to BMP-7 being
a commonly used clinical drug to treat patients with osteoporosis and nonunion bone
fracture [17]. It is unknown whether BMP-7 treatment can attenuate inflammatory cells,
pyroptosis, inflammation, adverse cardiac remodeling, and enhances neovascularization,
ultimately improving diabetic cardiomyopathy.

Therefore, we hypothesized that BMP-7 can inhibit the NLRP3 inflammasome complex
and their activator Nek7-GBP5, and the subsequent cascade of pyroptosis in diabetic
cardiomyopathy. We also hypothesized that BMP-7 will attenuate inflammatory infiltrated
dendritic and M1 macrophages, reducing inflammation and adverse cardiac remodeling
while improving heart function. Our study further confirms that the mechanisms of
improved adverse cardiac remodeling and heart function are mediated through enhanced
neovascularization following BMP-7 treatment, which was not tested before. These series
of beneficial effects with BMP-7 in diabetic cardiomyopathy could make this osteoporosis
drug a future added treatment to diabetes.

2. Materials and Methods
2.1. STZ-Induced Diabetes Mellitus in Mice

All animal procedures conducted in this study were according to a protocol approved
by the IACUC (Institutional Animal Care and Use Committee), University of Central
Florida, which conforms to the National Institutes of Health (NIH) guidelines. C57BL/6J
mice (10 ± 2 weeks old, n = 16 animals/ group, equal number of male and female/group)
were divided into 3 groups consisting of control, streptozotocin (STZ, diabetic group), and
STZ-BMP-7. Control animals were administered with 0.9% saline via intraperitoneal (i.p.)
injection. For STZ and STZ-BMP-7 groups, animals were administered with 200 mg/kg
STZ (MP Biomedicals, LLC) dissolved in 0.1 M sodium citrate buffer via i.p. injection,
whereas STZ- BMP-7 animals were additionally treated with an intravenous (i.v.) injection
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of 200 µg/kg/day mouse recombinant BMP-7 protein (Bioclone Inc., San Diego, CA,
USA) dissolved in phosphate buffer saline, PBS, Gibco) for 3-days (600 µg/kg, cumulative
dosage) (Figure 1A), as we published previously [4]. Six weeks (Day-42) following the
STZ injection in all animals, echocardiography was performed. Mice were euthanized
with 4% isoflurane for 10 min then cervical dislocation was performed. Hearts from each
group were harvested, upper part consists of the right ventricle (RV), left ventricle (LV),
and atria of the heart stored at −80 ◦C for Western blots, and the lower part of the heart
consists of the RV, and LV were stored at 4% paraformaldehyde at room temperature (RT)
for immunohistochemistry.
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Figure 1. Design of experimental study and BMP-7 reduces heart weight in diabetic heart. (A) A
schematic image showing the study design, doses, and injection schedule. (B) The graph shows
the ratio of heart weight-to-body weight (g/g) of all mice after 6 weeks of STZ injection. Sta-
tistical analysis was performed using One-Way ANOVA, which was followed by Tukey test;
Error bars = mean ± S.E.M. ** p < 0.01, *** p < 0.001; n = 16/group. BMP7: bone morphogenetic
protein-7; D: day, IHC: immunohistochemistry; SCB: sodium citrate buffer; STZ: streptozotocin; WB:
Western blotting.

2.2. Immunohistochemistry (IHC) Staining

Hearts fixed with Formalin were washed, processed, embedded in paraffin wax for
further histological analysis. Sections (5 µm) were cut and placed on color frost plus
slides. Double IHC staining was performed to identify protein marker(s) as previously
described [8]. In brief, heart sections were deparaffinized, rehydrated, and blocked for
1 h using a working solution of M.O.M.® IgG Blocking Reagent (1 drop/1.25 mL) follow-
ing the manufacturer procedures of M.O.M.® Immunodetection Fluorescein Kit (Vector
Lab, Burlingame, CA, USA). Then, heart sections were incubated with primary anti-α-
sarcomeric actin monoclonal antibody (1:50; Sigma Aldrich, St. Louis, MO, USA city, state
abbreviation if USA, country), anti-α smooth muscle (α-SM) actin (costained with CD31)
(1:200, Sigma Aldrich, St. Louis, MO, USA ), and c-kit (E3) (1:50, Santa Cruz Biotechnology
Inc., Dallas, TX, USA) for 30 min at RT to specifically stain for cardiomyocytes. Next,
sections were incubated with secondary biotinylated anti-mouse IgG antibody (4 µL/mL,
M.O.M.® kit, Vector Lab, Burlingame, CA, USA) and Fluorescein Avidin DCS (16 µL/mL,
green color reaction, M.O.M.® kit, Vector Lab, Burlingame, CA, USA). Following staining
for cardiomyocytes, heart sections were blocked with 10% normal goat serum (Vector
Lab) for 1 h prior to incubation with primary antibodies TLR4 (1:50, Abcam, Cambridge,
MA, USA), NLRP3 (1:50; LS-Bio, Seattle, WA, USA), caspase-1 (1:50; Abcam, Cambridge,
MA, USA), interleukin (IL) -1β (IL-1β, 1:50; Abcam, Cambridge, MA, USA), IL-18 (1:50,
Abcam, Cambridge, MA, USA ), IL-6 (1:500, Abcam, Cambridge, MA, USA), tumor necrosis
factor-α (TNF-α,1:50, Abcam, Cambridge, MA, USA), matrix metalloproteinase-9 (MMP9,
1:100, Abcam, Cambridge, MA, USA), cluster of differentiation (CD) 14 (CD14, 1:100,
Abcam, Cambridge, MA, USA), induced nitric oxide synthetase (iNOS, 1:100, Abcam,
Cambridge, MA, USA ), CD11b (1:50, Abcam, Cambridge, MA, USA ), CD11c (1:50, Ab-
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cam, Cambridge, MA, USA), CD31 (1:200, Abbiotec, Escondido, CA, USA), and fetal liver
kinase 1 (FLK-1, 1:200, MyBioSource, San Diego, CA, USA) overnight at 4 ◦C. Follow-
ing primary antibody, heart sections were incubated with secondary antibody, Alexa 568
goat anti-rabbit, for 1h at RT. Finally, slides were covered with solution containing DAPI
(4’,6-diamidino-2-phenylindole dihydrochloride, Vectashield®, Vector Lab, Burlingame,
CA, USA), and cover slipped. Images were taken using the Keyence fluorescent micro-
scope. Quantification was calculated in 5 images/section. Total number of positive cells in
5 images was calculated then divided by total DAPI total DAPI nuclei multiplied by 100
[(total cells+ve/total DAPI) × 100].

2.3. Western Blot Assay

Western blot was performed as we previously described [4]. Heart tissues were
sonicated with RIPA lysis buffer, and the supernatant was collected for protein estimation
using the Bio-Rad protein Assay (Bio-Rad, Hercules, CA, USA) and Bio-Rad plate reader
(iMarkTM Microplate Reader, Bio-Rad, Hercules, CA, USA) at 595 nm wavelength [4].
Protein samples (70 µg) were loaded and run on 10% or 15% sodium dodecyl sulfate
-polyacrylamide (SDS-PAGE) gel electrophoresis (130 V for 2 h) and electro-transferred
onto polyvinylidene difluoride (PVDF, Bio-Rad, Hercules, CA, USA) membranes using
transfer buffer and a semi-dry transfer machine (Bio-Rad, Hercules, CA, USA, 16 V for 1 h).
PVDF membrane was blocked for 1 h with 1X-Tris buffered saline, Tween 20 (1X-TBS/T,
Thermo Fisher Scientific, Waltham, MA, USA) and nonfat dry milk (5%). Membranes
were incubated with primary antibodies diluted in blocking buffer (1X-TBS/T and 2.5%
nonfat dry milk) for 24 h at 4 ◦C for TLR4 (1:1000, Abcam, Cambridge, MA, USA), NLRP3
(1:1000, Abcam, Cambridge, MA, USA), Nek7 (1:5000, Abcam, Cambridge, MA, USA),
GBP5 (1:1000, Abcam), caspase-1 (1:1000, Abcam, Cambridge, MA, USA), IL-1β (1:500,
Abcam, Cambridge, MA, USA), IL-18 (1:1000, Abcam, Cambridge, MA, USA), IL-6 (1:500,
Abcam, Cambridge, MA, USA), TNF-α (1:1000, Abcam, Cambridge, MA, USA), MMP9
(1:1000; Abcam, Cambridge, MA, USA), CD14 (1:200, Abcam, Cambridge, MA, USA), and
iNOS (1:250, Abcam, Cambridge, MA, USA). In addition, β-actin (1:1000, Cell Signaling,
Danvers, MA, USA) served as the loading control. The primary antibody was detected
by incubating with goat anti-rabbit horseradish peroxidase (HRP)-conjugated secondary
antibody (1:1000, Cell Signaling Technology, Danvers, MA, USA) diluted in 1X-TBS/T
and nonfat dry milk (2.5%) for 1h. PVDF membrane was developed with PierceTM ECL
commercially available substrate (Thermo Fisher Scientific, Waltham, MA, USA) for 1–
3 min, and X-ray films were developed. Developed Western blots were scanned, band
intensities were measured using densitometry, and analysis was performed through ImageJ
1.39o software (NIH, Bethesda, MD, USA).

2.4. Hematoxylin and Eosin (H&E) Staining

Heart sections were stained with H&E staining as published [18]. Heart architectures
were assessed for the presence of inflammatory cells and hypertrophy of cardiomyocytes in
transverse heart sections. Using ImageJ software, the number of inflammatory cells (blue,
hematoxylin nuclei) was counted, and for hypertrophy, cardiomyocyte area (mm2) was
measured by quantifying 5 images/section.

2.5. Masson’s Trichrome Staining

Heart sections were stained with Masson’s trichrome, as we previously reported [4].
Stained heart sections were examined using a microscope, collagen deposition was identi-
fied as a blue staining area considered as a fibrotic area and quantified as mm2. Collagen
was quantified in the heart sections [5 image fields] using ImageJ, and the average area
was used to assess the interstitial fibrosis. Heart vascular fibrosis was quantified in a total
of 5 vessels (vessel fibrosis/total vessel area × 100).
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2.6. Determination of Heart Function

Transthoracic echocardiography was performed 6-weeks following the last STZ injec-
tion. Animals were anesthetized with 2% isoflurane and placed in supine position. Echocar-
diography was performed using Sonos equipment (HP-Agilent Technologies Inc, Santa
Clara, CA, USA) as we reported previously [4,19,20]. M-mode images from at least 3 consec-
utive cardiac cycles of the left ventricle (LV) were obtained. These images were used to cal-
culate LV internal dimension at diastole (LVIDd), LV internal dimension at systole (LVIDs),
and LV end-diastolic and systolic volumes (EDV and ESV, respectively) using our standard
protocols [4,19,20]. Indices of LV systolic functions, including fractional shortening (FS%)
and ejection fractions (EF%) were calculated using FS = [(LVIDd − LVIDs)/LVIDd] × 100
and EF = [(LVIDd3 − LVIDs3)/LVIDd3] × 100, respectively.

2.7. Statistical Analysis

Statistical analysis of all data was performed using One-Way ANOVA followed by
the Tukey test as we published [9,19]. Sigma plot software was used to represent the data
in graphs, and values were expressed as means ± SEM. p values < 0.05 were considered
statistically significant.

3. Results
3.1. Effect of BMP-7 on Heart Weight in Diabetic Cardiomyopathy

To determine the effect of BMP-7 treatment on cardiomegaly in STZ-induced diabetic
mice, the heart weight/body weight ratio was calculated (Figure 1B). Our data showed a
significant increase in heart weight/body weight ratio in STZ-induced cardiomyopathy
group compared to the control (p < 0.001). Moreover, BMP-7 reduced the heart weight/body
weight ratio significantly (p = 0.001) in diabetic mice suggesting that BMP7 provides
beneficial protective effects against STZ-induced diabetic hypertrophy and dilation in the
heart (Figure 1B).

3.2. BMP-7 Inhibits TLR4-NLRP3 Inflammasome Formation in Diabetic Hearts

To understand the role of inflammasome formation, IHC, and Western blot analyses
were performed in diabetic heart tissue +/− BMP7 treatment for TLR4-NLRP3 mediated
cell death. A representative photomicrograph is shown for positive TLR4 (Figure 2A) and
NLRP3 (Figure 2B) cardiomyocytes in the heart. Image quantification showed a significant
increase of TLR4 (Figure 2C, p < 0.001) and NLRP3 (Figure 2E, p < 0.001) expression
levels in cardiac myocytes in the STZ-induced diabetic cardiomyopathy group compared
to the control. BMP-7 treatment against inflammasome formation showed a significant
reduction (p < 0.001) in the expression of TLR4 and NLRP3 as compared to the diabetic
cardiomyopathy group. To strengthen and confirm our IHC data, TLR4 and NLRP3
expression levels were determined by Western blot analysis and standardized using β-actin
controls shown in Figure 2D,F, respectively. Densitometric analysis indicates significant
increased expression of TLR4 (Figure 2D, p = 0.033) and NLRP3 (Figure 2F, p = 0.04) in the
STZ group versus the control. However, treatment with BMP-7 attenuates the expression of
TLR4 (Figure 2D, p = 0.027) and NLRP3 (Figure 2F, p = 0.033) compared to the STZ-induced
diabetic cardiomyopathy. These results indicate the therapeutic effect of BMP-7 in the
attenuation of TLR4 and NLRP3 inflammasome formation.
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Figure 2. BMP-7 attenuates the expression of TLR4, NLRP3, and NLRP3 activators (Nek7 and GBP5) in the diabetic heart.
(A,B) Representative photomicrographs of heart sections stained in the control group (a–e), STZ group (f–j) and STZ-BMP7
group (k–o) with sarcomeric-α actin (green, stained cardiac myocyte) (b, g, l) and pyroptotic markers TLR4 (A) and NLRP3
(B) in red (a, f, k) with nuclei stained (c, h, m) by DAPI in blue, merged (d, i, n) and enlarged (e, j, o) image. (C,E) Quantitative
analysis-derived histograms of pryoptotic TLR4 (C) and NLRP3 (E) +ve cardiomyocytes (colocalization of both red and blue
DAPI in green cardiomyocyte) were quantified over total DAPI in heart sections of mice. (D,F,G,H) Representative Western
blots and densitometric analysis of inflammasome TLR4 (D), NLRP3 (F), Nek7 (G), and GBP5 (H) markers are shown.
Quantities are presented as an arbitrary unit (A.U). Statistical analysis was performed using One-Way ANOVA, which was
followed by the Tukey test. Error bars = mean ± S.E.M. * p < 0.05, ** p < 0.01, *** p < 0.001; Scale bar = 100 µm; n = 16/group.

3.3. BMP-7 Inhibits Inflammasome Formation Protein Activators in Diabetic Hearts

To further understand the formation of protein activator Nek7-GBP5 in the inflamma-
some complex, which plays a role in the activation of specific complex protein NLRP3 [14,21],
we performed Western blot analysis for Nek7 and GBP5 in the diabetic heart +/- BMP7
treatment. Our densitometric analysis shows an increased expression of Nek7 (Figure 2G,
p = 0.007) and GBP5 (Figure 2H, p = 0.047) in STZ group versus control. Interestingly,
treatment with BMP-7 attenuated the increased expression of Nek7 (Figure 2G, p = 0.038)
and GBP5 (Figure 2H, p = 0.01) compared to the diabetic group, suggesting that BMP-7
attenuates inflammasome protein regulators Nek7 and GBP5 prior to the initiation of
NLRP3 upregulation in diabetic cardiomyopathy.

3.4. BMP-7 Inhibits Pyroptotic Protein Caspase-1

To clarify the effect of inflammasome formation in the induction of pyroptosis, we
assessed the major pyroptotic protein caspase-1. A representative photomicrograph for
heart IHC of caspase-1 is shown in Figure 3A. An increased expression of caspase-1
(Figure 3A(f)) was observed compared with the controls. Co-stained caspase-1 protein
expression with sarcomeric α-cardiac myosin showed an increased expression of this
caspase-1 present in the cardiac myocytes (Figure 3A(i)) and enlarged image (Figure 3A(j)).
Our quantitative data showed a significant increase in caspase-1 (Figure 3D, p < 0.001)
expression levels in the STZ-treated group compared to the control. BMP-7 treatment
showed protective effects against pyroptotic protein expression compared to the diabetic
cardiomyopathy, as indicated by a significant reduction (p < 0.001) in caspase-1 levels.
In addition, our Western blot data corroborated our IHC findings. Protein expression of
caspase-1 (Figure 3E, p = 0.01) was significantly increased in STZ group compared to the
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control. Importantly, BMP-7 therapy significantly reduced caspase-1 (Figure 3E, p = 0.019)
compared to diabetic mice. All in all, BMP-7 reduced caspase-1, which represents the main
pivotal target in the pyroptosis process.
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3.5. BMP-7 Inhibits Pyroptotic Proteins IL-1β and IL-18

We further examined downstream to caspase-1 specific pyroptosis associated in-
flammatory cytokines IL-1β and IL-18, which was reported to play a role in pyropto-
sis [8]. Representative photomicrographs for heart IHC of IL-1β and IL-18 are shown in
Figure 3B,C, respectively. We observed an increased expression of IL-1β (Figure 3B(f)) and
IL-18 (Figure 3C(f)) in the diabetic heart compared with controls. Moreover, an increased
expression of IL-1β (Figure 3B(i) and enlarged image, Figure 3B(j)) and IL-18 (Figure 3C(i)
and enlarged image Figure 3C(j)) in cardiac myocytes when heart sections were co-stained
with cardiac-specific α-SM actin. Quantitative data showed a significant increase of IL-1β
(Figure 3F, p < 0.001) and IL-18 (Figure 3H, p < 0.001) expression levels in mice treated with
STZ compared to control. BMP-7 treatment showed a significant reduction (p < 0.001) in
the expression of IL-1β, and IL-18 compared to the diabetic cardiomyopathy. In addition,
our Western blot data confirmed our IHC findings, as we observed a significant increase in
protein expression of IL-1β (Figure 3G, p < 0.001) and IL-18 (Figure 3I, p = 0.008) in STZ
group compared to the control. Importantly, BMP-7 treatment significantly reduced IL-1β
(Figure 3G, p < 0.001) and IL-18 (Figure 3I, p < 0.001) compared to diabetic mice. Taken
together, BMP-7 reduced the pyroptotic cascade IL-1β and IL-18 in the diabetic heart via
caspase-1 dependent pathway. This suggests the potential for BMP-7 to reduce pyroptotic
cell death in diabetic hearts.
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3.6. BMP-7 Inhibits Pro-Inflammatory Cytokine IL-6 and TNF-α level in Diabetic Hearts

During inflammation, IL-6 and TNF-α are known to be one of the most important
pro-inflammatory cytokines [8]. Therefore, to determine the level of inflammation in the
diabetic heart, IHC staining for IL-6 and TNF-α was performed. Representative pictures
of IL-6 (Figure 4A) and TNF-α (Figure 4B) are shown in diabetic heart tissue +/− BMP-
7 treatment. A statistically significant increased expression of IL-6 (Figure 4A(f)) and
TNF-α (Figure 4B(f)) in the diabetic heart compared with controls and STZ-BMP7 groups.
Quantitative data showed a significant increase of IL-6 expression (Figure 4D, p < 0.001)
and TNF-α (Figure 4F, p < 0.001) in STZ diabetic mice compared to the control. BMP-7
therapy reduced significantly (p < 0.001) the expression levels of IL-6 and TNF-α compared
to the diabetic mice. The results of the IHC data matched the results of the Western
blot data, where protein expression of IL-6 (Figure 4E, p = 0.037) and TNF-α (Figure 4G,
p = 0.024) was significantly increased in STZ diabetic mice compared to control. Moreover,
exogenous BMP-7 attenuated the expression of IL-6 (Figure 4E, p = 0.039) and TNF-α
(Figure 4G, p = 0.016) compared to the STZ diabetic mice, indicating that BMP-7 has an
anti-inflammatory effect.
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Figure 4. BMP-7 decreases the expression of inflammatory cytokines IL-6 and TNF-α, and proteolytic MMP9 in the diabetic
heart. (A–C) Representative photomicrographs of heart sections stained in the control group (a–e), STZ group (f–j), and
STZ-BMP7 group (k–o) with sarcomeric-α actin (green, stained cardiac myocyte) (b, g, l) and inflammatory markers IL-6
(A), TNF-α (B), and MMP9 (C) in red (a, f, k) with nuclei stained (c, h, m) by DAPI in blue, merged (d, i, n) and enlarged
(e, j, o) image. (D,F,H) Quantitative analysis-derived histograms of IL-6 (D), TNF-α (F), and MMP9 (H) +ve cardiomyocytes
(colocalization of both red and blue DAPI in green cardiomyocytes) were quantified over total DAPI in heart sections of
mice. (E,G,I) Representative Western blots and densitometric analysis of IL-6 (E), TNF-α (G), and MMP9 (I) markers are
shown. Quantities are presented as an arbitrary unit (A.U). Statistical analysis was performed using One-Way ANOVA,
which was followed by the Tukey test. Error bars= mean ± S.E.M. * p < 0.05, ** p < 0.01, *** p < 0.001; Scale bar = 100 µm;
n = 16/group.

3.7. BMP-7 Inhibits MMP9 Level in Diabetic Hearts

MMP9 is a known matrix metalloproteinase (MMPs) released during inflammation
and is heavily involved in cardiac fibrosis in diabetes [22]. Representative pictures of
MMP9 in Figure 4C are shown in diabetic heart tissue +/− BMP-7 treatment. Our data
suggested a significant increase in expression of MMP9 (Figure 4C(f,j)) in the diabetic
heart compared with other groups. Our quantitative results demonstrated in STZ-induced
diabetic mice a significant increase in MMP9 (Figure 4H, p < 0.001) relative to control.
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However, treatment with BMP-7 significantly diminished the expression levels of MMP9
(p < 0.001) compared to the diabetic mice. Parallel to our IHC data, we performed Western
blot, which confirmed our IHC findings. Densitometric analysis showed that protein
expression of MMP9 (Figure 4I, p = 0.004) was significantly increased in diabetic mice
compared to control. Interestingly, treatment with exogenous BMP-7 reduced MMP9
expression (Figure 4I, p = 0.016) vs. STZ-administered mice. As such, these findings
indicate that BMP-7 may play a role in improving myocardial remodeling.

3.8. BMP-7 Reduces Monocytes/Macrophages +ve Markers in Diabetic Hearts

We assessed the source of pro-inflammatory cytokines, therefore, we assessed mono-
cytes and macrophages using IHC analysis in the diabetic heart. Representative pictures
of CD14, a marker for monocytes (Figure 5A), and iNOS, a marker for M1 macrophages
(Figure 5B) are shown in the diabetic heart +/− BMP-7 treatment. Expression of CD14
(Figure 4A(f)) and iNOS (Figure 5B(f)) in the diabetic heart was an apparent increased
compared with controls and STZ-BMP7 groups. Quantitative data showed a significant
increase of CD14 expression (Figure 5C, p < 0.001) and iNOS (Figure 5E, p < 0.001) in STZ
diabetic mice compared to the control. Treatment with BMP-7 decreased expression of
CD14 and iNOS significantly (p < 0.001) compared to the diabetic groups. In addition,
our Western blot data confirmed our IHC findings, where protein expression of CD14
(Figure 5D, p < 0.001) and iNOS (Figure 5F, p < 0.001) were significantly increased in STZ
group compared to the control. Importantly, BMP-7 treatment significantly reduced CD14
(Figure 5D, p < 0.001) and iNOS (Figure 5F, p < 0.001) compared to diabetic mice. Taken
together, BMP-7 reduced the infiltrated inflammatory monocytes and then polarized M1
macrophages (CD14/iNOS) in the diabetic heart.

Cells 2021, 10, x 9 of 19 
 

 

However, treatment with BMP-7 significantly diminished the expression levels of MMP9 
(p < 0.001) compared to the diabetic mice. Parallel to our IHC data, we performed Western 
blot, which confirmed our IHC findings. Densitometric analysis showed that protein ex-
pression of MMP9 (Figure 4I, p = 0.004) was significantly increased in diabetic mice com-
pared to control. Interestingly, treatment with exogenous BMP-7 reduced MMP9 expres-
sion (Figure 4I, p = 0.016) vs. STZ-administered mice. As such, these findings indicate that 
BMP-7 may play a role in improving myocardial remodeling. 

3.8. BMP-7 Reduces Monocytes/Macrophages +ve Markers in Diabetic Hearts 
We assessed the source of pro-inflammatory cytokines, therefore, we assessed mon-

ocytes and macrophages using IHC analysis in the diabetic heart. Representative pictures 
of CD14, a marker for monocytes (Figure 5A), and iNOS, a marker for M1 macrophages 
(Figure 5B) are shown in the diabetic heart +/− BMP-7 treatment. Expression of CD14 (Fig-
ure 4A(f)) and iNOS (Figure 5B(f)) in the diabetic heart was an apparent increased com-
pared with controls and STZ-BMP7 groups. Quantitative data showed a significant in-
crease of CD14 expression (Figure 5C, p < 0.001) and iNOS (Figure 5E, p < 0.001) in STZ 
diabetic mice compared to the control. Treatment with BMP-7 decreased expression of 
CD14 and iNOS significantly (p < 0.001) compared to the diabetic groups. In addition, our 
Western blot data confirmed our IHC findings, where protein expression of CD14 (Figure 
5D, p < 0.001) and iNOS (Figure 5F, p < 0.001) were significantly increased in STZ group 
compared to the control. Importantly, BMP-7 treatment significantly reduced CD14 (Fig-
ure 5D, p < 0.001) and iNOS (Figure 5F, p < 0.001) compared to diabetic mice. Taken to-
gether, BMP-7 reduced the infiltrated inflammatory monocytes and then polarized M1 
macrophages (CD14/iNOS) in the diabetic heart. 

 
Figure 5. BMP-7 decreases expression of infiltrated monocyte (CD14) and macrophage M1 (iNOS) markers in the diabetic 
heart. (A,B) Representative photomicrographs of heart sections stained in the control group (a–e), STZ group (f–j) and 
STZ-BMP7 group (k–o) with sarcomeric-α actin (green, stained cardiac myocyte) (b, g, l) and CD14 (A) and iNOS (B) in 
red (a, f, k) with nuclei stained (c, h, m) by DAPI in blue, merged (d, i, n) and enlarged (e, j, o) image. (C,E) Quantitative 
analysis-derived histograms of CD14 (C) and iNOS (E) +ve cardiomyocytes (colocalization of both red and blue DAPI in 
green cardiomyocyte) quantified over total DAPI in heart sections of mice. (D,F) Representative Western blots and densi-
tometric analysis of inflammasome CD14 (D) and iNOS (F) markers are shown. Quantities are presented as an arbitrary 
unit (A.U). Statistical analysis was performed using One-Way ANOVA, which was followed by the Tukey test. Error bars= 
mean ± S.E.M. * p < 0.05, ** p < 0.01, *** p < 0.001; Scale bar = 100 µm; n = 16/group. 

Figure 5. BMP-7 decreases expression of infiltrated monocyte (CD14) and macrophage M1 (iNOS) markers in the diabetic
heart. (A,B) Representative photomicrographs of heart sections stained in the control group (a–e), STZ group (f–j) and
STZ-BMP7 group (k–o) with sarcomeric-α actin (green, stained cardiac myocyte) (b, g, l) and CD14 (A) and iNOS (B) in
red (a, f, k) with nuclei stained (c, h, m) by DAPI in blue, merged (d, i, n) and enlarged (e, j, o) image. (C,E) Quantitative
analysis-derived histograms of CD14 (C) and iNOS (E) +ve cardiomyocytes (colocalization of both red and blue DAPI
in green cardiomyocyte) quantified over total DAPI in heart sections of mice. (D,F) Representative Western blots and
densitometric analysis of inflammasome CD14 (D) and iNOS (F) markers are shown. Quantities are presented as an
arbitrary unit (A.U). Statistical analysis was performed using One-Way ANOVA, which was followed by the Tukey test.
Error bars = mean ± S.E.M. *** p < 0.001; Scale bar = 100 µm; n = 16/group.
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3.9. BMP-7 Reduces Dendritic Cells (DCs) +ve Markers in Diabetic Hearts

We assessed DCs markers CD11b and CD11c using IHC analysis in diabetic heart +/−
BMP-7 treatment. Representative pictures of CD11b (Figure 6A) and CD11c (Figure 6B)
are shown in the diabetic heart tissue. We observed an apparent increased expression
of CD11b (Figure 6A(f)) and CD11c (Figure 6B(f)) in the diabetic heart compared with
controls. Quantitative data showed a significant increase of CD11b expression (Figure 6C,
p < 0.001) and CD11c (Figure 6D, p < 0.001) in STZ diabetic mice compared to control. In
treatment with BMP-7, the expression of CD11b and CD11c were significantly (p < 0.001)
reduced compared to the diabetic groups. Taken together, BMP-7 reduced the infiltrated
inflammatory DCs in the diabetic heart.
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Figure 6. BMP-7 decreases the expression of inflammatory dendritic cells (CD11b and CD11c) in the diabetic cardiac
heart. (A,B) Representative photomicrographs of heart sections stained in the control group (a–e), STZ group (f–j), and
STZ-BMP7 group (k–o) with sarcomeric-α actin (green, stained cardiac myocyte) (b, g, l) and CD11b (A) and CD11c (B) in
red (a, f, k) with nuclei stained (c, h, m) by DAPI in blue, merged (d, i, n) and enlarged (e, j, o) image. (C,D) Quantitative
analysis-derived histograms of CD11b (C) and CD11c (D) +ve cardiomyocytes (colocalization of both red and blue DAPI in
green cardiomyocyte) were quantified over total DAPI in heart sections of mice. Statistical analysis was performed using
One-Way ANOVA, which was followed by the Tukey test. Error bars= mean ± S.E.M., *** p < 0.001; Scale bar = 100 µm;
n = 16/group.

3.10. BMP-7 Enhances the Recruitment of EPCs and Induces Neovascularization in Diabetic Hearts

We further need to assess diabetic effects on blood vessel formation with and without
BMP-7; therefore, we examined c-Kit/Flk-1 and CD31/α-SM actin using IHC analysis in
the diabetic heart. Representative pictures of c-kit/Flk-1 and CD31/α-SM actin is shown
in Figure 7A,B(d,i,n,e,j,o), respectively, in diabetic heart tissue +/− BMP-7 treatment. A
statistically significant decreased expression of c-kit/Flk-1 (Figure 7A(f)) and CD31 (red
expression in Figure 7B(f)) was shown in the diabetic heart compared with controls and STZ-
BMP7 groups. Quantitative data showed a significant decrease of c-kit/Flk-1 expression
(Figure 7C, p = 0.047) and CD31 (Figure 7D, p = 0.005) in STZ diabetic mice compared to
the control. After treatment with BMP-7, expression of c-kit/Flk-1 (Figure 7C, p = 0.002)
and CD31 (Figure 7D, p < 0.001) was increased significantly compared to the diabetic
groups. In addition, CD31 was significantly increased in STZ-BMP7 group (Figure 7D,
p = 0.007) versus control. Neovascularization data showed a significant decrease in the
number of blood vessels stained by α-SM actin in the media of blood vessels (Figure 7E,
p = 0.003) and the endothelial lining of blood vessel intima CD31 (Figure 7F, p < 0.001) in
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STZ diabetic mice compared to control. Following treatment with BMP-7, the number of
blood vessels stained with α-SM actin (Figure 7E, p = 0.002) and CD31 (Figure 7F, p = 0.015)
was increased significantly compared to the diabetic groups. These results confirmed
that BMP-7 increased recruitment and homing of EPCs in diabetic hearts and enhanced
neovascularization formation.
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(A,B) Representative photomicrographs of heart sections stained in the control group (a–e), STZ group (f–j), and STZ-BMP7
group (k–o) with c-Kit (A) and α-SM actin (B) in green (b, g, l) and FLK-1 (A) and CD31 (B) in red (a, f, k) with nuclei
stained (c, h, m) by DAPI in blue, merged (d, i, n) and enlarged (e, j, o) image. (C,D) Quantitative analysis of c-Kit/ Flk-1 (C)
and CD31 (D) +ve cells (colocalization of both red and blue DAPI in cardiomyocyte) quantified over total DAPI in heart
sections of mice. (E,F) The number of blood vessels stained with α-SM actin (green, E) and endothelial lining blood vessels
CD31 (red, F) are counted in heart sections of mice. Statistical analysis was performed using One-Way ANOVA, which was
followed by the Tukey test. Error bars= mean ± S.E.M. * p < 0.05, ** p < 0.01, *** p < 0.001; Scale bar = 100 µm; n = 16/group.

3.11. BMP-7 Decreases Inflammatory Cells and Hypertrophy in Diabetic Hearts

STZ-induced diabetic cardiomyopathy is known to increase the number of inflam-
matory cells and cardiomyocyte area (hypertrophy) in heart tissue [4]. H&E staining was
performed on the transverse heart section and represented in Figure 8A. STZ hearts (b, h)
showed infiltration of inflammatory cells, the architecture of cardiomyocyte hypertrophy,
deformity in size and shape of nuclei, degenerated cytoplasm, and myofibrillar disar-
ray versus controls (a, g). Controls demonstrated an oval, single shape for nuclei and
were observed at the center of the cardiomyocytes. Quantitative analysis of infiltrated
inflammatory cells (Figure 8C) showed higher numbers in the diabetic group (average num-
ber 113.3 ± 11.91) compared with those in the control group (average number 18.6 ± 1.02,
p < 0.001) but were alleviated by BMP-7 treatment (average number 46.51 ± 2.91). Quantita-
tive analysis of cardiomyocyte cell diameter area (Figure 8D) showed higher cardiomyocyte
width in the diabetic group (0.021 ± 0.001 mm2) compared with those in the control group
(0.006 ± 0.00 mm2, p < 0.001) but were reduced by BMP-7 treatment (0.007 ± 0.00 mm2).
These results indicate that BMP-7 treatment attenuates cardiac inflammatory cells infiltra-
tions and hypertrophy in diabetic cardiomyopathy.
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Figure 8. BMP-7 reduced cardiac infiltrated inflammatory cells, hypertrophy, interstitial, and vascular fibrosis in the diabetic
heart. (A) Hematoxylin and Eosin staining (H&E) of heart sections showing inflammatory cells in images (a–c) and enlarged
(d–f); hypertrophy in images (g–i) and enlarged (j–l) in all 3 groups. (B) Representative photomicrographs of Masson’s
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3.12. BMP-7 Decreases Interstitial and Vascular Fibrosis in Diabetic Hearts

To measure the influence of BMP-7 on cardiac fibrosis in the diabetic heart, we de-
termined collagen deposition using histological Masson’s trichrome (Figure 8B). Our
representative photomicrographs showed interstitial fibrosis (a–c), vascular fibrosis (d–f),
and the number of blood vessels (g–i) from all three groups. Quantitative analysis of
the cardiac tissue was performed by direct measurement of the blue area using ImageJ
software. Our data showed interstitial fibrosis was dramatically increased in the diabetic
group (0.019 ± 0.003 mm2) relative to the control group (0.0014 ± 0.0001 mm2, p = 0.001;
Figure 8E). However, after BMP-7 treatment, interstitial fibrosis was significantly decreased
(0.005 ± 0.0004 mm2, p < 0.001) relative to the diabetic group (Figure 8E). Our vascular
fibrosis in the diabetic group was significantly different compared to the control group
(p < 0.001; Figure 8F), whereas the addition of BMP-7 significantly abrogated vascular
collagen deposition in diabetic mice (p < 0.001). The number of blood vessels in the diabetic
group was significantly lower relative to the control group (p = 0.014; Figure 8G), whereas
the addition of BMP-7 was significantly associated with an increased number of blood
vessels relative to diabetic mice (p < 0.001) and control (p < 0.001). Collectively, our data
suggest that treatment with BMP-7 acts as anti-fibrotic as it minimizes and inhibits fibrosis
formation in the diabetic heart. In addition, BMP7 enhances neovascularization marked by
Masson’s staining in parallel to α-SM actin and CD31 immunostaining of blood vessels.

3.13. BMP-7 Improves LV Heart Function in Diabetic Mice

At six weeks, our echocardiogram data shown in Figure 9A–F suggests impaired
LV function in the STZ diabetic group as demonstrated by increased LVIDd (Figure 9A,
p = 0.003), LVIDs (Figure 9B, p < 0.001), EDV (Figure 9C, p = 0.007), and ESV (Figure 9D,
p < 0.001) versus the control group. Decreased LV-FS% (Figure 9E, p < 0.001) and LV-EF%
(Figure 9F, p < 0.001) were observed for STZ treated mice compared with the control.
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A significant improvement in LV function was achieved after BMP-7 administration as
indicated by decreasing LV remodeling parameters LVIDd (Figure 9A, p < 0.001), LVIDs
(Figure 9B, p < 0.001), EDV (Figure 9C, p = 0.002), and ESV (Figure 9D, p < 0.001); and
increased LV function parameters FS% (Figure 9E, p < 0.001) and EF% (Figure 9F, p < 0.001)
relative to the diabetic group. All echocardiographic data, taken together, suggest that
BMP-7 preserves diabetic cardiac systolic and diastolic dysfunction.
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Figure 9. BMP-7 improves overall cardiac function in the diabetic heart. Representative histograms of transthoracic
echocardiography data showing the mean ± SEM values for the control, STZ, and STZ-BMP-7 groups: (A) left ventricular
(LV) internal dimension at end-diastole (LVIDd). (B) LV internal dimension at end-systole (LVIDs). (C) End-diastolic volume
(EDV). (D) End-systolic volume (ESV). (E) Fractional shortening (FS%). (F) Ejection fraction (EF%). Statistical analysis was
performed using One-Way ANOVA, which was followed by Tukey test; Error bars = mean ± S.E.M. ** p < 0.01, *** p < 0.001;
n = 16/group.

4. Discussion

Diabetic cardiomyopathy involves multiple pathophysiological changes such as down-
regulation of glucose transporter type-4 (GLUT4) recruitment, decrease in nitric oxide,
increased reactive oxidative stress (ROS), collagen deposition/fibrosis, cell deaths (apop-
tosis, necrosis, and autophagy), and inflammation [2,3]. The impact of inflammation and
inflammatory infiltrated cells on the microenvironment of a diabetic heart is complex and
unexplained [23–26]. The present study using a type 1 diabetic model [27,28] focused
on the types of inflammatory cell infiltration, inflammation associated with pyroptotic
cell death, and the novel pyroptosis mechanisms involved with diabetic cardiomyopathy.
Further, we discuss the potential therapeutic options with BMP-7.

Recent studies report that pyroptosis is present in many heart diseases such as
Doxorubicin-induced cardiomyopathy [9], ischemia reperfusion injury [13], and diabetic
cardiomyopathy [5,6]. Pyroptosis is activated through the binding of DAMPs or pathogen-
associated molecular patterns (PAMPs), released by dead or dying cells in response to
inflammation or infection with various types of bacteria and viruses [13,29]. Released
DAMPs can bind directly to TLR4 and induce mitochondrial ROS, which can cause the
activation of the NLRP3 inflammasome [7,8,11]. However, the initiation and regulation of
pyroptosis involving the NLRP3 inflammasome complex, which activates caspase-1 in a
diabetic heart, is not well established [11,12]. Further, the role of Nek7 and GBP5 in activa-
tion or regulation of NLRP3 inflammasome-mediated pyroptosis is being recognized in
other diseases [12,14,21]. However, these cellular mechanisms have not been investigated
in diabetic cardiomyopathy, which pose as a potential therapeutic target. As such, this
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serves as one of the novels focuses for this study as a possible mechanism that activates
pyroptosis in diabetic cardiomyopathy.

Our results showed that the pyroptotic signaling cascade in diabetic cardiac tissue
was prevalent due to the high expression of pyroptotic initiator TLR4, which formed
the NLRP3 inflammasome complex, further activating the caspase-1-dependent pathway.
These results were consistent with other studies showing higher expression of TLR4,
NLRP3, and caspase-1 leading to pyroptosis of cardiomyocytes after induction with DAMPs
in doxorubicin-induced toxicity studies [7–9,11]. Mechanistically, our results showed a
significant increased expression of Nek7 and GBP5 in a diabetic heart, which was in
congruence with other non-diabetic studies, suggesting the involvement of the Nek7-GBP5
pathway in the diabetic heart [12–14,21].

Subsequently, active caspase-1 promotes pro-IL-1β and pro-IL-18 maturation and
cleaves gasdermin-D proteins, which induce an inflammatory reaction to further perpet-
uate pyroptosis in the cardiomyocyte [7,11,13]. Our results showed that diabetic cardiac
tissue was associated with a high-inflammatory reaction due to the significant presence
of IL-1β and IL-18, suggesting the presence of pyroptosis in the diabetic cardiomyocytes.
Furthermore, we examined the levels of inflammatory cytokines IL-6 and TNF-α, which
were significantly upregulated, implying that inflammation is prevalent in diabetic heart
tissues, which raises further concerns on the source of inflammatory cytokines and their
impact on the heart.

Increased levels of peripheral leukocytes, inflammatory monocytes and mature DCs,
and other inflammatory cells are present in the diabetic blood [25,30]; however, whether
they infiltrate into diabetic heart tissue is a current subject of the investigation that seems
to be much more complex than previously thought. Thus, we explore the presence of
pro-inflammatory infiltrated cells in the diabetic heart.

The current study showed higher expression of mature monocyte markers, CD14
and CD11b, in diabetic heart tissue. These results were consistent with other non-diabetic
studies such as myocardial infarction and myocarditis [23,25,30]. Further, the current study
showed higher expression of mature pro-inflammatory M1 macrophage markers, iNOS
and CD11b, in diabetic heart tissue. In addition, this study showed higher expression of
mature DCs markers, CD11b, and CD11c, in diabetic hearts. These results were consistent
with other heart studies [24,26,31,32].

Diabetes is being associated with neutrophil activation and release of neutrophils extra-
cellular traps (NETs), which induce sustained inflammation and has a role in activation as
well as recruitment of monocytes and macrophages in diabetic cardiomyopathy [23,25,33].
Neutrophils (N1 phenotype) induce pro-inflammatory properties in the early stage and can
polarize to anti-inflammatory (N2 phenotype) in the late and healing stage [25]. Hence, our
results showed that inflammatory infiltrated cells and cardiomyocyte hypertrophy were
increased in H&E-stained diabetic heart sections compared to the control. Therefore, we
anticipate neutrophils to migrate to the site of inflammation in diabetic patients, secrete cy-
tokines and growth factors IL-8, IL-1β, TNF-α, and IL-1ra, proteolytic (MMP9 and MMP12)
and enhance oxidative stress and apoptosis [25,33].

Further, cardiac remodeling biomarkers MMP9 expression (zinc-dependent colla-
genase) was increased and impaired myocardial contraction in diabetic cardiomyopa-
thy [22,34]. In addition, MMP9 tissue inhibitor metalloproteinase (TIMP-1) ratio was
increased 3–5 times in patients with dilated cardiomyopathy [34]. Our results showed car-
diac interstitial and vascular fibrosis with increased expression of MMP9 in diabetic heart
tissues [4,35–37]. Our data showed a significant increase in MMP9 levels, which is released
by infiltrated inflammatory monocytes or M1 macrophages as published previously [23].
Our data are consistent with other published studies that showed infiltrated monocytes up-
regulating MMP9 levels [22,23,34]. Furthermore, released MMP9 shows increased cardiac
fibrosis associated with decreased cardiac function suggesting altered structural changes in
the diabetic heart, which is in agreement with published studies [22,23,34].
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The association of pyroptosis with EPCs has not been investigated in current diseased
heart studies. This warranted understanding the exact cause of decreased EPCs popula-
tion and neovascularization with respect to inflammation and pyroptosis in the diabetic
heart. Therefore, we determined whether cardiac fibrosis and altered structural changes
in the heart have effects on the number of EPCs and their potential to regenerate injured
myocardium. Our data showed a lower expression of EPCs recruitment (c-Kit/FLk1 and
CD31) in diabetic heart tissues and a lower level of neovascularization, suggesting that
diabetic EPCs are defective, or they have become less proliferative due to fibrosis as well as
inflammation and cell death in cardiomyocytes. Our data are in association with depletion
of mobilization in the circulating EPCs as well as vascular endothelial dysfunction in
atherosclerosis and myocardial remodeling [38,39]. Taken together, our results showed
higher pyroptosis and inflammatory cytokines, infiltrated inflammatory cells markers,
less vascularization, and finally EPCs dysfunction leading to adverse remodeling in the
diabetic heart.

In a clinical setting, hypoglycemic drugs such as sodium-glucose cotransporter 2 in-
hibitors (SGLT2i) (Empagliflozin, Canaglifozin, Ipragliflozin and Dapagliflozin) [40], and
glucagone-like peptide-1 (GLP-1) receptor analogs (Liraglutide, Semaglutide, Exenatide,
and Albiglutide) [41], or other drugs such as IL-1β antibodies antagonist (Canakinumab or
Gevokizumab) [42], and recombinant IL-1β receptor antagonist (Anakinra) [43] decrease
cardiovascular events and mortality in patients with type-2 diabetes [1,3,41,43]. However,
these treatments for diabetic cardiomyopathy are limited in use due to their cost and side
effects, including dyslipidemia, neutropenia, infection, muscle aches and myalgia, poor
solubility, and hepatoxicity [40,42,44,45]. Therefore, it is imperative to find alternative
treatments for cardiomyopathy induced by diabetes. Recently, the Food and Drug Adminis-
tration (FDA) approved rhBMP-7 (OP-1® Putty, Stryker, Biotech) as an effective therapy in
osteoporosis and repair of critical-size bone defect in nonunion bone fracture [17]. However,
it is unknown whether BMP-7 treatment can attenuate pyroptosis and its signaling pathway
that can be used as an adjuvant with hypoglycemic drugs in diabetic cardiomyopathy.

Notably, BMP-7 is a growth factor that binds directly with high affinity to membrane
BMP receptor type I (activin-like kinase; ALK-1, 2, 3, 6), which requires the activation
from BMP receptor type II kinase [7,35]. Once activated, a canonical (Smad dependent)
signaling pathway induces Smads 1, 5, and 8 complex, which binds to another coactivator
Smad 4 and enters to the nucleus to activate and regulate specific genes [36,37]. In addi-
tion, BMP-7 activates the non-canonical (Smad independent) signaling pathway through
mitogen-activated protein kinase (MAPK), extracellular signal-regulated kinase (ERK), Jun
N-terminal kinase (JNK), and p38 mitogen–activated protein kinase (P38) to activate target
genes [35,37].

Our results showed that inflammasome proteins (TLR4 and NLRP3), NLRP3 activators
(Nek7 and GBP5), and inflammatory cytokines (IL-1β, IL-18, IL-6, and TNF-α) were
significantly reduced with the administration of BMP-7 in diabetic mice, suggesting BMP-7
as a potent anti-inflammatory and anti-pyroptotic agent. Next, inhibition of Nek7 and
GBP5 that disrupts the NLRP3 inflammasome formation and ultimately pyroptosis with
BMP-7 treatment is interesting and suggests pathway-specific inhibition of pyroptosis in
the diabetic heart.

Our results of BMP-7 are consistent with other specific inhibitors to attenuate pyrop-
tosis such as TLR4 inhibitors (TAK-242 and Eritoran) [46], NLRP3 inhibitors (MCC950,
β-Hydroxybutyrate, CY-09, OLT1177) [44], Nek7- NLRP3 polymerization inhibitor (Ori-
donin) [47], caspase-1 inhibitor (VX-765, VX-740 as Pralnacasan) [48], IL-1β inhibitor [42,43],
TNF-α inhibitor [49] and IL-6 inhibitor [45].

Next, results showed that inflammatory infiltrated cells (monocytes-CD14, macrophages-
iNOS, dendritic cells-CD11b, and CD11c) were significantly reduced with the administration
of BMP-7 in diabetic mice, suggesting BMP-7 inhibits inflammatory monocyte/macrophages
(M1) and mature DCs. Our current study results are consistent with results of BMP-7 that re-
duced inflammatory cytokines and differentiation of monocytes in our previously published
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studies of pre-diabetic heart [4] and atherosclerotic mice [16]; and reduced inflammatory
mucosal epithelium DCs in other studies [50].

Our results showed BMP-7 enhances EPCs and neovascularization in diabetic car-
diomyopathy, this observation was in agreement with other unrelated studies using rhBMP-
7 or stem cell overexpressing BMP7- in repairing the nonunion fracture [51,52], or with other
types of BMP effects as BMP-9 to improve neovascularization of hind limb ischemia [53].

Our results of BMP-7 reduced adverse myocardial remodeling MMP9 marker, hyper-
trophy as well as interstitial and vascular fibrosis. There is only one study that showed
BMP-7 reduced MMP9 in an inflammatory silica-induced lung cell line in vitro [54]. There-
fore, it is possible that BMP-7 reduced cardiac fibrosis and adverse myocardial remodeling
through transforming growth factor (TGF-β1) [4,35–37].

Finally, heart function was measured using echocardiography to examine the diabetes-
induced cardiomyopathy and the therapeutic effect of BMP-7 in improving heart function-
ality. Our echocardiography data showed improved heart function after administration of
BMP-7 compared to diabetic mice by increasing LV-EF% and FS%. These results corroborate
our pre-diabetic cardiomyopathy [4], ischemic and hypertrophic cardiomyopathy [35–37].
Despite the fact that BMP-7 is not considered as an inotropic drug, BMP-7 has shown the
capability of improving LV function due to reversing cardiac remodeling [4,35–37].

5. Conclusions

In conclusion, our previous pre-diabetic [4] and Type-1 diabetic muscle [7] studies
suggested BMP-7 decreases hyperglycemia as shown in graphical abstract. Here, we
report inflammation-induced cell death mediated by inflammatory cells (macrophage
and dendritic cells) and inflammasome formation (TLR4, NLRP3) and NLRP3 activators
(Nek7 and GBP5) that cause cardiac cell death is the key player in the development and
progression of diabetic cardiomyopathy. BMP-7, a unique growth factor that we reported in
this study, significantly reduces inflammation-induced cardiac cell death, reduces infiltrated
macrophages and dendritic cells, decreases adverse cardiac remodeling, and enhances
cardiac regeneration with improved cardiac function in pre-clinical studies of mice could
have significant potential as a future therapy for diabetic patients.

Author Contributions: D.K.S. designed and supervised the study. I.E. performed the experiments,
analyzed data, prepared figures, and drafted the manuscript. D.K.S. revised the manuscript and
approved the final version of the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was supported in part by the National Institutes of Health grant 1R01DK120866-
01 and 5R01CA221813-04 to D.K.Singla. Additionally, part of the research supported to Dr. Singla
funded by Advent Health, who is a holder of Endowed Chair in Cardiovascular Sciences.

Institutional Review Board Statement: All animal procedures conducted in this study are according
to a protocol approved by the IACUC (Institutional Animal Care and Use Committee), University
of Central Florida, dated 20 December 2018, which conforms to the National Institutes of Health
(NIH) guidelines.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: The author would like to thank Chandrakala Aluganti Narasimhulu and Fatima
Bianca Dessouki for technical assistance and proofreading of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gulsin, G.S.; Athithan, L.; McCann, G.P. Diabetic cardiomyopathy: Prevalence, determinants and potential treatments. Ther. Adv.

Endocrinol. Metab. 2019, 10, 2042018819834869. [CrossRef]
2. Filardi, T.; Ghinassi, B.; Di Baldassarre, A.; Tanzilli, G.; Morano, S.; Lenzi, A.; Basili, S.; Crescioli, C. Cardiomyopathy Associated

with Diabetes: The Central Role of the Cardiomyocyte. Int. J. Mol. Sci. 2019, 20, 3299. [CrossRef]

http://doi.org/10.1177/2042018819834869
http://doi.org/10.3390/ijms20133299


Cells 2021, 10, 2640 17 of 19

3. Huynh, K.; Bernardo, B.C.; McMullen, J.R.; Ritchie, R.H. Diabetic cardiomyopathy: Mechanisms and new treatment strategies
targeting antioxidant signaling pathways. Pharmacol. Ther. 2014, 142, 375–415. [CrossRef]

4. Urbina, P.; Singla, D.K. BMP-7 attenuates adverse cardiac remodeling mediated through M2 macrophages in prediabetic
cardiomyopathy. Am. J. Physiol. Heart Circ. Physiol. 2014, 307, H762–H772. [CrossRef] [PubMed]

5. Yang, F.; Qin, Y.; Lv, J.; Wang, Y.; Che, H.; Chen, X.; Jiang, Y.; Li, A.; Sun, X.; Yue, E.; et al. Silencing long non-coding RNA
Kcnq1ot1 alleviates pyroptosis and fibrosis in diabetic cardiomyopathy. Cell Death Dis. 2018, 9, 1000. [CrossRef] [PubMed]

6. Yang, F.; Qin, Y.; Wang, Y.; Li, A.; Lv, J.; Sun, X.; Che, H.; Han, T.; Meng, S.; Bai, Y.; et al. LncRNA KCNQ1OT1 Mediates Pyroptosis
in Diabetic Cardiomyopathy. Cell Physiol. Biochem. 2018, 50, 1230–1244. [CrossRef] [PubMed]

7. Aluganti Narasimhulu, C.; Singla, D.K. Amelioration of diabetes-induced inflammation mediated pyroptosis, sarcopenia, and
adverse muscle remodelling by bone morphogenetic protein-7. J. Cachexia Sarcopenia Muscle 2021, 12, 403–420. [CrossRef]

8. Dessouki, F.B.A.; Kukreja, R.C.; Singla, D.K. Stem Cell-Derived Exosomes Ameliorate Doxorubicin-Induced Muscle Toxicity
through Counteracting Pyroptosis. Pharmaceuticals 2020, 13, 450. [CrossRef] [PubMed]

9. Singla, D.K.; Johnson, T.A.; Tavakoli Dargani, Z. Exosome Treatment Enhances Anti-Inflammatory M2 Macrophages and Reduces
Inflammation-Induced Pyroptosis in Doxorubicin-Induced Cardiomyopathy. Cells 2019, 8, 1224. [CrossRef]

10. Murao, A.; Aziz, M.; Wang, H.; Brenner, M.; Wang, P. Release mechanisms of major DAMPs. Apoptosis 2021, 26,
152–162. [CrossRef]

11. Luo, B.; Huang, F.; Liu, Y.; Liang, Y.; Wei, Z.; Ke, H.; Zeng, Z.; Huang, W.; He, Y. NLRP3 Inflammasome as a Molecular Marker in
Diabetic Cardiomyopathy. Front. Physiol. 2017, 8, 519. [CrossRef] [PubMed]

12. Xu, J.; Lu, L.; Li, L. NEK7: A novel promising therapy target for NLRP3-related inflammatory diseases. Acta Biochim. Biophys. Sin.
2016, 48, 966–968. [CrossRef] [PubMed]

13. Zhaolin, Z.; Guohua, L.; Shiyuan, W.; Zuo, W. Role of pyroptosis in cardiovascular disease. Cell Prolif. 2019, 52, e12563. [CrossRef]
14. Shenoy, A.R.; Wellington, D.A.; Kumar, P.; Kassa, H.; Booth, C.J.; Cresswell, P.; MacMicking, J.D. GBP5 promotes NLRP3

inflammasome assembly and immunity in mammals. Science 2012, 336, 481–485. [CrossRef] [PubMed]
15. Higgins, D.F.; Ewart, L.M.; Masterson, E.; Tennant, S.; Grebnev, G.; Prunotto, M.; Pomposiello, S.; Conde-Knape, K.; Martin,

F.M.; Godson, C. BMP7-induced-Pten inhibits Akt and prevents renal fibrosis. Biochim. Biophys. Acta Mol. Basis Dis. 2017, 1863,
3095–3104. [CrossRef] [PubMed]

16. Singla, D.K.; Singla, R.; Wang, J. BMP-7 Treatment Increases M2 Macrophage Differentiation and Reduces Inflammation and
Plaque Formation in Apo E-/- Mice. PLoS ONE 2016, 11, e0147897. [CrossRef] [PubMed]

17. Cecchi, S.; Bennet, S.J.; Arora, M. Bone morphogenetic protein-7: Review of signalling and efficacy in fracture healing. J. Orthop.
Transl. 2016, 4, 28–34. [CrossRef]

18. Singla, D.K. Akt-mTOR Pathway Inhibits Apoptosis and Fibrosis in Doxorubicin-Induced Cardiotoxicity Following Embryonic
Stem Cell Transplantation. Cell Transplant. 2015, 24, 1031–1042. [CrossRef]

19. Singla, D.K.; Lyons, G.E.; Kamp, T.J. Transplanted embryonic stem cells following mouse myocardial infarction inhibit apoptosis
and cardiac remodeling. Am. J. Physiol. Heart Circ. Physiol. 2007, 293, H1308–H1314. [CrossRef]

20. Singla, D.K.; Hacker, T.A.; Ma, L.; Douglas, P.S.; Sullivan, R.; Lyons, G.E.; Kamp, T.J. Transplantation of embryonic stem cells into
the infarcted mouse heart: Formation of multiple cell types. J. Mol. Cell Cardiol. 2006, 40, 195–200. [CrossRef]

21. Schmid-Burgk, J.L.; Chauhan, D.; Schmidt, T.; Ebert, T.S.; Reinhardt, J.; Endl, E.; Hornung, V. A Genome-wide CRISPR (Clustered
Regularly Interspaced Short Palindromic Repeats) Screen Identifies NEK7 as an Essential Component of NLRP3 Inflammasome
Activation. J. Biol. Chem. 2016, 291, 103–109. [CrossRef]

22. Li, G.; Xing, W.; Zhang, M.; Geng, F.; Yang, H.; Zhang, H.; Zhang, X.; Li, J.; Dong, L.; Gao, F. Antifibrotic cardioprotection of
berberine via downregulating myocardial IGF-1 receptor-regulated MMP-2/MMP-9 expression in diabetic rats. Am. J. Physiol.
Heart Circ. Physiol. 2018, 315, H802–H813. [CrossRef]

23. Peet, C.; Ivetic, A.; Bromage, D.I.; Shah, A.M. Cardiac monocytes and macrophages after myocardial infarction. Cardiovasc. Res.
2020, 116, 1101–1112. [CrossRef] [PubMed]

24. Thomas, A.M.; Dong, Y.; Beskid, N.M.; Garcia, A.J.; Adams, A.B.; Babensee, J.E. Brief exposure to hyperglycemia activates
dendritic cells in vitro and in vivo. J. Cell Physiol. 2019, 235, 5120–5129. [CrossRef] [PubMed]

25. Bajpai, A.; Tilley, D.G. The Role of Leukocytes in Diabetic Cardiomyopathy. Front. Physiol. 2018, 9, 1547. [CrossRef]
26. Wang, H.; Kwak, D.; Fassett, J.; Liu, X.; Yao, W.; Weng, X.; Xu, X.; Xu, Y.; Bache, R.J.; Mueller, D.L.; et al. Role of bone marrow-

derived CD11c(+) dendritic cells in systolic overload-induced left ventricular inflammation, fibrosis and hypertrophy. Basic Res.
Cardiol. 2017, 112, 25. [CrossRef]

27. Junod, A.; Lambert, A.E.; Stauffacher, W.; Renold, A.E. Diabetogenic action of streptozotocin: Relationship of dose to metabolic
response. J. Clin. Investig. 1969, 48, 2129–2139. [CrossRef]

28. Lu, W.T.; Juang, J.H.; Hsu, B.R.; Huang, H.S. Effects of high or low dose of streptozocin on pancreatic islets in C57BL/6 and
C.B17-SCID mice. Transplant. Proc. 1998, 30, 609–610. [CrossRef]

29. Jia, C.; Chen, H.; Zhang, J.; Zhou, K.; Zhuge, Y.; Niu, C.; Qiu, J.; Rong, X.; Shi, Z.; Xiao, J.; et al. Role of pyroptosis in cardiovascular
diseases. Int. Immunopharmacol. 2019, 67, 311–318. [CrossRef]

http://doi.org/10.1016/j.pharmthera.2014.01.003
http://doi.org/10.1152/ajpheart.00367.2014
http://www.ncbi.nlm.nih.gov/pubmed/24993041
http://doi.org/10.1038/s41419-018-1029-4
http://www.ncbi.nlm.nih.gov/pubmed/30250027
http://doi.org/10.1159/000494576
http://www.ncbi.nlm.nih.gov/pubmed/30355944
http://doi.org/10.1002/jcsm.12662
http://doi.org/10.3390/ph13120450
http://www.ncbi.nlm.nih.gov/pubmed/33316945
http://doi.org/10.3390/cells8101224
http://doi.org/10.1007/s10495-021-01663-3
http://doi.org/10.3389/fphys.2017.00519
http://www.ncbi.nlm.nih.gov/pubmed/28790925
http://doi.org/10.1093/abbs/gmw080
http://www.ncbi.nlm.nih.gov/pubmed/27563009
http://doi.org/10.1111/cpr.12563
http://doi.org/10.1126/science.1217141
http://www.ncbi.nlm.nih.gov/pubmed/22461501
http://doi.org/10.1016/j.bbadis.2017.09.011
http://www.ncbi.nlm.nih.gov/pubmed/28923783
http://doi.org/10.1371/journal.pone.0147897
http://www.ncbi.nlm.nih.gov/pubmed/26824441
http://doi.org/10.1016/j.jot.2015.08.001
http://doi.org/10.3727/096368914X679200
http://doi.org/10.1152/ajpheart.01277.2006
http://doi.org/10.1016/j.yjmcc.2005.09.001
http://doi.org/10.1074/jbc.C115.700492
http://doi.org/10.1152/ajpheart.00093.2018
http://doi.org/10.1093/cvr/cvz336
http://www.ncbi.nlm.nih.gov/pubmed/31841135
http://doi.org/10.1002/jcp.29380
http://www.ncbi.nlm.nih.gov/pubmed/31674663
http://doi.org/10.3389/fphys.2018.01547
http://doi.org/10.1007/s00395-017-0615-4
http://doi.org/10.1172/JCI106180
http://doi.org/10.1016/S0041-1345(97)01425-5
http://doi.org/10.1016/j.intimp.2018.12.028


Cells 2021, 10, 2640 18 of 19

30. Leuschner, F.; Nahrendorf, M. Novel functions of macrophages in the heart: Insights into electrical conduction, stress, and
diastolic dysfunction. Eur. Heart J. 2020, 41, 989–994. [CrossRef] [PubMed]

31. Segura, E.; Touzot, M.; Bohineust, A.; Cappuccio, A.; Chiocchia, G.; Hosmalin, A.; Dalod, M.; Soumelis, V.; Amigorena, S. Human
inflammatory dendritic cells induce Th17 cell differentiation. Immunity 2013, 38, 336–348. [CrossRef]

32. Anzai, A.; Anzai, T.; Nagai, S.; Maekawa, Y.; Naito, K.; Kaneko, H.; Sugano, Y.; Takahashi, T.; Abe, H.; Mochizuki, S.;
et al. Regulatory role of dendritic cells in postinfarction healing and left ventricular remodeling. Circulation 2012, 125,
1234–1245. [CrossRef] [PubMed]

33. Hatanaka, E.; Monteagudo, P.T.; Marrocos, M.S.; Campa, A. Neutrophils and monocytes as potentially important sources of
proinflammatory cytokines in diabetes. Clin. Exp. Immunol. 2006, 146, 443–447. [CrossRef]

34. Antonov, I.B.; Kozlov, K.L.; Pal’tseva, E.M.; Polyakova, O.V.; Lin’kova, N.S. Matrix Metalloproteinases MMP-1 and MMP-9 and
Their Inhibitor TIMP-1 as Markers of Dilated Cardiomyopathy in Patients of Different Age. Bull. Exp. Biol. Med. 2018, 164,
550–553. [CrossRef] [PubMed]

35. Jin, Y.; Cheng, X.; Lu, J.; Li, X. Exogenous BMP-7 Facilitates the Recovery of Cardiac Function after Acute Myocardial Infarction
through Counteracting TGF-beta1 Signaling Pathway. Tohoku J. Exp. Med. 2018, 244, 1–6. [CrossRef]

36. Chen, X.; Xu, J.; Jiang, B.; Liu, D. Bone Morphogenetic Protein-7 Antagonizes Myocardial Fibrosis Induced by Atrial Fibrillation
by Restraining Transforming Growth Factor-beta (TGF-beta)/Smads Signaling. Med. Sci. Monit. 2016, 22, 3457–3468. [CrossRef]

37. Merino, D.; Villar, A.V.; Garcia, R.; Tramullas, M.; Ruiz, L.; Ribas, C.; Cabezudo, S.; Nistal, J.F.; Hurle, M.A. BMP-7 attenuates left
ventricular remodelling under pressure overload and facilitates reverse remodelling and functional recovery. Cardiovasc. Res.
2016, 110, 331–345. [CrossRef]

38. Adamiak, M.; Abdel-Latif, A.; Bujko, K.; Thapa, A.; Anusz, K.; Tracz, M.; Brzezniakiewicz-Janus, K.; Ratajczak, J.; Kucia, M.;
Ratajczak, M.Z. Nlrp3 Inflammasome Signaling Regulates the Homing and Engraftment of Hematopoietic Stem Cells (HSPCs) by
Enhancing Incorporation of CXCR4 Receptor into Membrane Lipid Rafts. Stem Cell Rev. Rep. 2020, 16, 954–967. [CrossRef]

39. Berezin, A. The endothelial progenitor cell dysfunction in type 2 diabetes mellitus: The link with heart failure developing. Biol.
Markers Guided Ther. 2018, 5, 47–52. [CrossRef]

40. Uthman, L.; Baartscheer, A.; Schumacher, C.A.; Fiolet, J.W.T.; Kuschma, M.C.; Hollmann, M.W.; Coronel, R.; Weber, N.C.; Zuurbier,
C.J. Direct Cardiac Actions of Sodium Glucose Cotransporter 2 Inhibitors Target Pathogenic Mechanisms Underlying Heart
Failure in Diabetic Patients. Front. Physiol. 2018, 9, 1575. [CrossRef] [PubMed]

41. Hernandez, A.F.; Green, J.B.; Janmohamed, S.; D’Agostino, R.B., Sr.; Granger, C.B.; Jones, N.P.; Leiter, L.A.; Rosenberg, A.E.;
Sigmon, K.N.; Somerville, M.C.; et al. Albiglutide and cardiovascular outcomes in patients with type 2 diabetes and cardiovascular
disease (Harmony Outcomes): A double-blind, randomised placebo-controlled trial. Lancet 2018, 392, 1519–1529. [CrossRef]

42. Larsen, C.M.; Faulenbach, M.; Vaag, A.; Volund, A.; Ehses, J.A.; Seifert, B.; Mandrup-Poulsen, T.; Donath, M.Y. Interleukin-1-
receptor antagonist in type 2 diabetes mellitus. N. Engl. J. Med. 2007, 356, 1517–1526. [CrossRef] [PubMed]

43. Hensen, J.; Howard, C.P.; Walter, V.; Thuren, T. Impact of interleukin-1beta antibody (canakinumab) on glycaemic indicators in
patients with type 2 diabetes mellitus: Results of secondary endpoints from a randomized, placebo-controlled trial. Diabetes
Metab. 2013, 39, 524–531. [CrossRef] [PubMed]

44. Zahid, A.; Li, B.; Kombe, A.J.K.; Jin, T.; Tao, J. Pharmacological Inhibitors of the NLRP3 Inflammasome. Front. Immunol. 2019,
10, 2538. [CrossRef] [PubMed]

45. Bacchiega, B.C.; Bacchiega, A.B.; Usnayo, M.J.; Bedirian, R.; Singh, G.; Pinheiro, G.D. Interleukin 6 Inhibition and Coro-
nary Artery Disease in a High-Risk Population: A Prospective Community-Based Clinical Study. J. Am. Heart Assoc. 2017,
6, e005038. [CrossRef]

46. Zhang, N.; Liang, H.; Farese, R.V.; Li, J.; Musi, N.; Hussey, S.E. Pharmacological TLR4 Inhibition Protects against Acute and
Chronic Fat-Induced Insulin Resistance in Rats. PLoS ONE 2015, 10, e0132575. [CrossRef]

47. He, H.; Jiang, H.; Chen, Y.; Ye, J.; Wang, A.; Wang, C.; Liu, Q.; Liang, G.; Deng, X.; Jiang, W.; et al. Oridonin is a covalent NLRP3
inhibitor with strong anti-inflammasome activity. Nat. Commun. 2018, 9, 2550. [CrossRef]

48. Pomerantz, B.J.; Reznikov, L.L.; Harken, A.H.; Dinarello, C.A. Inhibition of caspase 1 reduces human myocardial ischemic
dysfunction via inhibition of IL-18 and IL-1beta. Proc. Natl. Acad. Sci. USA 2001, 98, 2871–2876. [CrossRef]

49. Westermann, D.; Van Linthout, S.; Dhayat, S.; Dhayat, N.; Schmidt, A.; Noutsias, M.; Song, X.Y.; Spillmann, F.; Riad, A.; Schultheiss,
H.P.; et al. Tumor necrosis factor-alpha antagonism protects from myocardial inflammation and fibrosis in experimental diabetic
cardiomyopathy. Basic Res. Cardiol. 2007, 102, 500–507. [CrossRef] [PubMed]

50. Capucha, T.; Koren, N.; Nassar, M.; Heyman, O.; Nir, T.; Levy, M.; Zilberman-Schapira, G.; Zelentova, K.; Eli-Berchoer, L.; Zenke,
M.; et al. Sequential BMP7/TGF-beta1 signaling and microbiota instruct mucosal Langerhans cell differentiation. J. Exp. Med.
2018, 215, 481–500. [CrossRef]

51. Kim, Y.; Kang, B.J.; Kim, W.H.; Yun, H.S.; Kweon, O.K. Evaluation of Mesenchymal Stem Cell Sheets Overexpressing BMP-7 in
Canine Critical-Sized Bone Defects. Int. J. Mol. Sci. 2018, 19, 2073. [CrossRef] [PubMed]

52. Lu, C.; Xing, Z.; Yu, Y.Y.; Colnot, C.; Miclau, T.; Marcucio, R.S. Recombinant human bone morphogenetic protein-7 enhances
fracture healing in an ischemic environment. J. Orthop. Res. 2010, 28, 687–696. [CrossRef]

http://doi.org/10.1093/eurheartj/ehz159
http://www.ncbi.nlm.nih.gov/pubmed/30945736
http://doi.org/10.1016/j.immuni.2012.10.018
http://doi.org/10.1161/CIRCULATIONAHA.111.052126
http://www.ncbi.nlm.nih.gov/pubmed/22308302
http://doi.org/10.1111/j.1365-2249.2006.03229.x
http://doi.org/10.1007/s10517-018-4030-0
http://www.ncbi.nlm.nih.gov/pubmed/29504111
http://doi.org/10.1620/tjem.244.1
http://doi.org/10.12659/MSM.897560
http://doi.org/10.1093/cvr/cvw076
http://doi.org/10.1007/s12015-020-10005-w
http://doi.org/10.12988/bmgt.2018.856
http://doi.org/10.3389/fphys.2018.01575
http://www.ncbi.nlm.nih.gov/pubmed/30519189
http://doi.org/10.1016/S0140-6736(18)32261-X
http://doi.org/10.1056/NEJMoa065213
http://www.ncbi.nlm.nih.gov/pubmed/17429083
http://doi.org/10.1016/j.diabet.2013.07.003
http://www.ncbi.nlm.nih.gov/pubmed/24075453
http://doi.org/10.3389/fimmu.2019.02538
http://www.ncbi.nlm.nih.gov/pubmed/31749805
http://doi.org/10.1161/JAHA.116.005038
http://doi.org/10.1371/journal.pone.0132575
http://doi.org/10.1038/s41467-018-04947-6
http://doi.org/10.1073/pnas.041611398
http://doi.org/10.1007/s00395-007-0673-0
http://www.ncbi.nlm.nih.gov/pubmed/17909696
http://doi.org/10.1084/jem.20171508
http://doi.org/10.3390/ijms19072073
http://www.ncbi.nlm.nih.gov/pubmed/30018197
http://doi.org/10.1002/jor.21033


Cells 2021, 10, 2640 19 of 19

53. Kim, J.; Kim, M.; Jeong, Y.; Lee, W.B.; Park, H.; Kwon, J.Y.; Kim, Y.M.; Hwang, D.; Kwon, Y.G. BMP9 Induces Cord Blood-Derived
Endothelial Progenitor Cell Differentiation and Ischemic Neovascularization via ALK1. Arterioscler. Thromb. Vasc. Biol. 2015, 35,
2020–2031. [CrossRef] [PubMed]

54. Liang, D.; An, G.; Zhu, Z.; Wang, Y.; Yang, G.; Li, X.; Niu, P.; Chen, L.; Tian, L. The protective effects of bone morphogenetic
protein-7 against epithelial injury and matrix metalloproteases upregulation induced by silica in vitro. Hum. Exp. Toxicol. 2017,
36, 892–900. [CrossRef] [PubMed]

http://doi.org/10.1161/ATVBAHA.115.306142
http://www.ncbi.nlm.nih.gov/pubmed/26229139
http://doi.org/10.1177/0960327116674527
http://www.ncbi.nlm.nih.gov/pubmed/28838258

	Introduction 
	Materials and Methods 
	STZ-Induced Diabetes Mellitus in Mice 
	Immunohistochemistry (IHC) Staining 
	Western Blot Assay 
	Hematoxylin and Eosin (H&E) Staining 
	Masson’s Trichrome Staining 
	Determination of Heart Function 
	Statistical Analysis 

	Results 
	Effect of BMP-7 on Heart Weight in Diabetic Cardiomyopathy 
	BMP-7 Inhibits TLR4-NLRP3 Inflammasome Formation in Diabetic Hearts 
	BMP-7 Inhibits Inflammasome Formation Protein Activators in Diabetic Hearts 
	BMP-7 Inhibits Pyroptotic Protein Caspase-1 
	BMP-7 Inhibits Pyroptotic Proteins IL-1 and IL-18 
	BMP-7 Inhibits Pro-Inflammatory Cytokine IL-6 and TNF- level in Diabetic Hearts 
	BMP-7 Inhibits MMP9 Level in Diabetic Hearts 
	BMP-7 Reduces Monocytes/Macrophages +ve Markers in Diabetic Hearts 
	BMP-7 Reduces Dendritic Cells (DCs) +ve Markers in Diabetic Hearts 
	BMP-7 Enhances the Recruitment of EPCs and Induces Neovascularization in Diabetic Hearts 
	BMP-7 Decreases Inflammatory Cells and Hypertrophy in Diabetic Hearts 
	BMP-7 Decreases Interstitial and Vascular Fibrosis in Diabetic Hearts 
	BMP-7 Improves LV Heart Function in Diabetic Mice 

	Discussion 
	Conclusions 
	References

