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ABSTRACT  26 

BACKGROUND: Mechanical stress on the heart, such as high blood pressure, initiates 27 

inflammation and causes hypertrophic heart disease. However, the regulatory mechanism of 28 

inflammation and its role in the stressed heart remain unclear. Interleukin (IL)-1β is a 29 

proinflammatory cytokine that causes cardiac hypertrophy and heart failure. Here we show that 30 

neural signals activate the NLRP3 inflammasome for IL-1β production to induce adaptive 31 

hypertrophy in the stressed heart. 32 

METHODS: C57BL/6 mice, knockout mouse strains for NLRP3 and P2RX7, and adrenergic 33 

neuron-specific knockout mice for SLC17A9, a secretory vesicle protein responsible for the 34 

storage and release of adenosine triphosphate (ATP), were used for analysis. Pressure overload 35 

was induced by transverse aortic constriction. Various animal models were used including 36 

pharmacological treatment with apyrase, lipopolysaccharide, 2’(3’)-O-(4-benzoylbenzoyl)-ATP, 37 

MCC950, anti-IL-1β antibodies, clonidine, pseudoephedrine, isoproterenol, and bisoprolol, left 38 

stellate ganglionectomy, and ablation of cardiac afferent nerves with capsaicin. Cardiac function 39 

and morphology, gene expression, myocardial IL-1β and caspase-1 activity, and extracellular 40 

ATP level were assessed. In vitro experiments were performed using primary cardiomyocytes 41 

and fibroblasts from rat neonates and human microvascular endothelial cell line. Cell surface 42 

area and proliferation were assessed.  43 

RESULTS: Genetic disruption of NLRP3 resulted in significant loss of IL-1β production, 44 

cardiac hypertrophy, and contractile function during pressure overload. A bone marrow 45 

transplantation experiment revealed an essential role of NLRP3 in cardiac non-immune cells in 46 

myocardial IL-1β production and cardiac phenotype. Pharmacological depletion of extracellular 47 

ATP or genetic disruption of the P2X7 receptor suppressed myocardial NLRP3 inflammasome 48 
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activity during pressure overload, indicating an important role of ATP/P2X7 axis in cardiac 49 

inflammation and hypertrophy. Extracellular ATP induced hypertrophic changes of cardiac cells 50 

in an NLRP3 and IL-1β-dependent manner in vitro. Manipulation of the sympathetic nervous 51 

system suggested sympathetic efferent nerves as the main source of extracellular ATP. Depletion 52 

of ATP release from sympathetic efferent nerves, ablation of cardiac afferent nerves, or a 53 

lipophilic β-blocker reduced cardiac extracellular ATP level, and inhibited NLRP3 54 

inflammasome activation, IL-1β production, and adaptive cardiac hypertrophy during pressure 55 

overload. 56 

CONCLUSIONS: Cardiac inflammation and hypertrophy are regulated by heart-brain 57 

interaction. Controlling neural signals might be important for the treatment of hypertensive heart 58 

disease.  59 

  60 
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Clinical Perspective:  61 

What Is New? 62 

⚫ The nervous system controls cardiac inflammation and hypertrophy during pressure 63 

overload through NOD-like receptor pyrin domain-containing protein 3 inflammasome 64 

activation. 65 

⚫ Extracellular adenosine triphosphate released from sympathetic efferent nerve terminals 66 

activates the NOD-like receptor pyrin domain-containing protein 3 inflammasome in cardiac 67 

non-immune cells through stimulation of the P2X7 purinergic receptor. 68 

⚫ Pressure overload is sensed by cardiac afferent nerves to activate sympathetic efferent nerves 69 

for adenosine triphosphate release. 70 

What Are the Clinical Implications? 71 

⚫ Controlling neural signals might have therapeutic potential for the treatment of hypertensive 72 

heart disease.  73 

⚫ Lipophilic β-adrenergic receptor blockers might act on the brain, as well as on the heart, to 74 

inhibit signals of the sympathetic nervous system and cardiac inflammation with its ability to 75 

cross the blood-brain barrier. 76 

⚫ Our mechanism might link psychological distress to heart disease. 77 

  78 
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INTRODUCTION 79 

Cardiac hypertrophy occurs as an adaptive response to pathological stimuli to maintain cardiac 80 

function through reduction in wall stress and energy expenditure.1 However, persistent stress 81 

responses lead to contractile dysfunction and heart failure.2 Although inflammation is involved in 82 

these processes,3 very little is known about the mechanism that controls cardiac inflammation 83 

and hypertrophy.  84 

  Inflammation is a complex process in which both immune cells and non-immune cells 85 

are involved. Proinflammatory cytokines, including interleukin (IL)-1β, IL-6, and tumor necrosis 86 

factor-α (TNF-α), induce cellular responses, such as cardiomyocyte hypertrophy, and fibroblast 87 

and immune cell activation, that lead to cardiac hypertrophy and heart failure.3 It has been 88 

reported that non-immune cells, including cardiomyocytes, initiate inflammation by recognizing 89 

the endogenous molecules termed danger-associated molecular patterns (DAMPs) in the stressed 90 

heart, such as heat shock proteins and mitochondrial DNA, through innate immune receptors 91 

such as Toll-like receptors (TLRs).4,5 Innate immune receptor signaling activates the 92 

transcription factor nuclear factor-kappa B (NF-κB) for the expression of proinflammatory 93 

cytokines, which activate NF-κB again via their receptors in an autocrine and paracrine manner 94 

for further inflammatory responses.6 Immune cells such as macrophages and lymphocytes 95 

interact with proinflammatory cytokines to modulate their expression pattern.7-9  96 

The nucleotide-binding domain, leucine-rich-containing family, pyrin domain-97 

containing 3 (NLRP3) inflammasome is a cytosolic multiprotein complex that mediates active 98 

IL-1β production.10 IL-1β is a proinflammatory cytokine that is critically involved in the 99 

pathophysiology of hypertrophic heart disease.4,11 This complex consists of the Nod-like receptor 100 

family protein NLRP3, the apoptosis-associated speck-like protein containing a C-terminal 101 
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caspase recruitment domain (ASC), and procaspase-1. These components are upregulated 102 

through the activation of NF-κB, which is called NLRP3 inflammasome priming. Upon 103 

activation of NLRP3 by exogenous pathogens or endogenous danger signals, procaspase-1 is 104 

cleaved into 10kDa and 20kDa subunits to form the active enzyme, caspase-1. Subsequently, 105 

caspase-1 cleaves inactive pro-IL-1β into active IL-1β. Although the NLRP3 inflammasome in 106 

immune cells and non-immune cells has been implicated in cardiovascular stress and disease,9,12-107 

17 how it is activated and contributes to cardiac hypertrophy remain poorly understood.  108 

 Here we show that neural signals contribute to NLRP3 inflammasome activation in 109 

cardiac non-immune cells, which initiates inflammation and the adaptive programs in the 110 

stressed heart through IL-1β production. We find that pressure overload to the left ventricle 111 

activates sympathetic efferent nerves (SENs) to secrete extracellular adenosine triphosphate 112 

(ATP). Extracellular ATP stimulates the P2X7 purinergic receptor for NLRP3 inflammasome 113 

activation in cardiomyocytes, fibroblasts, and vascular endothelial cells. This mechanism is 114 

essential for IL-1β production, which causes cardiac adaptive hypertrophy in response to 115 

mechanical stress. We also demonstrate that cardiac afferent nerve signals contribute to ATP 116 

secretion from SEN terminals. These data collectively reveal that cardiac inflammation and 117 

hypertrophy are controlled via heart-brain interaction.  118 

 119 

METHODS 120 

For detailed description of Methods, please see the Supplemental Material. The data that support 121 

the findings of this study are available from the corresponding author upon reasonable request.  122 

 123 

Animal Study 124 
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All experiments were approved by the University of Tokyo Ethics Committee for Animal 125 

Experiments, and strictly adhered to the guidelines for animal experiments of the University of 126 

Tokyo. Eight- to 12-week-old male mice were used. Wild-type C57BL/6 mice were purchased 127 

from Takasugi Experimental Animal Supply (Saitama, Japan). Nlrp3-/- mice were provided by the 128 

laboratory of Dr. Jurg Tschopp (The University of Lausanne, Switzerland).18 P2rx7-/- and 129 

Slc17a9flox/flox mice were purchased from the Jackson Laboratory (Maine, USA). DBH-Cre mice 130 

were provided by RIKEN BRC through the National Bio-Resource Project of MEXT, Japan 131 

(Tsukuba, Japan).19 132 

 Pressure overload was induced by transverse aortic constriction (TAC) as described 133 

previously.4 Apyrase (4 units, Sigma, St. Louis, Missouri, USA), lipopolysaccharide (LPS) 134 

(2mg/kg, InvivoGen, San Diego, California, USA), 2'(3')-O-(4-benzoylbenzoyl)-ATP (BzATP) 135 

(5mg/kg, Sigma), MCC950 (10mg/kg, Selleck Chemicals, Houston, Texas, USA),  and clonidine 136 

(10μg/kg, Sigma) were injected intraperitoneally daily. Anti-IL-1 antibody or control antibody 137 

(100μg per mouse, R&D Systems, Minneapolis, Minnesota, USA) was injected intravenously. 138 

Pseudoephedrine (20mg/kg/day, Ieda Chemicals, Tokyo, Japan) and bisoprolol hemifumarate 139 

(5mg/kg/day, Tokyo Chemical Industry, Tokyo, Japan) were orally administered to mice by 140 

gavage daily. Isoproterenol (Sigma-Aldrich, St. Louis, Missouri, USA) was administered to mice 141 

via an osmotic minipump (30mg/kg/day, ALZET mini-osmotic pump, DURECT Corporation, 142 

Cupertino, California, USA). Left stellate ganglionectomy was performed just before TAC or 143 

sham operation.20 To ablate primary afferent neurons, subepicardial injection of capsaicin 144 

(50mg/ml, Sigma) dissolved in olive oil (Wako, Osaka, Japan) was performed at 2 weeks before 145 

induction of TAC.21 146 

 147 
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Human Samples 148 

The use of previously obtained human heart biopsy samples from heart failure patients for daily 149 

practice was approved by the Institutional Review Board of the University of Tokyo Hospital, 150 

and consent was obtained from all subjects. These samples were fixed in 10% formalin and 151 

embedded in paraffin. 152 

 153 

Statistical Analyses 154 

Statistical analyses were performed with EZR (Saitama Medical Center, Jichi Medical 155 

University, Saitama, Japan), which is a graphical user interface for R (The R Foundation for 156 

Statistical Computing, Vienna, Austria).22 Differences in means between two groups were 157 

analyzed by unpaired two-tailed t-test. More than two groups were compared using one-way 158 

analysis of variance (ANOVA) followed by Holm test or Dunnett’s test for multiple comparison. 159 

The Kaplan-Meier method with log-rank test was used for survival analysis. Values of P<0.05 160 

were considered statistically significant. 161 

 162 

RESULTS  163 

The NLRP3 Inflammasome Is Activated in the Stressed Heart 164 

To investigate the involvement of the NLRP3 inflammasome in hypertrophic heart disease, we 165 

first examined gene and protein expression of NLRP3 inflammasome components and IL-1β, 166 

and caspase-1 activity and cleavage in myocardial tissue. In wild-type mice, NLRP3 mRNA and 167 

protein were upregulated during pressure overload caused by TAC (Figure 1A and Figure S1A 168 

and S1B). Immunohistochemical staining demonstrated that NLRP3 is heterogeneously 169 

expressed in both cardiomyocytes and non-cardiomyocytes in the murine pressure-overloaded 170 
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heart and the human failing heart (Figure 1B). Gene and protein expression levels of other 171 

inflammasome components, such as ASC and procaspase-1, and pro-IL-1β were also upregulated 172 

in the pressure-overloaded heart, indicating activation of priming signals (Figure S1). Caspase-1 173 

activity and cleaved caspase-1 level were increased during pressure overload and peaked at day 174 

14 after TAC (Figure 1C and Figure S1B). Protein expression of IL-1β was significantly 175 

increased during the adaptive hypertrophic phase until day 14 after TAC (Figure 1D). These 176 

results indicate that the NLRP3 inflammasome is activated in the stressed heart, especially 177 

during the adaptive hypertrophic phase.  178 

 179 

Genetic Disruption of NLRP3 Inhibits IL-1β Production and Adaptive Cardiac 180 

Hypertrophy 181 

To examine the role of the NLRP3 inflammasome in hypertrophic heart disease, we induced 182 

pressure overload by TAC in Nlrp3+/+ and Nlrp3-/- mice.18 We confirmed deletion of NLRP3 183 

protein in hearts from Nlrp3-/- mice by Western blot analysis (Figure S2A). In the absence of 184 

pressure overload, cardiac function and morphology did not differ between Nlrp3+/+ and Nlrp3-/- 185 

mice (Figure 1E and 1F and Figure S2B). In Nlrp3+/+ mice, pressure overload induced cardiac 186 

hypertrophy with preserved contractile function until day 14 (adaptive phase) and heart failure at 187 

day 28 after TAC (Figure 1E and Figure S2B). On the other hand, Nlrp3-/- hearts showed 188 

attenuated cardiac hypertrophy, but greater left ventricular dilation with impaired contractile 189 

function compared with Nlrp3+/+ hearts in the adaptive phase after TAC (Figure 1E and Figure 190 

S2B). In the heart-failure phase, cardiac function and chamber size were similar between 191 

Nlrp3+/+ and Nlrp3-/- hearts, whereas cardiac hypertrophy remained attenuated in Nlrp3-/- hearts 192 

(Figure 1E). Histological assessment demonstrated significantly smaller cardiomyocytes, and 193 
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reduced cardiac fibrosis and macrophage infiltration in Nlrp3-/- hearts compared with Nlrp3+/+ 194 

hearts during pressure overload (Figure 1F and Figure S2C-S2F). In the adaptive phase, 195 

angiogenesis was suppressed in Nlrp3-/- hearts (Figure 1F and Figure S2F). Mortality after TAC 196 

was higher in Nlrp3-/- mice than in Nlrp3+/+ mice (Figure 1G), whereas all sham-operated 197 

Nlrp3+/+ and Nlrp3-/- mice survived (n=8 for each). All deaths of Nlrp3-/- mice were observed in 198 

the adaptive phase. Hemodynamic measurement revealed higher left ventricle end-diastolic 199 

pressure (LVEDP) and smaller absolute values of maximum and minimum dp/dt in Nlrp3-/- mice 200 

than in Nlrp3+/+ mice after 14 days of pressure overload, while blood pressure in the ascending 201 

aorta was similar between these mice (Figure 1H). There were no significant differences in 202 

hemodynamic parameters between Nlrp3+/+ and Nlrp3-/- mice at 28 days after TAC or sham 203 

operation (Figure S2G). Collectively, these results indicate that genetic disruption of NLRP3 204 

prevented pathological cardiac remodeling, but might have impaired cardiac adaptative response 205 

to pressure overload.  206 

Consistently, at 14 days after TAC, the mRNA levels of hypertrophic marker genes 207 

(Nppa and Myh7), a fibrosis-related gene (Col1a1), an angiogenesis-related gene (Vegfa), and 208 

inflammation-related genes (Il1b, Il6, Tnfa, and Mcp1) were upregulated in wild-type hearts, 209 

whereas they were suppressed in Nlrp3-/- hearts (Figure 2A). Caspase-1 activity and cleaved 210 

caspase-1 and IL-1β levels were lower in Nlrp3-/- hearts than in wild-type hearts (Figure 2B-2D). 211 

Mitochondrial dysfunction is one of the characteristics of failing cardiomyocytes. To examine 212 

mitochondrial function, we assessed mitochondrial DNA (mtDNA) content and oxidative 213 

damage and expression levels of genes associated with mitochondrial oxidative phosphorylation 214 

(OXPHOS) in the heart (Figure 2E and Figure S3).23 While Nlrp3+/+ failing hearts showed the 215 

decrease in mtDNA content and expression levels of some of OXPHOS genes and the increase in 216 
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mtDNA oxidative damage, no significant changes in these indicators of mitochondrial function 217 

were observed in Nlrp3-/- hearts during pressure overload. These results indicate that 218 

mitochondrial function during pressure overload was not impaired in Nlrp3-/- hearts. Thus, 219 

contractile dysfunction in Nlrp3-/- mice during pressure overload might not be due to 220 

pathological changes of cardiomyocytes, but be due to insufficient hemodynamic adaptation to 221 

pressure overload. 222 

To dissect the role of NLRP3 in immune cells from that in non-immune cells, we 223 

performed bone marrow transplantation experiment (Figures 2F and 2G and Figure S4). 224 

Caspase-1 activation and IL-1β production in the heart did not differ between wild-type mice 225 

transplanted with Nlrp3+/+ and Nlrp3-/- bone marrow during pressure overload (Figure 2F and 2G 226 

and Figure S4A). Both mice showed cardiac hypertrophy with preserved contractile function 227 

after 14 days of TAC to a similar extent (Figure S4B and S4C). Consistently, cardiomyocyte 228 

hypertrophy, fibrosis, macrophage infiltration, and angiogenesis in pressure-overloaded hearts 229 

were similar between wild-type mice with Nlrp3+/+ and Nlrp3-/- bone marrow (Figure S4D-S4G). 230 

No significant differences in hemodynamic parameters were observed between these mice 231 

(Figure S4H). Collectively, these data indicate that NLRP3 inflammasome activation in cardiac 232 

non-immune cells initiates inflammation and adaptive cardiac hypertrophy in response to 233 

pressure overload.  234 

 235 

ATP/P2X7 Axis Contributes to NLRP3 Inflammasome Activation and Cardiac 236 

Hypertrophy During Pressure Overload 237 

Three models of NLRP3 inflammasome activation have been widely suggested: potassium efflux 238 

via the P2X7 purinergic receptor stimulated by extracellular ATP, reactive oxygen species 239 
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(ROS)-dependent dissociation of thioredoxin-interacting protein (TXNIP) from thioredoxin, and 240 

cathepsin B release through lysosomal rupture due to mechanical insult by crystalline ligands.24  241 

We focused on the first mechanism because during pressure overload, TXNIP level was not 242 

upregulated in the heart (Figure S5A) and crystalline ligands are considered not to be produced.  243 

 To investigate the involvement of extracellular ATP and the P2X7 receptor in NLRP3 244 

inflammasome activation and cardiac hypertrophy, we induced pressure overload in wild-type 245 

mice treated with an ATP diphosphohydrolase, apyrase,25 and P2rx7-/- mice. In these mice, 246 

caspase-1 activation and IL-1β production were suppressed during pressure overload compared 247 

with wild-type mice treated with vehicle or P2rx7+/+ mice (Figure 3A-3D and Figure S5B and 248 

S5C). We also found attenuated cardiac hypertrophy, greater ventricular dilation and contractile 249 

dysfunction with smaller cardiomyocytes, reduced cardiac fibrosis and macrophage infiltration, 250 

and lower capillary density in these mice compared with control mice on day 14 after TAC 251 

(Figure 3E and 3F and Figure S5D, S5E, and S6A-S6H). Hemodynamic measurement showed 252 

that apyrase treatment or genetic disruption of the P2X7 receptor led to higher LVEDP and 253 

smaller maximum dp/dt in pressure-overloaded hearts without affecting blood pressure in the 254 

ascending aorta (Figure S6I and S6J). These data indicate that extracellular ATP and the P2X7 255 

receptor are required for NLRP3 inflammasome activation and adaptive cardiac hypertrophy in 256 

response to pressure overload. 257 

 258 

Role of ATP/P2X7 Axis in the Heart 259 

To clarify the role of the ATP/P2X7 axis and the NLRP3 inflammasome in cardiac cells, we 260 

assessed their impact on cardiomyocyte hypertrophy and proliferation of fibroblasts and vascular 261 

endothelial cells, which are important processes in cardiac hypertrophy.2,4 We have previously 262 
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shown that TLR2 signaling is essential for IL-1β mRNA production in the stressed heart.4 A 263 

specific ligand for TLR2, Pam3CSK4,4 induced cardiomyocyte hypertrophy and proliferation of 264 

fibroblasts and vascular endothelial cells (Figure 3G-3I). Treatment with ATP in combination 265 

with Pam3CSK4 resulted in further hypertrophy and proliferation. Pharmacological inhibition of 266 

the P2X7 receptor, Nlrp3 knockdown, or anti-IL-1β neutralization antibody treatment inhibited 267 

the synergistic effects of ATP and Pam3CSK4 on cardiomyocytes, fibroblasts, and vascular 268 

endothelial cells (Figure 3G-3I and Figure S7). These data indicate that the ATP/P2X7 axis 269 

contributes to hypertrophic responses of cardiac cells through the NLRP3 inflammasome 270 

activation and IL-1β production. 271 

 We next examined whether activation of the P2X7 receptor, with or without an 272 

inflammasome priming signal, induces cardiac hypertrophy in vivo. Wild-type mice treated with 273 

a combination of BzATP, a P2X7 receptor agonist, and LPS, a ligand of TLR4, for 14 days 274 

showed cardiac hypertrophy and increased myocardial caspase-1 activity and IL-1β level with 275 

preserved systolic function and chamber size, compared with those treated with vehicle (Figure 276 

S8A-S8C). Histological assessment demonstrated cardiomyocyte hypertrophy and augmented 277 

interstitial fibrosis in wild-type mice treated with the combination (Figure S8D-S8F), which was 278 

confirmed by the increase in expression levels of Myh7 and Col1a1(Figure S8G-S8I). At our 279 

dose, BzATP or LPS alone did not induce cardiac hypertrophy (Figure S8A). Treatment with 280 

BzATP alone increased myocardial caspase-1 activity, but to a lesser extent than the combination 281 

treatment, which did not lead to IL-1β production (Figure S8B and S8C). Treatment with 282 

MCC950, a potent and specific NLRP3 inhibitor, or anti-IL-1β antibodies inhibited caspase-1 283 

activation, IL-1β production, and cardiac hypertrophy without affecting systolic function or 284 

chamber size in wild-type mice treated with the combination of BzATP and LPS, compared with 285 
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control treatment (Figure S8A-S8I). Blood pressure was not affected by these treatments (Figure 286 

S8J). The P2X7 receptor has been implicated in cardiomyocyte hypertrophy and cellular survival 287 

through NLRP3 inflammasome-independent mechanisms.26 Our data suggest that P2X7 receptor 288 

signaling might regulate cardiac hypertrophic changes in vivo mainly through the NLRP3 289 

inflammasome activation and IL-1β production, rather than through NLRP3 inflammasome-290 

independent mechanisms. In addition, IL-1β might affect myocardial caspase-1 activity in a 291 

positive-feedback manner through NF-κB activation.  292 

 293 

SENs Release ATP for NLRP3 Inflammasome Activation 294 

To examine the dynamics of extracellular ATP during pressure overload, we measured its 295 

concentration in the heart with an ATP-sensing electrode (Figure 4A and Figure S9A).27 We 296 

found that extracellular ATP was increased in wild-type hearts on day 14 after TAC compared 297 

with sham-operated mice, whereas apyrase treatment reduced its concentration (Figure 4B and 298 

Figure S9B-S9D). We also visualized extracellular ATP in vivo by expressing the engineered 299 

firefly luciferase, called pmeLUC, which localizes to the outer aspect of the plasma membrane 300 

with the catalytic site facing the extracellular environment,28  in cardiomyocytes through the use 301 

of adeno-associated virus, and confirmed the increase of extracellular ATP by pressure overload 302 

(Figures 4C-4F). As a danger signal, ATP is released by necrotic or apoptotic cells in damaged 303 

organs. In the pressure-overloaded heart, however, massive cell death does not occur; thus, 304 

extracellular ATP may be released by active transport from living cells. It is reported that cardiac 305 

cells can release ATP only below a physiologically active concentration.29 Because ATP is a 306 

neurotransmitter and is secreted from nerve terminals,30 we hypothesized that the autonomic 307 

nervous system may be the main source of extracellular ATP for NLRP3 inflammasome 308 
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activation in the heart during pressure overload.  309 

 We first examined the role of the sympathetic nervous system (SNS), which innervates 310 

the left ventricle more abundantly than does the parasympathetic nervous system, in ATP release 311 

and NLRP3 inflammasome activation in the pressure-overloaded heart.31 Immunohistochemistry 312 

confirmed the presence of catecholaminergic nerve fibers in the epicardial nerve bundles around 313 

the left ventricle (Figure 4G). No significant difference in total areas of epicardial 314 

catecholaminergic nerve fibers was observed between sham-operated and TAC-operated hearts at 315 

day 14 after the operations. We measured extracellular ATP level in the left ventricle of wild-type 316 

mice treated with ablation of the left stellate ganglion,20 the main source of the SEN terminals in 317 

the left ventricle, and clonidine, a SNS suppressant through stimulation of the α2-adrenergic 318 

receptor in the central nervous system (CNS). In these mice, extracellular ATP level during 319 

pressure overload was suppressed compared with wild-type mice without any treatment (Figure 320 

4B and Figure S9E and S9F). In addition, these mice showed impairment of the cardiac adaptive 321 

response to pressure overload, with suppressed caspase-1 activation and IL-1β production, while 322 

systolic blood pressure was not affected by ablation of the left stellate ganglionectomy or 323 

clonidine treatment (Figure 4H-4K and Figure S10 and S11). These data indicate that SEN 324 

signals to the heart are required for the increase of extracellular ATP level and NLRP3 325 

inflammasome activation to induce cardiac adaptive hypertrophy during pressure overload. In 326 

addition, it is suggested that the CNS is involved in this mechanism.  327 

 Next, we investigated whether SNS activation is sufficient for the increase of 328 

extracellular ATP level and NLRP3 inflammasome activation in the heart. Sympathetic activation 329 

by pseudoephedrine increased extracellular ATP level and caspase-1 activity in wild-type hearts 330 

(Figure 4B and 4L and Figure S9G and S12A). In pseudoephedrine-treated Nlrp3-/- hearts, 331 
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caspase-1 activation was suppressed compared with that in pseudoephedrine-treated wild-type 332 

hearts (Figure 4L and Figure S12A). We didn’t find significant differences in systolic blood 333 

pressure and heart rate between pseudoephedrine-treated Nlrp3+/+ and Nlrp3-/- mice, while 334 

pseudoephedrine slightly increased systolic blood pressure in these mice compared with vehicle 335 

(Figure S12B and S12C). Thus, sympathetic activation induces extracellular ATP release and 336 

NLRP3 inflammasome-dependent caspase-1 activation in the heart. 337 

 At our dose, pseudoephedrine did not induce IL-1β production and cardiac hypertrophy 338 

in both wild-type and Nlrp3-/- mice, although pseudoephedrine slightly increased macrophage 339 

infiltration (Figure 4L and Figure S12D-S12I). These findings suggest that NLRP3 340 

inflammasome activation by the SNS alone might not be sufficient for IL-1β production. Other 341 

signaling pathways such as TLR signaling, which upregulates IL-1β mRNA, might be necessary 342 

for IL-1β production and cardiac hypertrophy.  343 

 We next investigated the impact of adrenergic signals on extracellular ATP level and 344 

NLRP3 inflammasome activation in the heart. Infusion of isoproterenol, a β-adrenergic receptor 345 

agonist, induced cardiac hypertrophy with fibrosis, macrophage infiltration and angiogenesis in 346 

both wild-type and Nlrp3-/- mice (Figure 4M and Figure S13A-S13F). No significant differences 347 

in systolic blood pressure and heart rate were observed between isoproterenol-treated Nlrp3+/+ 348 

and Nlrp3-/- mice, while isoproterenol slightly increased systolic blood pressure and heart rate 349 

compared with vehicle (Figure S13G and S13H). Norepinephrine, a main neurotransmitter of the 350 

SENs, induced cardiomyocyte hypertrophy and proliferation of cardiac fibroblasts and vascular 351 

endothelial cells in an NLRP3 inflammasome-independent manner in vitro (Figure S14). 352 

Isoproterenol did not significantly increase extracellular ATP level in the heart (Figure 4B and 353 

Figure S9H). Caspase-1 activity and cleaved caspase-1 level were increased in both 354 
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isoproterenol-treated wild-type and Nlrp3-/- mice (Figure 4M and Figure S13I). Interestingly, IL-355 

1β level was not increased in these mice (Figure 4M). Collectively, these data suggest that in the 356 

pressure-overloaded heart, ATP might be released mainly from SEN terminals rather than from 357 

cardiac cells, stimulated by adrenergic signals. In addition, adrenergic signals might be able to 358 

induce caspase-1 activation and cardiac hypertrophy in an NLRP3 inflammasome-independent 359 

manner.  360 

 ATP released from the sympathetic nerve terminals has been reported to modulate 361 

presynaptic norepinephrine release through activation of purinergic receptors.32,33 To examine the 362 

impact of extracellular ATP on presynaptic norepinephrine release and the role of norepinephrine 363 

on NLRP3 inflammasome activation and cardiac phenotype in the pressure-overloaded heart, we 364 

next measured myocardial and plasma norepinephrine levels. We found that pressure overload by 365 

TAC increases myocardial and plasma norepinephrine levels in wild-type mice (Figure S15). No 366 

significant differences in myocardial and plasma norepinephrine levels were detected between 367 

TAC-operated Nlrp3+/+ and Nlrp3-/- mice. Apyrase treatment or genetic disruption of the P2X7 368 

receptor did not affect norepinephrine level in the heart or plasma on day 14 after TAC or sham 369 

operation. We didn’t observe the increase of myocardial norepinephrine level after TAC in wild-370 

type mice treated with ablation of the left stellate ganglion, while this treatment didn’t have an 371 

effect on plasma norepinephrine level, which might reflect the contribution of the left stellate 372 

ganglion to sympathetic innervation in the left ventricle. These data suggest that ATP might 373 

regulate presynaptic norepinephrine release with various positive and negative feedbacks through 374 

purinergic receptors, including P2X and P2Y receptors,32 which might explain why myocardial 375 

norepinephrine level was not altered by ATP depletion or genetic disruption of the P2X7 376 

receptor. In addition, our data indicate that norepinephrine might not contribute to NLRP3 377 
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inflammasome activation and cardiac phenotype in our TAC model. Furthermore, pressure 378 

overload might increase systemic sympathetic neural activity and norepinephrine in the blood, 379 

while the increase of norepinephrine in the pressure-overloaded heart might be attributable 380 

mainly to its release from the SEN terminals in the heart.  381 

 382 

ATP from SENs Is Essential for Cardiac Hypertrophy 383 

Vesicular nucleotide transporter (VNUT; also known as Slc17a9) is a secretory vesicle protein 384 

that is responsible for the storage and release of ATP in neurons.34 To clearly dissect the role of 385 

ATP release from that of norepinephrine release by the SNS in the pressure-overloaded heart, we 386 

crossed mice bearing a Slc17a9flox allele with transgenic mice expressing Cre recombinase under 387 

the control of the dopamine β-hydroxylase (DBH) promoter, in order to generate  388 

Slc17a9flox/flox;DBH-Cre+ (Slc17a9-/-) mice.19 The DBH promoter drives gene expression in 389 

noradrenergic and adrenergic cell groups including postganglionic neurons in the SNS (Figure 390 

5A). In Slc17a9-/- mice, ATP release from SEN terminals is inhibited, whereas norepinephrine 391 

release remains intact. We used Slc17a9flox/flox;DBH-Cre- (Slc17a9+/+) littermates as controls. 392 

Slc17a9-/- mice did not display a cardiac structural or functional deficit at baseline. In Slc17a9-/- 393 

mice, extracellular ATP release, caspase-1 activation and IL-1β production in the heart were 394 

suppressed compared with those in Slc17a9+/+ mice on day 14 after TAC (Figure 4B and 5B-5D 395 

and Figure S9I and S9J). Myocardial and plasma norepinephrine levels were comparable 396 

between Slc17a9+/+ and Slc17a9-/- mice (Figure 5E and 5F). Slc17a9-/- mice showed attenuated 397 

cardiac hypertrophy and contractile dysfunction, with reduced cardiomyocyte hypertrophy, 398 

fibrosis, capillary density and macrophage infiltration compared with Slc17a9+/+ mice, indicating 399 

impairment of the adaptive mechanisms in response to pressure overload (Figure 5G-5L). 400 
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Consistently, higher LVEDP and smaller maximum dp/dt in pressure-overloaded hearts were 401 

observed in Slc17a9-/- mice compared with Slc17a9+/+ mice, although blood pressure in the 402 

ascending aorta was comparable between these mice (Figure 5M). Collectively, SEN signals 403 

directly regulate NLRP3 inflammasome activation and cardiac adaptive hypertrophy through 404 

ATP release.  405 

 406 

Role of Cardiac Afferent Nerves in ATP Release from SENs and NLRP3 Inflammasome 407 

Activation 408 

We next assessed whether afferent input signals from the heart contribute to ATP release from 409 

SENs and NLRP3 inflammasome activation. No significant difference in total areas of epicardial 410 

primary afferent nerve fibers was observed between sham-operated and TAC-operated hearts at 411 

day 14 after the operations (Figure 6A). We treated the heart with capsaicin, an agonist for the 412 

transient receptor potential vanilloid type 1 channel which is predominantly expressed on the 413 

terminals of primary sensory neurons, to ablate afferent nerves from the heart.8,21 Consistently 414 

with the previous reports, immunohistochemical staining confirmed ablation of primary sensory 415 

nerve fibers without depletion of catecholaminergic nerve fibers (Figure 6B). Cardiac function 416 

and morphology did not differ between sham-operated wild-type mice treated with capsaicin or 417 

vehicle (Figures 6C-6H). Capsaicin-treated hearts showed reduced extracellular ATP level and 418 

suppressed caspase-1 activation and IL-1β production during pressure overload compared with 419 

vehicle-treated mice (Figure 4B and 6I-6K and Figure S9K). Ablation of cardiac afferent nerves 420 

attenuated cardiac hypertrophy, but resulted in greater LV dilation and impaired systolic function 421 

with higher LVEDP and smaller absolute values of maximum and minimum dp/dt on day 14 422 

after TAC, while this treatment did not affect systolic blood pressure in the ascending aorta 423 



20/R2 

 

 

 

(Figure 6C, 6D, and 6L). Histological assessment revealed reduced cardiomyocyte hypertrophy, 424 

interstitial fibrosis, capillary density and macrophage infiltration by capsaicin treatment during 425 

pressure overload (Figure 6E-6H). Thus, ablation of cardiac afferent nerves impaired adaptive 426 

cardiac hypertrophy. These data indicate that afferent nerve signals are required for ATP release 427 

from SEN terminals and NLRP3 inflammasome activation for cardiac adaptive hypertrophy 428 

during pressure overload.  429 

 430 

NLRP3 Inflammasome Activity in Isolated Perfused Hearts Ex Vivo 431 

To further examine the significance of neural signals in NLRP3 inflammasome activation in the 432 

pressure-overloaded heart, we performed ex vivo experiment using the Langendorff perfused 433 

heart model.35 In this experimental model, input and output neural signals in the heart are 434 

completely ablated. We found no significant differences in caspase-1 activity and IL-1β 435 

production between hearts with and without pressure overload of approximately 40 mmHg for 60 436 

minutes (Figure S16). Our data suggest that pressure overload itself might not be sufficient for 437 

NLRP3 inflammasome activation and IL-1β production, although our experiment could assess 438 

only short-term responses.  439 

 440 

Bisoprolol Inhibits Extracellular ATP Release and NLRP3 Inflammasome Activation 441 

Lipophilic β-adrenergic receptor blockers are used as standard therapy for cardiac remodeling 442 

and heart failure.36 These drugs can cross the blood-brain barrier. To investigate the impact of 443 

lipophilic β-adrenergic receptor blockers on extracellular ATP release and NLRP3 inflammasome 444 

activation in the heart, we induced pressure overload in wild-type mice treated with a lipophilic 445 

β-adrenergic receptor blocker, bisoprolol, or vehicle. Our tested dose of bisoprolol lowered heart 446 
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rate, but did not change systolic blood pressure in wild-type mice (Figure 7A). We assessed 447 

extracellular ATP levels by using the pmeLUC system, and found that bisoprolol reduced 448 

extracellular ATP in TAC-operated hearts (Figure 7B and 7C). In bisoprolol-treated mice, 449 

caspase-1 activation and IL-1β production were suppressed during pressure overload compared 450 

with vehicle-treated mice (Figure 7D and 7E). We observed attenuated cardiac hypertrophy, 451 

greater ventricular dilation and reduced ejection fraction with smaller cardiomyocytes, reduced 452 

cardiac fibrosis and macrophage infiltration, and lower capillary density in bisoprolol-treated 453 

mice compared with control mice at day 14 after TAC (Figure 7F-7K). Interestingly, ejection 454 

fraction remained above 50% in bisoprolol-treated mice. These results indicate that bisoprolol 455 

ameliorated cardiac inflammation and pathological cardiac remodeling, possibly in part, by 456 

inhibiting extracellular ATP release from the sympathetic nerve terminals, although our tested 457 

dose of bisoprolol suppressed systolic function under persistent pressure overload.  458 

 459 

DISCUSSION 460 

In this study, we demonstrated that neural signals control cardiac inflammation and hypertrophy 461 

through NLRP3 inflammasome activation and IL-1β production during pressure overload (Figure 462 

8). IL-1β is a key proinflammatory cytokine that contributes to the pathophysiology of 463 

hypertrophic heart disease.4,11 Active IL-1β production is tightly controlled in a two-step 464 

process.10 The first step upregulates the inactive precursor, pro-IL-1β, by promoting the 465 

transcription of IL-1β gene. The second step processes pro-IL-1β into active IL-1β by activating 466 

caspase-1. In the heart, the first step is activated by local proinflammatory mechanisms, in which 467 

DAMPs from damaged cardiac cells stimulate innate immune receptors for NF-κB activation in 468 

an autocrine and paracrine manner.4,5 Our data show that the second step is regulated by the 469 



22/R2 

 

 

 

nervous system, including the CNS, through NLRP3 inflammasome activation. Thus, both local 470 

mechanisms and organ communications are necessary for proinflammatory process in the heart. 471 

Together with the previous reports that showed the involvement of the CNS in the 472 

pathophysiology of heart disease,8,21,37 our mechanism might link psychological distress to heart 473 

disease.38 474 

Inflammation is a double-edged sword that has both protective and harmful effects under 475 

various pathological conditions.39,40 In our study, genetic disruption of NLRP3 resulted in 476 

contractile dysfunction and hemodynamic maladaptation with high mortality after TAC, while it 477 

inhibited cardiac hypertrophy and progression of pathological cardiac remodeling during 478 

pressure overload. Recently, NLRP3 inflammasome inhibitors have been suggested to be 479 

effective for the treatment of cardiovascular disease.12,15,41,42 Our findings suggest that similarly 480 

to β-adrenergic receptor blockers, careful titration of NLRP3 inflammasome inhibitors might be 481 

necessary for inhibition of pathological cardiac remodeling without hemodynamic 482 

maladaptation. 483 

 Our results suggest that ATP, rather than norepinephrine, might be the main 484 

neurotransmitter that initiates cardiac inflammation and hypertrophy, at least in the adaptive 485 

phase of pressure overload, although β-adrenergic signals in the heart might have an interaction 486 

with the NLRP3 inflammasome and contribute to pathological cardiac remodeling in both 487 

NLRP3 inflammasome-dependent and -independent manners. Taken together with the data on 488 

bisoprolol-treated mice, lipophilic β-adrenergic receptor blockers, which are used as standard 489 

therapy for cardiac remodeling and heart failure,36 might act on the brain, as well as on the heart, 490 

to inhibit SNS signals and cardiac inflammation with its ability to cross the blood-brain barrier. 491 

Further studies are needed to clarify the cross-talk between NLRP3 inflammasome activation and 492 
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β-adrenergic signals in hypertensive heart disease. 493 

In conclusion, NLRP3 inflammasome activation through heart-brain interaction initiates 494 

cardiac inflammation and hypertrophy during pressure overload. The nervous system could be a 495 

therapeutic target for the treatment of hypertensive heart disease, although fine-tuning might be 496 

necessary. 497 

For a comprehensive discussion of the study, see the Expanded Discussion in the 498 

Supplemental Material. 499 
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FIGURES 691 

 692 

Figure 1. Genetic Disruption of NLRP3 Inhibits Adaptive Cardiac Hypertrophy. 693 

A, Time course of Nlrp3 gene expression during pressure overload in WT mice (n=5 per group). 694 

Quantitative RT-PCR was performed. Expression level of each gene was normalized to that of 695 
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Gapdh. B, Immunohistochemical staining for NLRP3 in wild-type murine heart subjected to 14 696 

days of TAC and in human endomyocardial biopsy sample from heart failure patient. C and D, 697 

Caspase-1 activity (C, n=4 per group) and IL-1β protein level (D, n=5 per group) in pressure-698 

overloaded WT hearts. IL-1β protein was detected by ELISA. Values were normalized to total 699 

protein level. E, Time course of echocardiographic parameters in wild-type (WT) and Nlrp3 700 

knockout (KO) mice during pressure overload (n=5 per group). IVSth, interventricular septum 701 

thickness; LVPWth, left ventricular posterior wall thickness; LVEDd, left ventricle end-diastolic 702 

diameter. F, Histological analysis of cardiomyocyte cross-sectional area (CSA), collagen volume 703 

fraction, macrophage density and capillary density in pressure-overloaded WT and KO hearts 704 

(n=5 per group). G, Survival curve after TAC operation in WT and KO mice (n=20 for WT mice; 705 

n=16 for KO mice). H, Hemodynamic parameters in WT and KO hearts subjected to sham or 14 706 

days of TAC (n=5 per group). BP, blood pressure; LVEDP, left ventricle end-diastolic pressure. P 707 

values were calculated by one-way ANOVA with Dunnett’s test (A, C, and D) or Holm test (E, 708 

F, and H) and Kaplan-Meier method with log-rank test (G). For A, C, and D, *P<0.05 versus 709 

day 0. For E and F, *P<0.05 versus day 0; †P<0.05 versus wild-type mice at the same time 710 

point; ‡P<0.05 versus day 4; §P<0.05 versus day 7; ‖P<0.05 versus day 14. For H, *P<0.05 711 

versus sham. †P<0.05 versus wild-type mice. All error bars represent S.E.M.  712 
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 714 

Figure 2. NLRP3 Inflammasome Activation Contributes to Pathological Cardiac 715 

Remodeling During Pressure Overload. 716 

A, Expression levels of hypertrophic marker genes such as Nppa and Myh7, a fibrosis-related 717 

gene such as Col1a1, an angiogenesis-related gene such as Vegfa, and inflammation-related 718 

genes such as Il6, Mcp1 and Tnfa in wild-type (WT) and Nlrp3 knockout (KO) hearts. Mice were 719 
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subjected to sham or 14 days of TAC (n=5 per group). Expression level of each gene was 720 

determined by quantitative RT-PCR, and normalized to that of Gapdh. B, Caspase-1 activity with 721 

and without a specific caspase-1 inhibitor in pressure-overloaded hearts (n=4 per group). Values 722 

were normalized to total protein level. C, Western blot for procapase-1, cleaved caspase-1 (p20), 723 

and β-actin in pressure-overloaded hearts. D, IL-1β protein level in WT and KO hearts subjected 724 

to sham or 14 days of TAC (n=5 per group). IL-1β protein was detected by ELISA. Values were 725 

normalized to total protein level.  E, Mitochondrial DNA (mtDNA) content in pressure-726 

overloaded hearts (n=3 per group). DNA extracted from myocardial tissues was subjected to 727 

quantitative real-time PCR with specific primer sets for Cytochrome b (Cytb) (mtDNA) and β-728 

actin (Actb) (nDNA). mtDNA to nDNA ratios were measured. F and G, Myocardial caspase-1 729 

activity (F) and IL-1β protein level (G) in WT mice with WT bone marrow (W→W) or KO bone 730 

marrow (K→W) subjected to sham or 14 days of TAC. IL-1β protein was detected by ELISA. 731 

Values were normalized to total protein level. For F, n=4 per group. For G, n=3 for sham-732 

operated W→W mice; n=4 for sham-operated K→W mice; n=5 for TAC-operated W→W and 733 

K→W mice. P values were calculated by one-way ANOVA with Holm test. For A, B, and D, 734 

*P<0.05 versus sham. †P<0.05 versus WT mice. For E, *P<0.05 versus day 14; †P<0.05 versus 735 

WT mice. For F and G, *P<0.05 versus sham. All error bars represent S.E.M. 736 
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Figure 3. ATP/P2X7 Axis Is Involved in NLRP3 Inflammasome Activation and Cardiac 739 

Hypertrophy During Pressure Overload. 740 

A and B, Caspase-1 activity (A) and IL-1β protein level (B) in vehicle-treated (V-treated) or 741 

apyrase-treated (APR-treated) wild-type (WT) hearts subjected to sham or 14 days of TAC. IL-742 

1β protein was detected by ELISA. Values were normalized to total protein level. For A, n=4 per 743 

group. For B, n=3 for sham; n=5 for TAC. C and D, Caspase-1 activity (C) and IL-1β protein 744 

level (D) in WT and P2rx7 knockout (KO) hearts subjected to sham or 14 days of TAC. For C, 745 

n=4 per group. For D, n=5 per group. E and F, Echocardiographic parameters in V- or APR-746 

treated wild-type mice (n=6 for sham; n=7 for TAC) (E), and WT and KO mice (n=5 for sham; 747 

n=7 for TAC) (F). IVSth, interventricular septum thickness; LVPWth, left ventricular posterior 748 

wall thickness; LVEDd, left ventricle end-diastolic diameter. G through I, Cell surface area of 749 

cardiomyocytes after 48-hour stimulation (G) and proliferation of cardiac fibroblasts (H) and 750 

human microvascular endothelial cells from the heart (HMVEC-C) (I) after 24-hour stimulation 751 

with Pam3CSK4, ATP, or both under treatment with NLRP3 siRNA or scrambled siRNA. G, Cell 752 

surface area was measured in specimens by anti-sarcomeric α-actinin staining (n=40 per group). 753 

Scale bars=20μm. H and I, Cell proliferation was assessed by MTS (dimethylthiazol-754 

carboxymethoxyphenyl-sulfophenyl-tetrazolium) assay. The percentage of the absorbance of 755 

wells with cells treated with scrambled siRNA or vehicle were calculated (n=7 per group for 756 

fibroblasts; n=5 per group for HMVEC-C). Data are expressed as a fold-change relative to the 757 

control group. P values were calculated by one-way ANOVA with Holm test. For A through F, 758 

*P<0.05 versus sham. †P<0.05 versus vehicle-treated (V-treated) (A, B, and E) or WT (C, D, 759 

and F) mice. For G through I, *P<0.05 versus vehicle; †P<0.05 versus Pam3CSK4; ‡P<0.05 760 

versus ATP; §P<0.05 versus scrambled siRNA. All error bars represent S.E.M. 761 
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Figure 4. SENs Release ATP for NLRP3 Inflammasome Activation. 763 

A, Schematic of extracellular ATP measurement using enzyme-based biosensors. Electric current 764 

between the reference electrode and the ATP biosensor in the left ventricle (LV) was measured 765 

through a potentiostat and transformed into ATP level based on the calibration curve. B, 766 

Extracellular ATP level in the heart in sham-operated wild-type mice (WT sham), TAC-operated 767 

WT mice (WT TAC), TAC-operated mice with left stellate ganglionectomy (SGN TAC), 768 

pseudoephedrine-treated mice (PE), isoproterenol-treated mice (ISO), and TAC-operated mice 769 

treated with apyrase (APR TAC), clonidine (CLN TAC), or capsaicin (CAP TAC), 770 

Slc17a9flox/flox;DBH-Cre- mice (CWT TAC), and Slc17a9flox/flox;DBH-Cre+ mice (CKO TAC) (n=3 771 

mice per group). Mice were subjected to 14 days of treatment. C, Schematic of adeno-associated 772 

virus vector harboring an engineered firefly luciferase, called pmeLUC, that localizes to the 773 

outer aspect of the plasma membrane with the catalytic site facing the extracellular environment, 774 

in the downstream of the chicken cardiac troponin T promoter. This protein contains the Myc 775 

epitope tag. GPI, glycosylphosphatidylinositol; ITR, inverted terminal repeat. D, Western blot for 776 

pmeLUC and glyceradldehyde-3-phosphate dehydrogenase (GAPDH) in murine hearts with and 777 

without the transduction of AAV9 vector harboring pmeLUC. The pmeLUC protein was detected 778 

by anti-c-Myc antibody. E and F, Representative image (E) and data analysis (F) of extracellular 779 

ATP detection by the IVIS luminometer in WT hearts subjected to sham or 14 days of TAC. The 780 

average of luminescent signals within region of interest (i.e. the heart) was calculated for 781 

comparison (n=3 per group). G, Immunohistochemical staining for neurofilament (NF) and 782 

tyrosine hydroxylase (TH) in WT murine heart subjected to sham or 14 days of TAC with 783 

consecutive slices. Nerve fibers are stained by anti-NF antibody. Catecholaminergic nerve fibers 784 

are stained by anti-TH antibody. Total areas of epicardial TH-positive nerve fibers were 785 
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measured for comparison (n=3 per group). H through K, Myocardial caspase-1 activity (H) and 786 

IL-1β protein level (I), ejection fraction (J), and cardiomyocyte cross-sectional area (CSA) (K) 787 

in sham or TAC-operated mice with sham (S) or SGN and with vehicle (V) or CLN. H, n=4 per 788 

group. I, For SGN experiment, n=3 per group. For CLN experiment, n=3 for sham; n=5 for V 789 

TAC; n=6 for CLN TAC. J, For SGN experiment, n=7 per group. For CLN experiment, n=6 for 790 

sham; n=7 for TAC. K, n=5 per group. L, Caspase-1 activity and IL-1β protein level in WT and 791 

Nlrp3 knockout (KO) hearts treated with vehicle or PE (n=4 per group). IL-1β protein was 792 

detected by ELISA. Values were normalized to total protein level. M, Cardiomyocyte CSA (n=6 793 

per group) and myocardial caspase-1 activity (n=4 per group) and IL-1β protein level (n=4 per 794 

group) in WT and KO mice treated with vehicle or ISO. IL-1β protein was detected by ELISA. 795 

Values were normalized to total protein level. P values were calculated by one-way ANOVA with 796 

Holm test or unpaired two-tailed t-test. For B, *P<0.05 versus WT sham. For F, *P<0.05 versus 797 

sham. For H through K, *P<0.05 versus sham. †P<0.05 versus mice treated with S or V. For L 798 

and M, *P<0.05 versus vehicle. †P<0.05 versus WT mice. All error bars represent S.E.M. 799 
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Figure 5. ATP from SENs Is Essential for Cardiac Hypertrophy. 802 

A, Gene expression of Slc17a9 in left stellate ganglion of Slc17a9flox/flox;DBH-Cre- (WT) and 803 

Slc17a9flox/flox;DBH-Cre+ (CKO) mice determined by quantitative RT-PCR (n=5 per group). 804 

Expression level of Slc17a9 was normalized to that of Gapdh. *P<0.05 versus WT mice. B 805 

through M, WT and CKO mice were subjected to sham or 14 days of TAC. B, Myocardial 806 

caspase-1 activity (n=4 per group). Values were normalized to total protein level. C, Western blot 807 

for procapase-1, cleaved caspase-1 (p20), and β-actin in the heart. D, Myocardial IL-1β protein 808 

level (n=5 per group). IL-1β protein was detected by ELISA. Values were normalized to total 809 

protein level. E and F, Myocardial and plasma norepinephrine (NE) concentration (n=4 per 810 

group). NE was detected by ELISA. Myocardial NE levels were normalized to tissue weight. G, 811 

Heart weight (HW) to body weight (BW) ratio (n=5 for sham; n=7 for TAC). H, 812 

Echocardiographic analysis of ejection fraction, left ventricle end-diastolic diameter (LVEDd), 813 

interventricular septum thickness (IVSth), and left ventricular posterior wall thickness (LVPWth) 814 

(n=5 for sham; n=7 for TAC). I through L, Histological analysis of cardiomyocyte cross-815 

sectional area (CSA) (I), collagen volume fraction (CVF) (J), macrophage density (K) and 816 

capillary density (L) (n=5 for each group). Quantification of cardiomyocyte CSA and CVF was 817 

performed in specimens stained with hematoxylin and eosin or sirius red dye, respectively. 818 

Quantification of macrophage and capillary density was performed by immunohistochemical 819 

staining for Mac3 and CD31, respectively. Representative images are shown for each analysis. 820 

Scale bars=20μm for (I, K, and L). Scale bars=50μm for (J). M, Hemodynamic parameters (n=5 821 

per group). BP, blood pressure; LVEDP, left ventricle end-diastolic pressure. P values were 822 

calculated by one-way ANOVA with Holm test. *P<0.05 versus sham. †P<0.05 versus WT mice. 823 

All error bars represent S.E.M. 824 
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Figure 6. Role of Cardiac Afferent Nerves in ATP Release from SENs and NLRP3 826 

Inflammasome Activation. 827 

A, Immunohistochemical staining for neurofilament (NF) and calcitonin gene-related peptide 828 

(CGRP) in wild-type murine heart subjected to sham or 14 days of TAC with consecutive slices. 829 

Nerve fibers are stained by anti-NF antibody. Primary afferent nerve fibers are stained by anti-830 

CGRP antibody. Total areas of epicardial CGRP-positive nerve fibers were measured for 831 

comparison (n=3 per group). B, Immunohistochemical staining for NF, tyrosine hydroxylase 832 

(TH), and CGRP in murine hearts treated with olive oil (O) or capsaicin (CAP) for ablation of 833 

the cardiac afferent nerves with consecutive slices. Catecholaminergic nerve fibers are stained by 834 

anti-TH antibody. C through L, Wild-type mice treated with O or CAP were subjected to sham or 835 

14 days of TAC. C, Heart weight (HW) to body weight (BW) ratio (n=6 for sham; n=8 for TAC). 836 

D, Echocardiographic analysis of ejection fraction, left ventricle end-diastolic diameter 837 

(LVEDd), interventricular septum thickness (IVSth), and left ventricular posterior wall thickness 838 

(LVPWth) (n=6 for sham; n=8 for TAC). E through H, Histological analysis of cardiomyocyte 839 

cross-sectional area (CSA) (E), collagen volume fraction (CVF) (F), macrophage density (G) 840 

and capillary density (H) in the heart (n=5 for each group). Quantification of cardiomyocyte 841 

CSA and CVF was performed in specimens stained with hematoxylin and eosin or sirius red dye, 842 

respectively. Quantification of macrophage and capillary density was performed by 843 

immunohistochemical staining for Mac3 and CD31, respectively. Representative images are 844 

shown for each analysis. Scale bars=20μm for (E, G, and H). Scale bars=50μm for (F). I, 845 

Myocardial caspase-1 activity (n=4 per group). Values were normalized to total protein level.  J, 846 

Western blot for procapase-1, cleaved caspase-1 (p20), and β-actin in the heart. K, Myocardial 847 

IL-1β protein level (n=5 per group). IL-1β protein was detected by ELISA. Values were 848 
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normalized to total protein level. L, Hemodynamic parameters (n=5 per group). BP, blood 849 

pressure; LVEDP, left ventricle end-diastolic pressure. Values were normalized to total protein 850 

level. P values were calculated by one-way ANOVA with Holm test or unpaired two-tailed t-test. 851 

*P<0.05 versus sham. †P<0.05 versus wild-type mice treated with O. All error bars represent 852 

S.E.M. 853 
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Figure 7. Bisoprolol Inhibits Extracellular ATP Release, NLRP3 Inflammasome Activation, 856 

and Cardiac Hypertrophy. 857 
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A, Systolic blood pressure (BP) and heart rate in wild-type mice treated with vehicle (V) or 858 

bisoprolol (BIS) for 14 days (n=4 per group). B through K, Wild-type mice treated with V or BIS 859 

were subjected to sham or 14 days of TAC. B and C, Representative image (B) and data analysis 860 

(C) of extracellular ATP detection by the IVIS luminometer. The average of luminescent signals 861 

within region of interest (i.e. the heart) was calculated for comparison (n=4 for sham; n=5 for 862 

TAC). D and E, Myocardial caspase-1 activity (D, n=4 per group) and IL-1β protein level (E, 863 

n=4 for sham; n=6 for TAC). IL-1β protein was detected by ELISA. Values were normalized to 864 

total protein level. F, Heart weight (HW) to body weight (BW) ratio (n=4 for sham; n=6 for 865 

TAC). G, Echocardiographic analysis of ejection fraction, left ventricle end-diastolic diameter 866 

(LVEDd), interventricular septum thickness (IVSth), and left ventricular posterior wall thickness 867 

(LVPWth) (n=4 for sham; n=6 for TAC). H through K, Histological analysis of cardiomyocyte 868 

cross-sectional area (CSA) (H), collagen volume fraction (CVF) (I), macrophage density (J) and 869 

capillary density (K) (n=4 for sham; n=6 for TAC). Quantification of cardiomyocyte CSA and 870 

CVF was performed in specimens stained with hematoxylin and eosin or sirius red dye, 871 

respectively. Quantification of macrophage and capillary density was performed by 872 

immunohistochemical staining for Mac3 and CD31, respectively. Representative images are 873 

shown for each analysis. Scale bars=20μm for (H, J, and K). Scale bars=50μm for (I). P values 874 

were calculated by one-way ANOVA with Holm test or unpaired two-tailed t-test. For A, 875 

*P<0.05 versus V. For C through K, *P<0.05 versus sham. †P<0.05 versus wild-type mice 876 

treated with V. All error bars represent S.E.M. 877 
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Figure 8. Proposed Regulatory Mechanism of Cardiac Inflammation and Homeostasis 880 

During Pressure Overload. 881 

Pressure overload is sensed by cardiac afferent nerves to activate sympathetic efferent nerves 882 

(SENs) for ATP release, possibly via the central nervous system (CNS). ATP released from SEN 883 

terminals activates the NLRP3 inflammasome in cardiac non-immune cells through stimulation 884 

of the P2X7 receptor, which, together with TLR signaling, leads to IL-1β production to induce 885 

cardiac adaptive hypertrophy. Cardiac inflammation and homeostasis are controlled via heart-886 

brain interaction.  887 


