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Abstract

The deleterious effects of diabetes in the heart are increasingly attributed to inflammatory
signaling through the NLRP3 (NOD, LRR and PYD domains-containing protein 3)
inflammasome. Thrombin antagonists reduce cardiac remodeling and dysfunction in diabetic
mice, in part by suppressing fibrin-driven inflammation. The role of cellular thrombin receptor
subtypes in this context is not known. We sought to determine the causal involvement of protease-
activated receptors (PAR) in inflammatory signaling of the diabetic heart. Mice with diet-induced
diabetes showed increased abundance of procaspase-1 and pro-interleukin (IL)-1p in the left
ventricle (LV), indicating transcriptional NLRP3 inflammasome priming, and augmented cleavage
of active caspase-1 and IL-1p, pointing to canonical NLRP3 inflammasome activation. Caspase-11
activation, which mediates non-canonical NLRP3 inflammasome signaling, was not augmented.
Formation of the plasma membrane pore-forming protein N-terminal gasdermin D (GDSMD), a
prerequisite for IL-1f secretion, was also higher in diabetic vs. control mouse LV. NLRP3, ASC
and IL-18 expression did not differ between the groups, nor did expression of PAR1 or PAR2.
PAR3 was nearly undetectable. LV abundance of PAR4 by contrast increased with diabetes and
correlated positively with active caspase-1. Genetic deletion of PAR4 in mice prevented the diet-
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induced cleavage of caspase-1, IL-1p and GDSMD. Right atrial appendages from patients with
type 2 diabetes also showed higher levels of PAR4, but not of PAR1 or PAR2, than non-diabetic
atrial tissue, along with increased abundance of cleaved caspase-1, IL-1p and GSDMD. Human
cardiac fibroblasts maintained in high glucose conditions to mimic diabetes also upregulated PAR4
mRNA and protein, and increased PAR4-dependent IL-1f transcription and secretion in response
to thrombin, while PAR1 and PAR2 expressions were unaltered. In conclusion, PAR4 drives
caspase-1-dependent IL-1f production through the canonical NLRP3 inflammasome pathway in
the diabetic heart, providing mechanistic insights into diabetes-associated cardiac
thromboinflammation. The emerging PAR4-selective antagonists may provide a feasible approach
to prevent cardiac inflammation in patients with diabetes.
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Introduction

The heart is a major target for end-organ damage in metabolic disorders such as obesity and
type 2 diabetes. The constellation of complications that characterize adiposity and diabetes
includes a hypercoagulable state, with enhanced thrombin generation leading to a chronic
low-grade thromboinflammation [11, 42, 47, 51]. Thrombin inhibition prevents diet-induced
cardiac remodeling and dysfunction in mice [3, 4, 27, 28], consistently accompanied by
reduced cardiac expression of the major thrombin receptors protease-activated receptor
(PAR)1 and PARA4. Similarly, inhibition of activated factor X (FXa) with rivaroxaban blunted
fibroinflammation in a mouse model of ischemic cardiomyopathy with high fat loading, in
part by suppressing the expression of the major FXa-receptor PAR2 [31]. These findings
suggest that coagulant proteases are present in the heart, and able to direct cellular signaling
events that lead to adverse remodeling and inflammation. Extrahepatic prothrombin/
thrombin distribution has been reported in various tissues including the myocardium, and
seems to be identical to the plasma forms of the zymogen and active protease [24, 35].
Cardiac prothrombin/thrombin may therefore originate from the circulation, delivered by
infiltrating immune cells, or from expression in situ. There is some evidence for a local
coagulant system in the heart, encompassing the expression of tissue factor and prothrombin,
with local activation to thrombin provided by proteases such as fibrinogen-like protein 2
(fibroleukin), mannose-binding lectin-associated serine proteases and matrix
metalloproteinase-12, or by histones released from necrotic cells [10, 12, 39, 40].
Alternatively, PAR4 may not be in the first instance a receptor for thrombin, but rather for
proteases such as cathepsin G released by neutrophils and mast cells, which are abundant in
the diabetic heart [14].

Although causal involvement of PAR1 and PAR4 in the cardiac complications of metabolic
disease is plausible, it has not yet been directly demonstrated. We have reported increased
expression of PAR4 in whole heart lysates and isolated cardiac fibroblasts of mice fed a
high-fat diet, and involvement of upregulated PAR4 in oxido-inflammatory stress in mouse
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cardiac fibroblast cultured under high glucose conditions [26]. By contrast, PAR1 and PAR3
are not upregulated under diabetic conditions [9, 26, 37]. Thus, selective PAR4 antagonists,
which are currently in development as safer antithrombotics [22, 59], may exert
unrecognized cardioprotective effects beyond platelet inhibition [14].

The NLRP3 (NACHT, LRR and PYD domains-containing protein 3) inflammasome is
increasingly considered to be a driver of cardiac remodeling and diabetic cardiomyopathy [8,
33, 48, 49]. The NLRP3 inflammasome is essentially an activating platform for caspase-1,
previously known as interleukin-converting enzyme given its primary function of proteolytic
maturation of interleukin-1p (IL-1B) and IL-18 (reviewed in [20]). NLRP3 inflammasome-
dependent caspase-1 activation and cytokine maturation are controlled at multiple levels: (1)
transcriptional (NFKB-dependent) priming of the inflammasome components, and (2)
triggering of the assembly of inflammasome components, with subsequent activation of
caspase-1 through auto-cleavage. Besides pro-interleukin processing, a further function of
caspase-1 is the cleavage of gasdermin D (GSDMD). This generates the plasma membrane
pore-forming protein N-terminal (Nt) GSDMD, which enables the secretion of mature
cytokines and hence transmission of inflammatory signaling to neighboring cells. Non-
canonical NLRP3 activation and GDSMD pore formation are mediated through caspase-11
[20], but the relative contribution of this pathway to inflammatory signaling in the diabetic
heart is not known. Numerous damage-associated molecular patterns (DAMPSs) and other
stress signals relevant to the diabetic state have been shown to drive canonical NLRP3
inflammasome priming and/or triggering, such as high glucose, endoplasmic reticulum (ER)
stress and mitochondrial redox stress [13, 41, 58, 61]. Thrombin has been reported to
activate the NLRP3 inflammasome in platelets and astroglia [44, 63], but no functional or
regulatory interactions have to date been demonstrated in cardiac cells.

Here, we tested the hypothesis that upregulation of PAR4 thrombin receptors drives NLRP3
inflammasome-dependent caspase-1 activation in the diabetic heart.

High-fat diet (HFD) mouse model

PAR4~/~ mice on C57BI/6J background were generously provided by Dr. Justin Hamilton
(Australian Centre for Blood Diseases, Melbourne, AUS) and bred heterozygously in-house.
Male wild-type (WT) and PAR4™/~ littermates aged 8 weeks received either control chow or
high-fat diet (HFD, #S7200-E010, Ssniff Spezialdidten GmbH, Soest, Germany) to induce
obesity and glucose intolerance [19, 26]. Mice were weighed weekly during the 8-week
treatment period. Body fat mass was determined using the Minispec NMR analyzer (Bruker
Corporation, Billerica, MA, USA) after 2, 4 and 8 weeks. Oral glucose tolerance test
(oGTT) was performed at 6 weeks, after a 6 h fasting period. Glucose (1 g/kg) was applied
per o0s, and tail-vein blood glucose concentration was measured after 5, 15, 30, 60 and 120
min with the ACCU-CHEK Compact Plus device (Roche, Mannheim, Germany). After 8
weeks of feeding, mice were fasted for 6 h and then killed with CO,. Left ventricles (LV)
were snap-frozen and stored for later analysis at — 80 °C. Body length was measured from
nose to anus for determination of body mass index (BMI). The studies had the approval of
the local animal experimentation ethics committee (Approval Number Az. 84—
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02.04.2012.A366, granted by the Landesamt flr Natur, Umwelt und Verbraucherschutz
Nordrhein-Westfalen).

Human atrial samples

Right atrial appendages were obtained from patients with type 2 diabetes mellitus (DM, n=
15) and non-diabetic control (Ctl, 7= 13) patients undergoing open heart surgery for
coronary bypass grafting or valve replacement. Each patient gave written informed consent.
Tissue samples were collected immediately prior to atrial cannulation for extracorporeal
circulatory bypass, stored in Tyrode’s solution and transferred to the laboratory for freezing.
Diabetes was defined on the basis of an existing physician’s diagnosis of type 2 diabetes,
BMI > 30 and use of oral antidiabetic drugs. Patient characteristics are depicted in Table 1.
The studies were approved by the Human Ethics Committee of the Medical Faculty of the
University Duisburg-Essen (Approval Number AZ: 12-5268-BO) and were performed in
accordance with the Declaration of Helsinki.

Human ventricular cardiac fibroblasts

Adult human ventricular cardiac fibroblasts obtained from ScienCell (Provitro AG, Berlin
Germany) at passage 1 were cultured in Fibroblast Growth Medium-2 containing 10% fetal
bovine serum (FBS, both from ScienCell) and d-glucose (Sigma-Aldrich, Munich,
Germany) at either 5.5 mmol/L (low glucose, LG) or 25 mmol/L (high glucose, HG). Cells
were studied at passages 2-3. Cells were acclimatized to 2% FBS for 3 h prior to study, then
stimulated for 24 h + human alpha thrombin (3 U/mL, American Diagnostica GmbH,
Pfungstadt, Germany) + the PAR4 antagonist ML354 (200 nmol/L, added 15 min prior to
thrombin). Supernatants and cell pellets were separately frozen at — 80 °C for analysis.

Western blot

Proteins of interest were quantified by Western blot and normalized to -y-tubulin, which was
verified as a reliable loading control in prior experiments. Cell pellets were directly lysed in
1 x Laemmli sample buffer containing 0.01 M Tris, 2% sodium dodecyl sulfate (SDS) and
0.1 M dithiothreitol (DTT), and heated to 95 °C for 5 min. Frozen human or mouse tissues
were crushed under liquid nitrogen and homogenized in Kranias lysis buffer, containing 1.5
M Tris (pH 8.8), 0.5 M EDTA (pH 8.0), 1 M NaF, 20% SDS and 10% glycerol. Kranias
buffer was supplemented with 1:10 cOmplete™ Mini Protease Inhibitor Cocktail and 1:10
PhosSTOP™ Phosphatase Inhibitor Cocktail immediately prior to use. All chemicals were
from Sigma-Aldrich. Homogenates were cleared by centrifugation (15 min, 900 x gat room
temperature) and protein content was assessed with the Pierce BCA Protein Assay Kit
(ThermoFisher Scientific, Dreieich, Germany). 100 uL aliquots of cleared lysates were
supplemented with 20 pL of 6 x Laemmli buffer and heated to 95 °C for 5 min. Western
blotting was performed as described [26]. Primary antibodies were purchased from: Santa
Cruz Biotechnology (Dallas, USA: Caspase-1, Caspase-11, GSDMD, PAR1, PAR2, all
diluted 1:500), Abcam (Berlin, Germany: PAR4, IL-1B, IL-18, TNFa., all diluted 1:1000),
Novus Biologicals (Bio-Techne, Wiesbaden, Germany: NLRP3, diluted 1:1000) and
ThermoFisher Scientific (-y-tubulin, diluted 1:1000). Infrared-coupled secondary antibodies
were all obtained from LI-COR Biosciences (Bad Homburg, Germany) and diluted 1:1000.
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Band visualization and quantification were performed using the LI-COR Odyssey platform
as described [19].

Quantitative real-time PCR (QPCR)

Total RNA was extracted from mouse LV and human cardiac fibroblasts for SYBR Green®
gPCR assessment of mMRNA expression levels as described [26]. Human and/or mouse
Quantitect Validated Primer Assays for PARL (F2R), PAR2 (F2RL1), PAR3 (F2RL2), PAR4
(F2RL3), NLRP3, ASC (PYCARD), tumor necrosis factor a (TNFa.), IL-1p and the
housekeeping gene ribososmal 18S were purchased from Qiagen (Hilden, Germany).

IL-1p secretion

IL-1p secretion from human cardiac fibroblasts was assessed in media collected and frozen
immediately after stimulation, using the Invitrogen Human IL-1beta Uncoated ELISA Kit
(ThermoFisher Scientific) as instructed.

Statistical analysis

For animal and cell culture data, differences between two groups were determined by the
unpaired ¢test or the Wilcoxon rank sum test as appropriate. Statistical testing of more
groups utilized one-way or two-way analysis of variance, with Dunnet’s or Tukey’s post hoc
multiple comparison procedure applied as appropriate. For clinical data, differences between
the groups were determined using the Wilcoxon rank sum test for continuous variables, and
twosided Fisher’s exact test for categorical values. Significance of correlations was
determined as Pearson’s correlation coefficient. £ < 0.05 was accepted as statistically
significant.

Results

High-fat diet (HFD) increases cardiac PAR4 expression in mice

We previously found increased expression of PAR4, but not other PAR-subtypes, in LV of
HFD-fed mice [26]. The same model was applied here to test the hypothesis that
upregulation of PAR4 drives NLRP3 inflammasome signaling in the diabetic mouse heart.
After 8 weeks of HFD, mice exhibited the typical sequelae of increased weight gain, body
fat accumulation and BMI than chow-fed littermates, together with higher fasting blood
glucose levels and impaired tolerance to oral glucose challenge (Suppl. Fig. S1, all n=6).
LV lysates of HFD-fed mice showed significantly increased abundance of F2r/3mRNA and
PAR4 total protein in comparison to LV from chow-fed mice, while gene and protein
expressions of F2PAR1 and F2r/1/PAR2 were unaltered (Fig. 1). F2r/2 (PAR3) mRNA was
barely detectable, with CT values > 37 (data not shown).

HFD drives caspase-1 expression and activation in LV of wild-type mice

We previously observed augmented PAR4-mediated expression of TNFa in human vascular
smooth muscle cells maintained in high glucose conditions [9, 37]. We therefore examined if
this also occurs in the hearts of HFD-fed mice, but found no significantly elevated TNFa
protein or 7nfamRNA levels in LV of mice fed HFD compared to chow (Fig. 2). Expression
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of the inflammasome components NLRP3 and ASC was comparable at both protein and
mMRNA levels in LV of mice fed HFD or chow for 8 weeks (Fig. 3) By contrast, the
abundance of pro-caspase-1 and cleaved (active) forms of caspase-1 (p37, p20, p10) were
increased in the HFD group (Fig. 4), Also augmented were the protein levels of pro-1L-18
and processed (active) I1L-1p and the processing of full-length GSDMD to the pore-forming
GSDMD-Nt. (Fig. 5). No difference was noted between the groups in the expression of pro-
IL-18 or cleaved IL-18 (data not shown). Caspase-11, which mediates non-canonical NLRP3
inflammasome pathways [20], was reduced in the HFD group compared to chow-fed control
mice (Fig. 6), so subsequent experiments focused on the canonical pathway involving
caspase-1 only.

HFD-induced caspase-1 activation is attenuated in hearts from PAR4-deficient mice

The impact of PAR4 deletion on canonical NLRP3 inflammasome activation was assessed in
WT and PAR4 ™~ littermates all fed the HFD for 8 weeks (7= 6 each). N/rp3and Pycard
mRNA expressions were not significantly different in LV lysates of PAR4™/~ compared to
WT mice (Suppl. Fig. 2). By contrast, caspase-1 auto-cleavage, determined as the ratio of
cleaved (p20) to uncleaved caspase-1 (p45), was nearly halved in LV from PAR4-deficient
mice compared to HFD-fed WT controls. Accordingly, processing of pro-IL-1p and full-
length GSDMD, to cleaved IL-1p and GSDMD-Nt, respectively, was also strongly
attenuated in mice lacking PAR4 (Fig. 7). To assess if adaptive regulation of other PAR
subtypes possibly contributes in the PAR4~/~ mice, the gene expressions of PAR1 (£27) and
PAR2 (F2rl1) were determined in WT and PAR4-deficient littermates at baseline (prior to
treatment with the HFD), and after 8 weeks of treatment. A modest but non-significant trend
to lower F2rand F2r/l1 mRNA expression in LV lysates of the knockout mice compared to
WT mice was seen at baseline (7= 4), while after 8 weeks of HFD, gene expression of both
receptor subtypes was comparable between the groups (Suppl. Fig. S3).

Increased caspase-1 activation in atria of patients with type 2 diabetes

To translate the observations made in murine hearts to the human setting, right atrial
appendages from patients with type 2 diabetes mellitus (DM, 7= 15) were compared with
tissues from non-diabetic Ctl (7= 13) patients for expression levels of PAR and indices of
caspase-1 activation. PAR1 and PAR2 expression levels were similar in atrial lysates from
DM and Ctl patients, whereas PAR4 was significantly more abundant in the diabetic group
(Fig. 8). Activation of caspase-1, determined as the ratio of cleaved (p20) to uncleaved (p45)
caspase-1, was significantly higher in the diabetic group (Fig. 9a). Accordingly, cleavage of
the caspase-1 targets IL-1p and GSDMD was also augmented, as demonstrated by increased
ratios of processed IL-1 and GSDMD to their respective precursors (Fig. 9b, c). Atrial
expression level of PAR4 correlated positively with cleavage of caspase-1, IL-1p and
GSDMD (Fig. 9d—f, n=28). Plasma levels of C-reactive protein (CRP) and leukocyte
counts determined prior to surgery and tissue sampling were comparable between the two
groups of patients (Suppl. Fig. S4), making a contribution of systemic inflammation
unlikely.
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PAR4 mediates thrombin-stimulated IL-1f secretion from human ventricular fibroblasts

Finally, we aimed to establish a functional link between PAR4 and caspase-1-mediated
IL-1p maturation and GSDMD-pore formation at the cellular level. Selective PAR4
induction is seen in cardiac fibroblasts obtained from diabetic mice, and in isolated mouse
cardiac fibroblasts maintained under high glucose (HG) conditions in culture [26], but
human cardiac cells have not been examined in this regard. We therefore cultured primary
human ventricular fibroblasts in HG vs. LG medium for up to three passages. The HG
environment significantly augmented constitutive expression of PAR4, but not of PAR1 or
PAR2 (Fig. 10a; all 7= 3), validating our observations in cardiac tissue of diabetic mice and
patients. Thrombin significantly increased /26 mRNA expression and IL-1( secretion in
HG fibroblast cultures, and both effects were prevented by the PAR4 antagonist ML354 (n=
3, Fig. 10b, c¢). Neither thrombin nor ML354 elicited significant effects in LG fibroblast
cultures (n= 3, data not shown).

Discussion

Our major new finding is that the PAR4 thrombin receptor provides a functional link
between the hypercoagulant state and cardiac inflammatory signaling associated with
obesity and diabetes.

Our previous work showed that glucose-driven, PAR4-mediated inflammatory signaling in
human vascular smooth muscle cells largely involves induction of TNFa [9, 37]. This does
not appear to be operative in LV of HFD-fed mice, since no significant upregulation of
TNFa was found. Instead, the HFD appears to drive sterile inflammatory signaling through
activation of caspase-1 and the production IL-1f. The contribution of caspase-1 to diabetes-
driven cardiac remodeling and dysfunction was first reported over a decade ago [57]. The
NLRP3 inflammasome has since been identified as the upstream activating platform of
caspase-1, with a major role in the detrimental cardiac consequences of metabolic disease,
and is intensely pursued as a therapeutic target in this context [30, 32, 33, 56, 64]. In LV
from mice with mild adiposity and diabetes induced by 8 weeks of high-fat feeding, we
detected no significant difference in the transcriptional priming of the inflammasome
components NLRP3 or ASC. The increased abundance of both pro-caspase-1 and pro-IL-1p,
however, indicates that some degree of priming does occur, while the augmented levels of
active caspase-1 and mature IL-1p in the HFD group reflect triggering of NLRP3
inflammasome assembly and activation. A further consequence of caspase-1 activation is the
cleavage of GSDMD to generate the pore-forming protein GSDMD-Nt, a prerequisite for
cytokine secretion and autocrine/paracrine transmission of the inflammatory signal [20]. In
keeping with the increased activation of caspase-1 in LV from HFD-fed mice, the turnover
of the full-length precursor to GSDMD-Nt was also enhanced. We attribute the enhanced
cleavage of pro-caspase-1, pro-IL-1p and GSDMD in the HFD group largely to the
canonical pathway of NLRP3 inflammasome activation, since caspase-11 was not
augmented but in fact reduced in LV from HFD vs. chow mice.

According to our working hypothesis, NLRP3 inflammasome activation in the heart is
driven by PARA4, a low-affinity thrombin receptor normally expressed in very low levels in
cells other than platelets, but showing a dynamic upregulation under conditions of
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inflammatory stress including diabetes [9, 14, 26, 37]. In the present study, mice that
received the HFD for 8 weeks showed increased LV abundance of PAR4 transcript and total
protein, compared to chow-fed controls, while other PAR subtypes were not regulated. Thus,
PAR4 associates with indices of NLRP3 inflammasome priming and triggering in murine
LV. This reflects findings from a recent study in a type 2 diabetic rat model, where treatment
with a thrombin inhibitor led to concurrent reductions in inflammatory markers (NFKB
phosphorylation, cyclooxygenase Il induction) and PAR4 expression [3]. To prove the causal
involvement of PAR4 in the canonical activation of caspase-1, IL-1p and GSDMD, these
parameters were assessed in LV from WT and PAR4-deficient littermates all fed the HFD
for 8 weeks. Consistent with our notion, genetic deletion of PAR4 reduced caspase-1
cleavage, IL-1p maturation and GSDMD-Nt formation. Transcriptional priming of N/rp3or
Pycardwas not influenced. The modestly reduced transcriptional expression of PAR1 and
PAR2 in LV of PAR4-deficient mice compared to WT mice is unlikely to contribute
significantly to this effect on caspase-1 and its downstream targets, since the reduction in
PAR1 and PAR2 was not significant and observed only at baseline, and was no longer
evident after 8 weeks of HFD. Our new findings extend our earlier observation that PAR4
deletion protects streptozotocin-diabetic mice from an excessive vascular remodeling and
inflammatory response to injury [37], and support our concept of PAR4 as an inducible
switch for diabetes-associated thromboinflammation [14].

We next sought to translate these mouse findings to the human heart. Although the NLRP3
inflammasome is a topic of intense cardiovascular research (for recent reviews see [8, 38]),
surprisingly few studies have examined the NLRP3 signaling pathway in the human heart
[62]. To our knowledge, this is the first study to directly link NLRP3 inflammasome
signaling to cardiac-specific consequences of clinical diabetes. Right atrial appendages
obtained from patients with type 2 diabetes showed increased cleavage of capase-1, IL-1p
and GSDMD compared to atrial tissues from Ctl patients, validating the increased capacity
for cardiac NLRP3 inflammasome activation, cytokine production and release that we
observed in the HFD-fed mice. Mirroring what we noted in the HFD-fed mouse model,
expression of PAR4 was significantly higher in atrial tissues from DM vs. Ctl patients, while
expression of PAR1 and PAR2 was similar in both groups. Importantly, the differences in
atrial markers of NLRP3 inflammasome activation, cytokine maturation and pore-forming
GSDMD are not the consequence of a general systemic inflammatory burden in the diabetic
group, since plasma CRP and blood leukocyte counts measured immediately prior to atrial
tissue sampling were in the normal range and comparable between patients with and without
diabetes.

A significant positive correlation was found between the abundance of PAR4 and the
activation of caspase-1, IL-1p and GSDMD in human atria. We therefore proved the direct
causal interaction between PAR4 and the NLRP3 inflammasome at the cellular level. Earlier
studies have suggested a functional link between thrombin and the NLRP3 inflammasome in
platelets and microglia [44, 63], and since PAR4 couples to G4-signaling and the activation
of NFkB in response to thrombin [9, 14], a direct thrombin/PAR4/NLRP3 inflammasome
axis is conceivable. Components of the NLRP3 inflammasome and PAR subtypes including
PAR4 are expressed in immune cells such as monocytes, macrophages and neutrophils [18,
21, 25, 34], and in cardiomyocytes and cardiac fibroblasts, at least in the mouse [26, 46, 55].
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In this study, expression of the immune cell markers CD11b, CD45 and neutrophil elastase
did not differ between LV lysates from HFD vs. chow mice, or between atrial tissues from
diabetic vs. Ctl patients (data not shown). We therefore speculate that PAR4-associated
caspase-1 activation occurs at least in part in cardiomyocytes and/or fibroblasts. Given our
recent study highlighting the role of PAR4 in diabetic mouse cardiac fibroblasts [26], we
here chose human ventricular fibroblasts as a model system to establish a functional link
between PAR4 and the NLRP3 inflammasome. PAR4 was detectable in human ventricular
fibroblasts and was strongly upregulated under conditions simulating hyperglycemia, unlike
PAR1 and PAR2. Thrombin-stimulated //76 mRNA expression and secretion of IL-1p, the
latter serving as an index of both caspase-1-mediated cytokine processing and pore-forming
GSDMD-Nt formation, were enhanced in the HG cultures, and this augmented
responsiveness was attenuated by the PAR4 blocker ML354. Although a modestly
upregulated PAR1 may also contribute, this receptor has been associated particularly with
pro-fibrotic signaling in cardiac fibroblasts [1, 50, 52]. Taken together, we provide the first
evidence that PAR4 contributes to thrombin-driven production and release of IL-1pB in
human cardiac fibroblasts under hyperglycemic conditions.

Our study has limitations. For instance, the influence of species differences in the relative
distribution of PAR subtypes cannot be excluded. While human platelets express PAR1 and
PAR4, murine platelets by contrast express PAR4 and PAR3 [16], and our present model of
global PAR4 deletion does not allow us to specify the contribution of platelet PAR4 vs.
PAR4 expressed by cardiac cells such as fibroblasts. Assessment of the platelet marker
glycoprotein VI in murine LV lysates, however, showed comparably low, barely detectable,
expression in all groups (data not shown), so the observed effects are likely to arise primarily
from the lack of PARA4 in the heart, rather than on platelets. A further limitation of our study
is the use of human atrial tissue to extrapolate our findings from murine LV to the diseased
human heart, in the absence of available ventricular myocardial specimen. Ventricular and
atrial remodeling differ quantitatively and qualitatively in many aspects [23], so the atrial
appendage will not reflect all relevant mechanisms involved in diabetic cardiomyopathy
which affects mainly the ventricular myocardium. However, the activation of the NLRP3
inflammasome appears to be one pathway that is common to remodeling of both atrial and
ventricular myocardium [8, 33].

Our findings establish PAR4 thrombin receptors as relevant drivers of canonical NLRP3
inflammasome-dependent cytokine production and release in the diabetic heart, with cardiac
fibroblasts likely to contribute substantially to PAR4-mediated sterile inflammatory
signaling. A simplified schematic of our working model is provided in Fig. 11. How
thrombin-derived peptides such as TP508, which signal independently of PAR, fit into this
context is not known but warrants further study, given their prominent wound-healing effects
in the settings of diabetes and ischemia [6, 15, 53]. We provide a mechanistic explanation
for the chronic low-grade thromboinflammation that accompanies clinical and experimental
metabolic disease [2, 4, 5, 7, 17, 27-29, 43, 45, 54], and for the protective effects of
thrombin inhibition in experimental diabetic cardiomyopathy [3, 4]. The strong bleeding
side effects of the direct thrombin inhibitors will limit their use to patients with a clear
indication for anticoagulation, but the emerging PAR4-selective antagonists [59, 60] may
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provide a feasible alternative approach to blunt aberrant inflammatory signaling in the hearts
of patients with diabetes and obesity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

HIgD upregulates cardiac PAR4. a PAR1, b PAR2 and c PAR4 protein expression,
normalized to y-tubulin, and d PARL (F2r), PAR2 (F2rl/1) and PAR4 (F2r/3) mRNA
expression, normalized to ribosomal 18S, in LV lysates of wild-type (WT) mice fed HFD or
standard chow for 8 weeks (7= 6 each). Data show mean + SD, relative to chow. *P< 0.05
vs. chow
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HFD does not significantly increase TNFa. a Expression of TNFa protein, normalized to y-
tubulin, and b 7nfamRNA, normalized to ribosomal 18S, in LV lysates of wild-type (WT)

mice fed an HFD or standard chow for 8 weeks (n7= 6 each). Data show mean + SD, relative
to chow. *P< 0.05 vs. chow
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Fig. 3.
HFD does not affect NLRP3 or ASC transcriptional priming. a Expression of NLRP3

protein, normalized to -y-tubulin, and b AM/rp3 mRNA, normalized to ribosomal 18S, and ¢
expression of ASC protein and d Pycard (ASC) mRNA, in LV lysates of wild-type (WT)
mice fed an HFD or standard chow for 8 weeks (7= 6 each). Data show mean + SD, relative
to chow. *P < 0.05 vs. chow
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Fig. 4.
HFD drives caspase-1 expression and activation in mouse LV. a Abundance of pro-caspase-1

(p45) and cleaved caspase-1 (p37, p20, p10), in LV lysates of wild-type (WT) mice fed an
HFD or standard chow for 8 weeks (/7= 6 each). Protein expression is normalized to y-
tubulin. Data show mean + SD, relative to chow. *~ < 0.05 vs. chow
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HFD augments IL-1p and gasdermin D activation in mouse LV. a Abundance of pro-IL-1p
and mature IL-1, and b full-length (FL) and N-terminal (Nt) gasdermin D (GSDMD), in
LV lysates of wild-type (WT) mice fed an HFD or standard chow for 8 weeks (/7= 6 each).
Protein expression is normalized to y-tubulin. Data show mean + SD, relative to chow. *P<

0.05 vs. chow
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HFD does not activate non-canonical inflammasome pathways. a Abundance of pro-
caspase-11 and cleaved caspase-11, in LV lysates of wild-type (WT) mice fed an HFD or
standard chow for 8 weeks (7= 6 each). Protein expression is normalized to y-tubulin. Data
show mean + SD, relative to chow. *P < 0.05 vs. chow
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PA?R4-deficiency blunts caspase-1 activation in LV of HFD-fed mice. a Ratios of cleaved
(active) caspase-1 (p20) to procaspase-1 (p45), b mature IL-1p to pro-1L-f, and c pore-
forming N-terminal (Nt) to full-length (FI) GSDMD in LV lysates of WT and PAR4™~ mice
fed an HFD for 8 weeks (/7= 6 each). Protein expression is normalized to -y-tubulin. Data
show mean + SD, relative to WT. *£<0.05 vs. WT
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Type 2 diabetes increases PAR4 expression in human atrial tissue. a PARL, b PAR2 and ¢

PARA4 protein expression, normalized to -y-tubulin, in lysates of right atrial appendages from
non-diabetic control patients (Ctl, 7= 13) and patients with type 2 diabetes mellitus (DM, n
= 15). Data show mean * SD, relative to Ctl. *£< 0.05 vs. Ctl
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Fig. 9.

Tygpe 2 diabetes increases caspase-1 activation in human atrial tissue. a Ratios of active
caspase-1 (p20) to pro-caspase-1 (p45), b mature IL-1f to pro-IL-p, and ¢ pore-forming N-
terminal (Nt) to full-length (FI) GSDMD, in lysates of right atrial appendages from non-
diabetic control patients (Ctl, 7= 13) and patients with type 2 diabetes mellitus (DM, n=
15). Data show mean + SD, relative to Ctl. *~< 0.05 vs. Ctl. d Correlation between
abundance of PAR4/y-tubulin and ratio of caspase-1/pro-caspase-1, e ratio of IL-1p/pro-
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IL-1B and f ratio of GDSMD-Nt/full-length GSDMD, in human right atrial appendages (7=
28). r=Pearson’s coefficient of correlation (95% confidence interval)
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PAR4 mediates thrombin-stimulated IL-1p secretion from human cardiac fibroblasts. a
PAR1, PAR2 and PAR4 protein expression, normalized to y-tubulin, in whole cell lysates of
human ventricular fibroblasts maintained under low glucose (LG, 5.5 mmol/L) or high
glucose (HG, 25 mmol/L) conditions (7= 3 individual experiments). b //Z6 mRNA

expression and c IL-1p secretion determined in HG-fibroblast cultures stimulated with

thrombin (Thr, 3 U/mL) + ML354 (PAR4 inhibitor, 200 nmol/L) for 24 h (7= 3 individual
experiments). Data show mean + SD, relative to control (Ctl). *£< 0.05 vs. corresponding

LG, Ctlor Thr
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Fig. 11.
Working model of PAR4-mediated cardiac inflammation. Metabolic disorders such as

visceral adiposity and diabetes augment signals in the heart that (1) support NFkB-
dependent transcriptional priming of pro-caspase-1 and pro-I1L-1p, and (2) trigger NLRP3
inflammasome assembly and caspase-1 activation, leading to IL-1p maturation and secretion
through the gasdermin D pore. A hypercoaguable state with increased thrombin generation
together with upregulated PAR4 in diabetes contribute to caspase-1-dependent inflammatory
signaling in the heart, originating at least in part in cardiac fibroblasts. PAR1 and PAR2,
which are also activated by thrombin (PAR2 at supraphysiological levels only [36]) but
which are not upregulated in the diabetic heart, might also contribute
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Patient characteristics

Characteristics Control Diabetes
Patients, 7 13 15

Male gender, 77 (%) 7 (54) 9 (60)
Age (years), mean + SD 72+7 70+6
BMI (kg/m?), mean + SD 25+2 U3
CAD, 1 (%) 23 (0) 4(27)
AVDIMVD, 11(%) 5 (38) 7(47)
CAD + AVD/MVD, (%) 5 (38) 4(27)
Hypertension, 77 (%) 10 (77) 10 (67)
Hyperlipidemia, 77 (%) 7 (54) 13 (87)*
Smoker—current or ex, 77 (%) 4 (31) 6 (40)
Previous MI, (%) 3(23) 0 (0)

LV hypertrophy, n (%) 5 (38) 5(33)
LVEF (%), mean + SD¥ 5711 58+9
LA diameter (mm), mean SD§§ 47+13 44+10
Antidiabetic drugs, 7 (%)# 00 15 (100) *
ACEI/ARB, 1 (%) 11 (85) 12 (80)
Beta blockers, 7 (%) 6 (46) 10 (67)
Calcium channel blockers, 7(%) 0 (0) 1(6)
Digitalis, 77 (%) 0(0) 1(6)
Diuretics, 77 (%) 6 (46) 10 (67)
Lipid-lowering drugs, 7 (%) 7 (54) 10 (67)
Oral anticoagulants, 7 (%) 1(7) 3 (20)
Platelet inhibitors, 77 (%) 8 (62) 9 (60)
CRP (mg/dL), mean + SD 0.57+05 0.56+0.5
Leukocytes (/nL), mean + SD 78+13 8727

Wilcoxon rank sum test used for continuous variables. Fisher’s exact test used for categorical values

Table 1

Page 27

ACE/ angiotensin-converting enzyme inhibitors, AF atrial fibrillation, ARB angiotensin receptor blockers, AVD aortic valve disease, BM/body

mass index, CAD coronary artery disease, CRP C-reactive protein, £Fejection fraction, LA left atrial, LV left ventricular, M/ myocardial

infarction, MVD mitral valve disease, SD standard deviation

P<0.05

#Insulin and/or metformin and/or sitagliptin, glibenclamide or dapagliflozin

§Data missing from /7= 2 control and /7= 2 diabetes patients

§§Data missing from 7= 4 control and 7= 6 diabetes patients
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