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A B S T R A C T   

In acute sympathetic stress, catecholamine overload can lead to stress cardiomyopathy. We tested the hypothesis 
that cardiomyocyte NOX4 (NADPH oxidase 4)-dependent mitochondrial oxidative stress mediates inflammation 
and diastolic dysfunction in stress cardiomyopathy. Isoproterenol (ISO; 5 mg/kg) injection induced sympathetic 
stress in wild-type and cardiomyocyte (CM)-specific Nox4 knockout (Nox4CM− /− ) mice. Wild-type mice treated 
with ISO showed higher CM NOX4 expression, H2O2 levels, inflammasome activation, and IL18, IL6, CCL2, and 
TNFα levels than Nox4CM− /− mice. Spectral flow cytometry and t-SNE analysis of cardiac cell suspensions showed 
significant increases in pro-inflammatory and pro-fibrotic embryonic-derived resident (CCR2− MHCIIhiCX3CR1hi) 
macrophages in wild-type mice 3 days after ISO treatment, whereas Nox4CM− /− mice had a higher proportion of 
embryonic-derived resident tissue-repair (CCR2− MHCIIloCX3CR1lo) macrophages. A significant increase in car-
diac fibroblast activation and interstitial collagen deposition and a restrictive pattern of diastolic dysfunction 
with increased filling pressure was observed in wild-type hearts compared with Nox4CM− /− 7 days post-ISO. A 
selective NOX4 inhibitor, GKT137831, reduced myocardial mitochondrial ROS, macrophage infiltration, and 
fibrosis in ISO-injected wild-type mice, and preserved diastolic function. Our data suggest sympathetic over-
stimulation induces resident macrophage (CCR2− MHCII+) activation and myocardial inflammation, resulting in 
fibrosis and impaired diastolic function mediated by CM NOX4-dependent ROS.   

1. Introduction 

A catecholamine overload induced by stress in adulthood can lead to 
cardiotoxic effects mediated by hyperactivation of β-adrenergic re-
ceptors. Stress cardiomyopathy is an acute heart failure syndrome 
characterized by transient ventricular dysfunction with various 

ventricular wall abnormalities caused by sympathetic overstimulation 
[1]. Although the pathophysiology of stress cardiomyopathy is not fully 
understood, it is suggested that significant emotional or physical stress 
precedes the onset of symptomatic cardiomyopathy [2]. With clinical 
presentation similar to acute coronary syndrome (ACS), stress cardio-
myopathy is identified in 1–2% of suspected ACS cases [3]. The clinical 
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course of stress cardiomyopathy is commonly characterized by favorable 
short-term outcomes with complete recovery of left ventricle (LV) 
function. 

In the early stages, stress cardiomyopathy patients have increased LV 
stiffness and end-diastolic pressure associated with an upward shift in 
the diastolic pressure-volume relation [4]. Recent studies suggest that 
stress cardiomyopathy may present with slowly recovering myocardial 
inflammation [5,6]. Moreover, some degree of diastolic dysfunction 
may persist in many patients despite recovered global LV ejection 
fraction and chamber size [7]. Similarly, a study of stable patients with 
pheochromocytoma without known cardiovascular disease showed that 
subclinical cardiac dysfunction and fibrosis persisted even after curative 
surgical treatment [8]. Eventually, these patients may progress to a 
persistent heart failure phenotype. The precise mechanisms regulating 
these long-term changes are not known. Hence, the preservation of 
cardiac function requires an understanding of the molecular mecha-
nisms underlying stress cardiomyopathy and the development of novel 
therapeutic strategies. 

Excessive systemic sympathetic stimulation has direct effects on 
cardiomyocyte (CM) function, causing myocardial inflammation and 
damage [9]. Overstimulation of cardiac β-adrenoreceptor in mice acti-
vates NACHT, LRR, and PYD domains-containing protein 3 (NLRP3) 
inflammasome, leading to increased release of the inflammatory cyto-
kine IL18, but not IL1β [10]. This, in turn, results in galectin-3-mediated 
cardiac inflammation with macrophage infiltration and subsequent 
pathological cardiac remodeling and dysfunction [11]. Furthermore, 
Nlrp3-or Il18-deficient mice or mice treated with a galectin-3 inhibitor 
had attenuated isoproterenol (ISO)-induced cardiac inflammation and 
injury [10,11]. The NLRP3 inflammasome is a key component of the 
innate immune system response to injury and is activated by excessive 
levels of reactive oxygen species (ROS), including mitochondrial ROS, 
among other stimuli [12]. Myocardial infarction and ischemia/r-
eperfusion injuries also activate the CM NLRP3 inflammasome [13,14]. 
Chronic cardiac inflammation caused by CM inflammasome activation is 
also a hallmark of heart failure [15]. 

NADPH oxidase 4 (NOX4) is abundantly expressed in the heart and is 
the primary source of ROS in CM mitochondria [16]. The expressio-
n/activity of NOX4 is significantly increased by pathological insults such 
as ischemia [17] and sympathetic stimulation [18] and contributes to 
mitochondrial ROS generation and myocardial oxidative damage [19]. 
We previously showed that NOX4-derived ROS contribute to cardiac 
inflammation and pathologic cardiac remodeling and that Nox4 deletion 
or inhibition prevents these adverse outcomes [17]. Increased mito-
chondrial NOX4 expression impairs mitochondrial function and dy-
namics, contributing to worsened CM relaxation, increased myocardial 
passive stiffness, and development of diastolic dysfunction [20]. None-
theless, the precise mechanisms driving cardiac inflammation and 
dysfunction in response to sympathetic stress and ROS overproduction 
remain unclear. 

Monocyte mobilization and myocardial macrophage infiltration are 
hallmarks of cardiac inflammation in mice and humans in response to 
sympathetic insults [10,21,22]. Activation and proliferation of resident 
cardiac macrophages and recruitment of bone marrow-derived mono-
cytes were both implicated in myocardial injury inflammatory responses 
and remodeling [22,23]. Neither the phenotypic changes nor the role of 
these macrophage populations is known in stress cardiomyopathy 
pathophysiology. 

We hypothesized that NOX4-dependent mitochondrial ROS in CM 
are critical mediators of sympathetic β-adrenoreceptor overstimulation, 
triggering NLRP3 inflammasome activation, induction of local cardiac 
inflammation with resident macrophage mobilization, cardiac fibroblast 
activation and pathological remodeling with impairment of diastolic 
function. We utilized wild-type and cardiac-specific Nox4 knock-out 
mice (Nox4CM− /− ) that were administered a single dose of β-adreno-
mimetic ISO. This study focused on the later stages of cardiomyopathy 
development. We demonstrate that deletion of Nox4 genetically or 

inhibition of NOX4 activity pharmacologically attenuates CM mito-
chondrial ROS levels and inflammasome activation in response to 
β-adrenergic overstimulation, resulting in reduced cardiac inflammation 
and fibrosis and preserved diastolic function. 

2. Materials and methods 

2.1. Animals 

All animal procedures were approved by the University of Michigan 
Institutional Animal Care and Use Committee in accordance with NIH 
OLAW policy and Guide for the Care and Use of Laboratory Animals, 8th 
ed. The Nox4flox/flox mice were generated and described previously by 
Dr. Junichi Sadoshima (Rutgers New Jersey Medical School, Newark, 
NJ) [16]. The CM-specific Nox4 deletion was achieved by crossing 
Nox4flox/flox and αMHC-Cre mice (B6.FVB-Tg(Myh6-cre)2182 Md/J, The 
Jackson Laboratory; Bar Harbor, MA) which leads to the deletion of exon 
9 and early termination of exon 10 resulting in complete loss of NOX4 
function in CM [16]. Littermate male mice were used in all experiments. 
Mice were housed in ventilated cages at 22 ◦C with a 12-h light/dark 
cycle and free access to food and water. Mice were randomly assigned to 
receive either vehicle or an active compound. The two groups were 
housed in the same cages to avoid environmental bias and stress from 
single housing. Isoproterenol (Sigma; St. Louis, MO) at 5 mg/kg was 
injected intraperitoneally in 4-month-old mice (n = 12) to induce 
sympathetic stress [10]. GKT137831 (Cayman Chemical; Ann Arbor, 
MI) was dissolved in 0.5% carboxymethylcellulose, 0.25% Tween-20, 
and 1% dimethyl sulfoxide and given via oral gavage at 100 
mg/kg/day for 7 days [24]. At the end of the study, mice were eutha-
nized with inhaled isoflurane overdose, the hearts were dissected, 
cleared with PBS, and embedded in O.C.T. compound (Sakura Finetek, 
Torrance, CA), or used for protein lysates. 

2.2. Ventricular CM isolation and culture 

CM were isolated as described previously [25]. Mice (4-month-old) 
were euthanized with inhaled isoflurane overdose, the hearts were 
dissected, canulated through the aorta, and cleared with perfusion 
buffer (113 mM NaCl, 4.7 mM KCl, 0.6 mM KH2PO4, 0.6 mM Na2HPO4, 
1.2 mM MgSO4, 5.5 Mm NaHCO3, 5.5 mM KHCO3, 30 mM Taurine, 5.5 
mM Glucose and 10 mM HEPES, pH 7.4). Buffer containing collagenase 
type II and 12 μM CaCl2 was continuously perfused for 10 min at 37 ◦C 
for enzymatic digestion. Ventricles were dissected and gently minced 
followed by mechanical cell dispersion. Cells were transferred into 
stopping buffer (perfusion buffer with 10% fetal bovine serum) and 
calcium was re-introduced in steps of 5 min to a final concentration of 
1.2 mM. Cells were cultured in Minimum Essential Medium (MEM) 
supplemented with 5% fetal bovine serum, 125 μM blebbistatin, and 
antibiotic/antimycotic solution (Thermo Fisher; Waltham, MA) in a 5% 
CO2 incubator at 37 ◦C. The CM phenotype of isolated cells was 
confirmed with qPCR analysis of Myh7 and Tnnt2 expression. Isolated 
cells were left to adhere overnight and then treated with vehicle or 10 
μM isoproterenol and/or 10 μM GKT137831. 

2.3. ROS detection 

Dissected hearts were embedded in O.C.T. compound and snap- 
frozen in liquid nitrogen. Ventricular transverse serial sections were 
cut at 10 μM thickness and analyzed immediately after collection. 
Ventricular ROS and mitochondrial ROS were detected using DHE and 
MitoSOX Red, respectively, as described previously [26]. Briefly, ven-
tricular sections were incubated with 10 μM DHE or 5 μM MitoSOX Red 
(Thermo Fisher) in the presence or absence of 200 U/ml PEG-SOD 
(Sigma) at 37 ◦C for 30 min. Fluorescence images were acquired using 
Nikon Microphot-FX microscope and analyzed using NIH Image J 1.53 
(Bethesda, MD). Fluorescence background correction was performed 
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using PEG-SOD-treated control samples. 
Hydrogen peroxide levels in the heart tissue and CM were deter-

mined as described [17]. Briefly, dissected heart tissue was incubated 
with 100 μM, and ventricular CM with 50 μM of Amplex Red solution 
(Thermo Fisher) in the presence or absence of 200 U/ml PEG-catalase 
(Sigma) at 37 ◦C for 30 min. The supernatant was collected, and fluo-
rescence was measured using Spectramax M5 spectrophotometer with 
530 nm excitation and 590 nm emission filters (Molecular Devices, 
Sunnyvale, CA). The H2O2 levels were calculated using a standard curve 
generated with fresh H2O2, corrected for background fluorescence, and 
normalized to the dry tissue weight or CM protein concentration. To 
measure mitochondrial H2O2, ventricular sections were incubated with 
50 μM MitoPY1 (Thermo Fisher) in the presence or absence of 200 U/ml 
PEG-catalase (Sigma) at 37 ◦C for 30 min. Fluorescence images were 
acquired using Nikon Microphot-FX microscope and analyzed with NIH 
Image J 1.53. Control samples incubated with PEG-catalase were used 
for fluorescence background correction. 

2.4. Histology and immunostaining 

Frozen heart sections were stained with picro-sirius red using Con-
nective Tissue Stain Kit (Abcam; Waltham, MA) and quantified as pre-
viously described [17]. Immunofluorescence analysis was performed as 
described [27]. Frozen heart sections were fixed in acetone, blocked 
with normal goat serum, and stained with rabbit NOX4, IL18, POSTN 
(Abcam), CD11b (Itgam; Abnova; Walnut, CA), and ACTA2 (Sigma) 
followed by Alexa Fluor 594 goat anti-rabbit IgG (Thermo Fisher). The 
sections were then stained with Alexa Fluor 488-tagged MYH7 or 
ATP5G2 (Bioss; Woburn, MA) and mounted with VECTASHIELD PLUS 
Mounting Medium with DAPI (Vector Laboratories; Burlingame, CA). 
Images were acquired with Nikon Microphot-FX microscope and 
analyzed using NIH ImageJ 1.53 in a blinded manner. Antigen-specific 
fluorescence intensity was determined by integrated density. 
Antigen-positive cells nuclei were counted as a fraction of the total 
nuclei number per field of view (FOV) [28]. 

2.5. Western blot and ELISA analysis 

Western blotting was performed as described previously [17]. The 
primary antibodies used were rabbit NOX1, NOX2, NOX4, CAT, IL18, 
NLRP3 (Abcam), SOD1, TOMM20 (Thermo Fisher) SOD2, 
cleaved-CASP1, mouse GAPDH (Cell Signaling Technology; Danvers, 
MA), and mouse TUBB (Sigma). The secondary antibodies used were 
goat anti-rabbit IRDye 800CW and goat anti-mouse IRDye 680RD 
(Li-Cor; Lincoln, NE). Immunoreactive protein bands were imaged and 
analyzed using Li-Cor Odyssey CLx Infrared Imaging System. Heart 
protein lysates were tested using ELISA for mouse IL18, IL6, CCL2, and 
TNFα (Thermo Fisher) in accordance with the manufacturer’s protocols. 
LDH activity detection kits (Sigma) were used to detect lactate dehy-
drogenase activity in mouse plasma after ISO injection. 

2.6. Echocardiography 

Echocardiography analysis was performed as described previously 
[26]. Mice were anesthetized with inhaled 1% isoflurane/O2 mixture 
and fixed on the temperature-controlled ECG board. Ultrasound 
M-mode, pulsed-wave, and tissue Doppler mode images were acquired 
with Vevo 2100 high-resolution micro-imaging system equipped with a 
22–55 MHz MicroScan transducer (FUJIFILM Visual Sonics; Toronto, 
ON). Measurements of cardiac function parameters were derived using 
Vevo 2100 software. 

2.7. Invasive left ventricle pressure-volume analysis 

LV pressure-volume analysis was performed as described [20]. Mice 
were anesthetized with an inhaled 1% isoflurane/O2 mixture and placed 

in the supine position on the temperature-controlled ECG board. Apex of 
the heart was exposed through thoracotomy and apical stab was made 
with 27G needle. A 1.2F pressure-volume catheter (FTH-1212B-4518, 
Transonic; Ithaca, NY) was inserted through the stab wound and 
pressure-volume loops were recorded at 1000Hz with ADV500/AD-
Vantage system (Transonic). A baseline scan was performed to record 
load-dependent values, then inferior vena cava was occluded to derive 
load-independent indices. Data were analyzed with LabScribe v2 soft-
ware (iWorx; Dover, NH). 

2.8. Flow cytometry analysis 

Whole blood was collected in Heparin-containing tubes from deeply 
anesthetized mice through cardiac puncture. Red blood cells were lysed 
using 1x RBC lysis buffer (Thermo Fisher), the remaining cellular frac-
tions were washed with PBS and passed through a 70 μm cell strainer 
(Corning; Corning, NY). Cells were blocked with rat anti-mouse CD16/ 
CD32 antibodies (BD Biosciences; Franklin Lakes, NJ) and stained with 
APC-conjugated anti-CD11b (Miltenyi Biotec; Gaithersburg, MD), PE/ 
Cy7-conjugated anti-CD115 (Biolegend; San Diego, CA) and FITC- 
conjugated anti-LY6C (Miltenyi Biotec) antibodies. The samples were 
fixed using Foxp3/Transcription Factor Staining Buffer Set (eBio-
science). Data were acquired with MoFlo Astrios EQ Cell Sorter (Beck-
man Coulter) and analyzed with FlowJo 10 (FlowJo LCC). Peripheral 
blood monocytes were identified as CD11b+CD115+Ly6C+ fraction of 
all analyzed cells. 

2.9. Spectral flow cytometry analysis 

A multi-color flow cytometry antibody panel was designed using 
FluoroFinder (Broomfield, CO). Antibody fluorochrome tags were 
selected based on their spectral characteristics, ensuring the unique full- 
spectrum signature and minimal fluorescence spillover (Supplemental 
Table 1). 

Single-cell suspension for flow cytometry analysis was prepared as 
previously described [27]. Briefly, mice were euthanized with inhaled 
isoflurane overdose, the hearts were dissected and cleared with PBS. 
Ventricles were dissected and gently minced followed by enzymatic 
digestion in collagenase type I 450 U/ml, collagenase type XI 125 U/ml 
and hyaluronidase 60 U/ml solution. Cell suspension was passed 
through a 70 μm cell strainer (Corning; Corning, NY) and washed in 
FACS buffer (PBS, 1% BSA, 1 mM EDTA). Samples were centrifuged at 
400×g for 5 min at 4 ◦C and the supernatant was discarded. The pellets 
were resuspended in 200 μl PBS containing 1:1000 Ghost Dye Red 710 
for live/dead staining, 1:100 anti-mouse CD16/32 antibodies (Bio-
Legend) to block Fc receptor and incubated for 30 min at 4 ◦C protected 
from light. The samples were washed with PBS, centrifuged, and 
resuspended with 200 μL FACS buffer with cell surface marker antibody 
mix (Supplemental Table 1). Samples were incubated for 60 min at 4 ◦C 
and washed in PBS. The samples were fixed and permeabilized using 
Foxp3/Transcription Factor Staining Buffer Set (eBioscience) in accor-
dance with manufacturer’s protocol. Samples were then resuspended in 
200 μL permeabilization buffer containing intracellular marker antibody 
mix (Supplemental Table 1), incubated for 45 min protected from light 
washed sequentially in permeabilization buffer and in FACS buffer then 
resuspended in 300 μl of FACS buffer. Flow cytometry analysis was 
performed with Aurora Spectral Analyzer (Cytek; Freemont, CA). In-
strument setup and quality controls were performed prior to acquisition 
according to the manufacturer’s protocol. UltraComp Beads (Invitrogen) 
bound with corresponding antibodies (Supplemental Table 1) were used 
as single-stained controls. An unmixing matrix with autofluorescence 
extraction was calculated using SpectroFlo software (Cytek) and the 
multicolor-targeted samples were run using the live unmixing. The same 
reference controls were used for unmixing of multiple experiments and 
all samples were run within 1 week. 

Unmixed fcs files were concatenated and analyzed using FCS Express 
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7 (DeNovo software). Biexponential transformation was set to ensure all 
events were displayed within the axes. Manual gating was used to target 
macrophages or fibroblasts specifically (Supplemental Figs. 1 and 2). 
The following parameters were used for dimensionality reduction: 
down-sampling algorithm was set to weighted density with 100000 
events sample size, Barnes-Hut approximation was set at 0.03 and the 
perplexity at 80. Opt-SNE algorithm was used with 2500 iterations. 
Differentially enriched t-SNE clusters were manually gated and gating 
heat maps with macrophage- or fibroblast-corresponding antibody pa-
rameters were created. The gate-specific statistical analysis was per-
formed in FCS Express 7. 

2.10. Apoptosis and necrosis assessment 

Apoptosis in heart cells was determined by flow cytometry using 
FITC Annexin V Dead Cell Apoptosis Kit (Thermo Fisher). Single-cell 
suspension was prepared as described above. The samples were 
washed with FACS buffer (PBS, 1% BSA, 1 mM EDTA) and stained with 
propidium iodide and FITC-conjugated annexin V antibody according to 
the manufacturer’s protocol. The samples were run on Aurora Spectral 
Analyzer (Cytek), and data were analyzed with FlowJo v10 (FlowJo, 
Stanford University, CA). Each sample was assessed for the percentage of 
propidium iodide-positive dead cells and annexin V-positive/propidium 
iodide-negative cells undergoing apoptosis. 

Fig. 1. ISO treatment induces NOX4-dependent mitochondrial oxidative stress in the heart. 
(A) Western blot analysis and quantification of NOX4 expression in the protein lysates from wild-type mice hearts 1 day after treatment with vehicle or 5 mg/kg ISO. 
Data are mean ± SEM (n = 4) of NOX4 expression fold change adjusted for GAPDH levels relative to wild-type control. (B–C) Representative fluorescence microscopy 
images and quantification of NOX4 colocalization with CM (MYH7 (B) and mitochondrial (ATP5G (C) markers in the transverse left ventricle sections from wild-type 
mice 1 day after treatment with vehicle or ISO stained for immunoreactive NOX4 (red), MYH7 or ATP5G (green), and DAPI (blue). Data are fluorescence integrated 
density (mean ± SEM, n = 7). (D–F) Representative fluorescence microscopy images and quantification of DHE (D), MitoSOX (E), and MitoPY (F) fluorescence in the 
transverse left ventricle sections from wild-type and Nox4CM− /− mice 1 day after treatment with vehicle or ISO. Data are fluorescence integrated density (mean ±
SEM, n = 8). (G) Hydrogen peroxide levels were measured using AmplexRed assay in the heart samples from wild-type and Nox4CM− /− mice 1 day after treatment 
with vehicle or ISO (mean ± SEM, n = 6). Scale is 100 μm. 
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2.11. Statistics 

All analyses were performed using Prism 9 (GraphPad; La Jolla, CA). 
All data sets were tested for normality using the Shapiro-Wilk test. Data 

were analyzed using unpaired t-test or one-way ANOVA followed by 
Tukey’s multiple comparisons tests, where appropriate. Differences 
were considered significant at P < 0.05. 

Fig. 2. Nox4 deletion reduces ISO-induced inflammasome activation in CM. 
(A) Western blot analysis of cleaved caspase 1 and IL18 levels in the protein lysates from wild-type and Nox4CM− /− mice 1 day after treatment with ISO. Data are 
fluorescence intensity fold change over wild-type control adjusted for GAPDH levels (mean ± SEM, n = 4). (B) Representative fluorescence microscopy images and 
quantification of IL18 expression in the transverse left ventricle sections from wild-type and Nox4CM− /− mice 1 day after treatment with vehicle or ISO stained for 
immunoreactive IL (red), MYH7 (green), and DAPI (blue). Data are fluorescence integrated density (mean ± SEM, n = 6). Scale is 100 μm. (C) Hydrogen peroxide 
levels were measured using AmplexRed assay in the cultured CM isolated from wild-type and Nox4CM− /− mice and treated with ISO (mean ± SEM, n = 6). (D–G) 
Western blot analysis (D) and densitometric quantification of NLRP3 (E), cleaved caspase 1 (F), and cleaved IL18 (G) expression levels in isolated CM from wild-type 
and Nox4CM− /− mice treated with ISO for 3 h. Data are protein expression fold change relative to vehicle-treated wild-type CM and adjusted for GAPDH levels (mean 
± SEM, n = 4). (H–K) ELISA analysis of IL18 (H), IL6 (I), CCL2 (J), and TNFα (K) levels in the heart protein lysates from wild-type and Nox4CM− /− mice 1 day after 
treatment with ISO (mean ± SEM, n = 6). 
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3. Results 

ISO treatment induces cellular and mitochondrial oxidative stress in wild- 
type but not in Nox4-deficient CM. To assess the effects of β-adrenergic 
overstimulation on CM mitochondrial oxidative stress and ROS levels, 
we first determined NOX4 expression levels in the heart 1 day after ISO 
treatment. Western blot analysis of heart protein lysates showed that 
NOX4 expression was significantly increased in wild-type mice (2.2-fold; 
Fig. 1A). Similarly, NOX4 expression determined by immunofluores-
cence staining of frozen LV sections from wild-type mice increased 
significantly in CM after ISO treatment (5.8-fold; Fig. 1B). Because CM 
NOX4 is primarily localized in mitochondria [19], we also determined 
the colocalization of immunoreactive NOX4 with the mitochondrial 
marker ATP5G in LV sections from wild-type mice. In ISO-treated ani-
mals, mitochondrial NOX4 expression was 9.1-fold higher than in con-
trol animals (Fig. 1C). Further, we assessed the expression levels of other 
NOX catalytic subunits - NOX1 and NOX2 and ROS-scavenging enzymes 
- SOD1, SOD2, and CAT in the heart protein lysates of control and 
ISO-treated wild-type or Nox4CM− /− mice. Our assessment showed no 
significant differences between the two groups (Supplemental Fig. 1). 

Measurement of cellular superoxide levels in the frozen LV sections 
showed significantly increased dihydroethidium fluorescence after ISO 
treatment in the wild-type but not in Nox4CM− /− mice (1.9- and 1.1-fold, 
respectively; Fig. 1D). Furthermore, mitochondrial superoxide levels 
determined by MitoSOX fluorescence significantly increased in ISO- 
treated wild-type heart sections but not in those from Nox4-deficient 
hearts (2.2- vs. 1.7-fold, respectively; Fig. 1E). Because NOX4 primarily 
generates hydrogen peroxide (H2O2) [29], we used MitoPY1 fluores-
cence to quantify mitochondrial H2O2 levels in LV sections. Consistent 
with increased mitochondrial NOX4 levels in the heart after ISO treat-
ment (Fig. 1C), MitoPY1 fluorescence significantly increased in 
wild-type but not in Nox4-deficient CM (9.2- vs. 4.5-fold, respectively; 
Fig. 1F). Congruent with that, ISO-induced H2O2 levels in the heart 
measured with Amplex Red assay were significantly higher in wild-type 
than in Nox4CM− /− mice (6.5- vs. 3.8-fold, respectively; Fig. 1G). The 
expression levels of mitochondrial marker TOMM20 in heart protein 
lysates did not differ significantly between wild-type and Nox4CM− /−

mice treated with either vehicle or ISO (Supplemental Fig. 2), indicating 
no ISO-induced changes in mitochondrial mass. These findings suggest 
that ISO treatment significantly increases myocardial mitochondrial 
NOX4 expression, resulting in an increase in H2O2 and mitochondrial 
ROS levels. 

CM-specific Nox4 deletion reduces ISO-induced inflammasome activation 
and cytokine levels. Excessive mitochondrial ROS can directly activate the 
NLRP3 inflammasome [12]. We previously showed that ISO treatment 
activates CM inflammasome and releases IL18 [10]. Consistent with that 
observation, Western blot analysis of protein lysates from ISO-treated 
wild-type hearts showed significantly higher levels of cleaved caspase 
1 (cCASP1) and IL18, which were attenuated in Nox4-deficient hearts 
(Fig. 2A). Accordingly, ISO treatment significantly increased immuno-
reactive IL18 expression in LV CMs of wild-type mice, whereas no 
change in IL18 expression was observed in CMs of Nox4CM− /− mice, as 
demonstrated by immunofluorescence co-staining for MYH7 (8- vs. 
2.9-fold, respectively; Fig. 2B). 

To test whether CM β-adrenoreceptor-dependent inflammasome 
activation is mediated by NOX4-dependent mitochondrial oxidative 
stress, we treated CM isolated from wild-type or cardiac Nox4-deficient 
mice with ISO. Using the Amplex Red assay, we first demonstrated that 
ISO treatment significantly increased H2O2 generation in cultured wild- 
type CM by 2-fold but not in Nox4-deficient CM (1.3-fold increase; 
Fig. 2C). Western blot analysis revealed that ISO treatment did not affect 
NLRP3 inflammasome expression levels (Fig. 2D–E). However, inflam-
masome activity was significantly increased as determined by a 1.75- 
fold increase in cleaved caspase 1 (cCASP1) and a 2-fold increase in 
IL18 after ISO treatment (Fig. 2D–G). CMs lacking Nox4 did not show a 
significant increase in inflammasome activation after ISO treatment. 

Additionally, ELISA analysis of heart protein lysates from ISO-treated 
wild-type mice showed significantly higher levels of IL18, IL6, CCL2, 
and TNFα cytokines than in Nox4CM− /− mice (Fig. 2H–K). The cytokine 
levels in control mouse hearts were below the assay detection level. 
These results confirm our previous observations of ISO-induced heart 
inflammasome activation and suggest that NOX4 is a critical upstream 
regulator of mitochondrial ROS-induced NLRP3 inflammasome activa-
tion and inflammation initiation in the heart. 

NOX4 regulates adrenergic overstimulation-induced expansion of 
embryonic-derived resident macrophage populations in the heart. ISO in-
duces macrophage infiltration in the heart in an inflammasome/IL18- 
dependent manner [10]. In line with that, immunofluorescent staining 
of LV sections showed that wild-type hearts had significantly more 
CD11b+ macrophages than Nox4-deficient hearts 3 days after ISO 
treatment (P < 0.01; Fig. 3A). Similarly, CD68+ immunofluorescence in 
the LV of wild-type but not of Nox4CM− /− mice was significantly 
increased after ISO treatment (P < 0.001; Fig. 3B). To assess whether 
bone marrow-derived monocyte mobilization affects cardiac macro-
phage numbers, we performed flow cytometry analysis of peripheral 
blood cells from wild-type and Nox4CM− /− mice before and 1 day after 
ISO treatment. There were no significant differences in the proportion of 
peripheral CD115+ monocytes between control wild-type and 
Nox4CM− /− mice and ISO treatment did not induce a significant increase 
in monocyte numbers. Similarly, the proportion of Ly6ChiCD115+ and 
Ly6CloCD115+ monocytes in wild-type and Nox4CM− /− mice were un-
affected by ISO treatment (Fig. 3C), suggesting that ISO treatment did 
not mobilize pro-inflammatory monocytes. 

To better understand the mechanisms of ISO-induced macrophage 
infiltration into the heart, we performed spectral flow cytometry anal-
ysis of heart single-cell suspensions. First, we analyzed the proportion of 
macrophages in the LV samples from wild-type and Nox4CM− /− mice 
before and 3 days after ISO treatment. The proportion of macrophages in 
control wild-type and Nox4-deficient hearts did not differ significantly. 
However, wild-type mice had a significantly higher proportion of 
CD68+CD11b+ cells as a percent of all heart cells after ISO treatment 
(2.5-fold increase, P < 0.01; Fig. 3D). In contrast, ISO treatment had no 
significant effect on the proportion of these cells in Nox4CM− /− mice. 

Because recruited monocyte-derived as well as embryonic-derived 
resident heart macrophages may contribute to an increased number of 
infiltrating inflammatory cells [30], unbiased multidimensional flow 
cytometry t-Distributed Stochastic Neighbor Embedding (t-SNE) anal-
ysis was performed to identify specific macrophage subsets. A t-SNE 
analysis combines all parameters of a single cell into a two-dimensional 
map by clustering the cells with similar properties. To increase the 
specificity of the analysis, all live cells were negatively gated for ACTA2 
and CD3 to select CD11b+CD68+ cells (Supplemental Fig. 3). We iden-
tified 8 distinct clusters whose enrichment changed with ISO treatment 
based on the expression of LY6C, CCR2, CX3CR1, MKI67, TNFα, IL6, 
TGFβ, MHCII, and LGALS3 (Fig. 3E–G). Congruent to our observation of 
no increase in inflammatory Ly6Chi monocytes in the peripheral blood 
after ISO treatment (Fig. 3C), none of the clusters contained classic 
recruited monocyte-derived pro-inflammatory macrophages (Fig. 3G). 

Non-classical recruited monocyte-derived tissue repair macrophages 
(CCR2+CX3CR1+Ly6Clo) [31] were present in clusters 1, 7, and 8 
(Fig. 3G). Cluster 1 was significantly enriched in wild-type but not 
Nox4-deficient hearts after ISO treatment and had increased expression 
of LGALS3, an inflammatory and pro-fibrotic macrophage marker [11] 
(Fig. 3H). Wild-type hearts did not show any significant changes in 
clusters 7 or 8, whereas knockout hearts showed a decrease in cluster 7 
and an increase in cluster 8, supported by lower or higher expression of 
proliferation marker MKI67, respectively. 

The remaining clusters 2–6 were mainly composed of embryonic- 
derived resident heart macrophages (CCR2− MHCII+) [32]. Clusters 2 
and 3 were significantly enriched after ISO treatment in wild-type but 
were depleted in Nox4CM− /− mice. These clusters were characterized by 
resident macrophages (CCR2− MHCIIhiCX3CR1hi) expressing 
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Fig. 3. Multidimensional flow cytometry analysis of changes in macrophage subpopulations in the hearts after ISO treatment. 
(A) Representative fluorescence microscopy images and quantification of CD11b+ cells in the transverse left ventricle sections from wild-type and Nox4CM− /− mice 3 
days after treatment with ISO stained for immunoreactive CD11b (red), MYH7 (green), and DAPI (blue). Data are fraction of CD11b+ cells as a percent of all cells in 
the FOV (mean ± SEM, n = 6). Scale is 100 μm. (B) Representative fluorescence microscopy images and quantification of CD68+ fluorescence in the left ventricle 
sections stained for immunoreactive CD68 (red), MYH7 (green), and DAPI (blue). Data are fluorescence integrated density adjusted for the number of cells in the FOV 
(mean ± SEM, n = 6). Scale is 100 μm. (C) Flow cytometry analysis of peripheral blood CD11b+CD115+Ly6C+ monocytes in wild-type and Nox4CM− /− mice 1 day 
after treatment with vehicle or ISO. Data are Ly6C+ cells as a percent of CD11b+CD115+ cells (mean ± SEM, n = 6). (D) Flow cytometry analysis of LV single cell 
suspension for infiltrating macrophages. Data are a fraction of CD68+CD11b+ cells as a percent of all LV cells (mean ± SEM, n = 4). (E) t-SNE analysis of heart flow 
cytometry data from wild-type and Nox4CM− /− mice 3 days after treatment with vehicle or ISO. CD68+CD11b+ cells (n = 100,000) were clustered based on the 
expression of CCR2, CX3CR1, IL6, LY6C, MHCII, MKI67, TNFα, TGFβ, and LGALS3. Distinct clusters were projected over t-SNE plot. (F) t-SNE clustering and 
identification of cardiac macrophage clusters in the control and ISO-treated wild-type and Nox4CM− /− mice (n = 4). (G) Heat map representation of macrophage 
markers relative mean fluorescence intensity for each distinct cluster. (H) Relative enrichment of cardiac macrophage clusters as a proportion of cells from the 
control and ISO-treated wild-type and Nox4CM− /− mice used in t-SNE analysis. 
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pro-fibrotic cytokines - TGFβ and IL6. In addition, cluster 2 showed 
higher expression of MKI67 whereas cluster 3 higher expression of Ly6C 
and LGALS3 suggesting that cells in cluster 2 are actively expanding and 
acquiring pro-inflammatory and pro-fibrotic characteristics, enriching 
cluster 3. Clusters 4, 5, and 6 composed of resident repair macrophages 
(CCR2− MHCIIloCX3CR1lo) and were enriched in ISO-treated Nox4-de-
ficient hearts, unlike wild-type mice where they were depleted. Cells in 
these clusters did not express any inflammatory or pro-fibrotic markers 
except TNFα. Their expression of Ly6C indicates that they may have 
evolved from pro-inflammatory cells. In summary, sympathetic 
stress-induced CM inflammation increased embryonic-derived resident 
pro-fibrotic macrophage populations. In contrast, CM Nox4 deletion and 
attenuation of inflammation significantly reduced pro-inflammatory 
macrophage subpopulations and increased tissue repair macrophage 
subpopulations with limited pro-fibrotic activity. 

The activation and differentiation of cardiac fibroblasts are attenuated in 
Nox4CM− /− mice. An increase in macrophage infiltration in the heart 
results in an inflammatory and pro-fibrotic environment that activates 
resident cardiac fibroblasts [33]. Therefore, we assessed cardiac fibro-
blast phenotype using flow cytometry t-SNE analysis in wild-type and 
Nox4CM− /− hearts 3 days after ISO injection. All analyzed live cells were 
negatively gated for CD31 and CD3, and positively gated for FAP 
(Supplemental Fig. 4). The proportion of FAP+ fibroblasts in the hearts 
of wild-type and Nox4CM− /− mice was not significantly different before 
or after ISO treatment (Fig. 4A). Based on the expression of ACTA2, 
COL1A1, MKI67, CD90, and TGFβ, the analysis revealed 7 distinct 
clusters of cardiac fibroblast subpopulations that were either enriched or 
depleted after ISO treatment (Fig. 4B–D). 

ISO treatment highly enriched clusters 5 and 7 that consisted of the 
cardiac fibroblasts with high expression of proliferation marker MKI67 
(Fig. 4D and E). Cells in clusters 1 and 3 showed no greater enrichment 
after ISO treatment in both genotypes and were low in anchoring protein 
CD90, indicating migratory activity. Also, these fibroblasts expressed 
more TGFβ. Cluster 2 was characterized by anchored collagen-secreting 
myofibroblasts with high expression of ACTA2, COL1A1, and CD90 
proteins. Both genotypes showed relative depletion of this cluster after 
ISO treatment. Clusters 4 and 6 were represented by proto-
myofibroblasts with low expression of ACTA2 [34]. 

The most prominent differences were observed in cluster 6 which 
was enriched in wild-type but depleted in Nox4CM− /− hearts. The fi-
broblasts in this cluster had high expression of collagen I (COL1A1) and 
low expression of CD90. Cluster 4 consisted of cells expressing COL1A1 
and CD90 but were not changed in either genotype following ISO 
treatment. These results demonstrate that pro-fibrotic activation of 
cardiac macrophages causes dynamic changes in heart fibroblast pop-
ulations. Specifically, activated fibroblast proliferation and migration 
along with increased collagen-producing myofibroblasts were observed 
in wild-type hearts. Activated fibroblasts in Nox4-deficient hearts, 
however, did not increase myofibroblast numbers. 

We further investigated the changes in activated cardiac fibroblasts 
and myofibroblasts following seven days of ISO treatment [35,36]. In LV 
cross sections from wild-type mice, non-myocyte POSTN+ cells were 
6.5-fold more abundant than in sections from vehicle-treated mice 
(Fig. 4F). In the heart sections from Nox4CM− /− mice, non-myocyte 
POSTN+ cells were significantly less abundant than those from 
wild-type mice 7 days after ISO treatment. Additionally, a 3-fold in-
crease in the percentage of ACTA2+ non-myocytes was observed 7 days 
after ISO treatment in wild-type compared with Nox4-deficient hearts 
(Fig. 4G). These results support the notion that mitochondrial 
ROS-induced CM inflammation activates IL6-and TNFα-secreting 
pro-fibrotic resident macrophages, which in turn increases the expan-
sion of activated and myofibroblast populations in the heart. 

CM-specific Nox4 deletion attenuates sympathetic stress-induced heart 
interstitial fibrosis and diastolic dysfunction. Cardiac myofibroblasts are 
the primary mediators of fibrosis in the heart [37] and our previous 
study showed significantly increased interstitial fibrosis and impaired 

diastolic function in the hearts seven days after ISO treatment [10]. In 
line with that, picrosirius-positive interstitial collagen deposition was 
significantly increased in the LV cross sections from ISO-treated wild--
type mice (Fig. 5A). In contrast, the ISO-induced picrosirius-positive 
area in LV sections from Nox4CM− /− mice was significantly lower. Flow 
cytometry analysis of propidium iodide (PI)-positive dead cells and 
annexin V (ANXA5)-positive apoptotic cells from vehicle- or ISO-treated 
mice did not show measurable induction of CM necrosis or apoptosis in 
wild-type or Nox4-deficient hearts (Supplemental Fig. 5A; Fig. 5B). In 
addition, plasma LDH levels (a marker of myocardial damage) did not 
change 1, 3, or 7 days after ISO treatment (Supplemental Fig. 5B). 
Hence, interstitial collagen deposition observed in ISO-treated mice 
cannot be attributed to replacement fibrosis in response to CM apoptosis 
or necrosis. 

Excessive interstitial collagen deposition in the heart reduces 
myocardial compliance and impairs relaxation during diastole [20]. 
Sympathetic overstimulation did not alter heart weight, suggesting that 
wild-type or Nox4CM− /− mice do not have hypertrophic responses or 
systolic function deficits (Fig. 5C). We further evaluated heart function 
in these mice using pulsed-wave and tissue Doppler echocardiography 
(Fig. 5D). Left ventricle ejection fraction and end-diastolic volume did 
not change significantly, supporting the notion of preserved systolic 
function (Fig. 5E–F). In contrast, diastolic function assessment revealed 
an increase in the early diastolic mitral valve flow peak E-wave velocity 
and a decrease of mitral valve septal annulus E′-wave velocity, as well as 
an increase of E/E′ ratio predicting increased LV filling pressure in 
ISO-treated wild-type mice, but not in ISO-treated cardiac Nox4-defi-
cient mice (Fig. 5G–I). Furthermore, ISO-treated wild-type mice showed 
significantly shorter mitral valve E-wave deceleration times than 
Nox4-deficient mice (Fig. 5J), suggesting decreased LV compliance. In 
addition, invasive hemodynamic assessment using pressure-volume 
relationship analysis also showed no changes in ejection fraction after 
ISO treatment. LV end-diastolic pressure, pressure-volume relationship, 
and minimum rate of diastolic pressure decay were significantly 
increased in wild-type mice after ISO treatment compared to that in 
Nox4CM− /− mice (Fig. 5K-N), suggesting increased LV wall stiffness. As 
there were no significant changes in the isovolumic relaxation time and 
time constant for isovolumic relaxation (Supplemental Fig. 6), our re-
sults do not support the hypothesis that ISO treatment induces changes 
in CM relaxation [38]. These observations showed that sympathetic 
overstimulation can lead to restrictive diastolic dysfunction, impaired 
LV compliance, and increased filling pressure, which may be mediated 
by CM NOX4 activation, mitochondrial oxidative stress, and 
inflammation. 

Pharmacological inhibition of NOX4 attenuates sympathetic stress- 
induced cardiac diastolic dysfunction. To test whether CM β-adrenor-
eceptor-induced inflammasome activation is mediated by NOX4- 
dependent mitochondrial oxidative stress, wild-type mouse neonatal 
CM were treated with ISO and with or without NOX4/NOX1 inhibitor 
GKT137831, previously shown to reduce NOX4-dependent mitochon-
drial ROS and inflammation in the murine cardiovascular system [26]. 
Western blot analysis of NLRP3 expression did not reveal significant 
changes (Fig. 6A and B). In contrast, ISO treatment-induced inflamma-
some activity was attenuated by pretreatment with GKT137831, as 
shown by decreased levels of cCASP1 (Fig. 6A and C) and cIL18 (Fig. 6A 
and D). These findings show that NOX4-dependent mitochondrial ROS 
are critical for ISO-induced NLRP3 inflammasome activation. 

To determine whether pharmacological targeting of NOX4- 
dependent mitochondrial oxidative stress attenuates diastolic dysfunc-
tion, ISO-injected mice were treated with GKT137831. MitoSOX fluo-
rescence measurements in heart cross sections of ISO-injected mice 
treated with GKT137831 for 3 days showed a significant reduction in 
mitochondrial superoxide levels (Fig. 6E). As expected, heart mito-
chondrial H2O2 levels were also significantly lower in GKT-treated mice, 
as determined by MitoPY1 fluorescence (Fig. 6F). 

Analysis of LV sections from mice 3 days after ISO treatment showed 
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Fig. 4. ISO-induced cardiac fibroblasts activation is reduced in Nox4CM− /− mice. 
(A) Flow cytometry analysis of LV single cell suspension for cardiac fibroblasts. Data are a fraction of FAP+ cells as a percent of all LV cells (mean ± SEM, n = 4). (B) 
t-SNE analysis of flow cytometry data from CD31− CD3− FAP+ heart cells suspension (n = 100,000) from wild-type and Nox4CM− /− mice 3 days after treatment with 
vehicle or ISO. Cells were clustered based on the expression of TNFα, TGFβ, IL10, MKI67, ACTA2, and COL1A1. Distinct clusters were projected over t-SNE plot (right 
panel). (C) t-SNE clustering and identification of cardiac fibroblast clusters in the control and ISO-treated wild-type and Nox4CM− /− mice (n = 4). (D) Heat map 
representation of fibroblast markers relative expression for each distinct cluster. (E) Relative enrichment of cardiac fibroblast clusters as a proportion of cells from the 
control and ISO-treated wild-type and Nox4CM− /− mice used in t-SNE analysis. (F) Representative fluorescence microscopy images and quantification of POSTN+ cells 
in the transverse left ventricle sections from wild-type and Nox4CM− /− mice 7 days after treatment with ISO stained for immunoreactive POSTN (red), MYH7 (green), 
and DAPI (blue). Data are a fraction of POSTN+ cells as a percent of all cells in the FOV (mean ± SEM, n = 6). (G) Representative fluorescence microscopy images and 
quantification of ACTA2+ cells in the transverse left ventricle sections from wild-type and Nox4CM− /− mice 3 days after treatment with ISO stained for immuno-
reactive ACTA2 (red), MYH7(green), and DAPI (blue). Data are a fraction of ACTA2+ cells as a percent of all cells in the FOV (mean ± SEM, n = 6). Scale is 100 μm. 
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that control mice had a 1.8-fold higher proportion of CD11b+ cells than 
mice treated with GKT (Fig. 6G). On day 7 after ISO treatment, LV 
sections of control mice stained with picrosirius red had 1.9-fold higher 
collagen+ interstitial fibrosis area compared with hearts from GKT- 
treated mice (Fig. 6H). Mice treated with GKT had no changes in ejec-
tion fraction or end-diastolic volume 7 days after ISO treatment (Fig. 6I 
and J). In contrast, mitral valve peak E-velocity was decreased while 
septal E′-velocity was increased, followed by reduced E/E′ ratio, and 
longer mitral valve E-wave deceleration time after GKT treatment 

(Fig. 6K-N). These results demonstrate that NOX4 inhibition and mito-
chondrial ROS reduction in ISO-treated mice reduced inflammasome 
activation, cardiac inflammation, and fibrosis, thus preserving diastolic 
function. 

4. Discussion 

In the current study, we tested the hypothesis that CM NOX4- 
dependent mitochondrial ROS are critical mediators of inflammation 

Fig. 5. CM Nox4 deletion attenuates interstitial fibrosis and preserves diastolic function in ISO-treated mice. 
(A) Representative microscopy images and quantification of picrosirius red staining in the transverse left ventricle sections from wild-type and Nox4CM− /− mice 7 
days after treatment with vehicle or ISO. Data are Sirius red + area as a percent of total area (mean ± SEM, n = 6). Scale is 100 μm. (B) Flow cytometry analysis of LV 
single cell suspension for apoptotic cells from wild-type and Nox4CM− /− mice 1 day after treatment with vehicle or ISO. Data are a fraction of PI− ANXA5+ cells as a 
percent of all LV cells (mean ± SEM, n = 5). (C) Heart dry weight from wild-type and Nox4CM− /− mice 7 days after treatment with vehicle or ISO adjusted to the body 
weight (mean ± SEM, n = 12). (D) Representative pulsed-wave and tissue Doppler mode images from wild-type and Nox4CM− /− mice 7 days after treatment with 
vehicle or ISO. (E–J) Echocardiographic evaluation of ejection fraction (EF) (E), LV end-diastolic volume (EDV) (F), early diastolic filling wave peak velocity E (G), 
early diastolic lengthening velocity E′ (H), E/E′ ratio (I), and deceleration time (DT) (J) was performed in wild-type and Nox4CM− /− mice 7 days after treatment with 
vehicle or ISO. Data are mean ± SEM, n = 8. (K–N) Left ventricle pressure-volume relationship analysis of ejection fraction (EF) (K), end-diastolic pressure (EDP) (L), 
end-diastolic pressure-volume relationship (EDPVR) (M), and rate of pressure decrease (dP/dTmin) (N). Data are mean ± SEM, n = 6. 
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and fibrosis in the development of stress cardiomyopathy. Our results 
demonstrate that: 1) upon β-adrenergic insult, CM mitochondrial ROS 
induced inflammasome activation, cytokine release, and the innate 
immune response with mobilization and expansion of cardiac 
embryonic-derived resident pro-inflammatory and pro-fibrotic macro-
phage population; 2) CM and activated macrophages induced fibroblasts 
activation with an increased proportion of collagen-secreting myo- and 
protomyo-fibroblasts; and 3) resultant excessive interstitial fibrosis 
leads to the development of restrictive diastolic dysfunction with 
increased LV stiffness and filling pressure. These data were supported by 
the observation that genetic deletion of CM Nox4 or pharmacological 
inhibition NOX4 activity attenuated ISO-induced cardiac mitochondrial 
oxidative stress and inflammation, limiting the overall cardiac macro-
phage population while increasing the proportion of tissue-repair mac-
rophages, reduced the proportion of collagen-secreting myofibroblasts, 
and preserved diastolic function. 

As one of the major sources of intracellular H2O2 and a mediator of 
myocardial oxidative stress, NOX4 is implicated in the pathology of 
cardiomyopathy and diastolic dysfunction [20,39,40]. However, the 
actual mechanisms of late adverse outcomes in stress cardiomyopathy 
are less clear. Our results suggest that the interplay of cardiomyocyte 

NOX4-and mitochondria-dependent oxidative stress plays a critical role 
in the development of diastolic dysfunction secondary to sympathetic 
insult. 

NOX4 expression and activity were significantly upregulated in the 
wild-type hearts shortly after ISO treatment. Similarly, NOX4 was 
among the patients’ most upregulated genes in LV biopsy samples dur-
ing the acute but not in the functional recovery phases of Takotsubo 
cardiomyopathy [41]. This supports the role of NOX4 as a primary 
regulator of oxidative stress and inflammation during the early phase of 
cardiomyopathy. Congruent with that, mouse heart gene expression 
analysis after chronic ISO administration showed significant induction 
of Nox4 expression along with genes involved in the acute phase and 
oxidative stress response [42]. 

A rapid inflammasome activation occurs in CM after stimulating 
heart β-adrenergic receptors without any initial priming [10]. Similar 
mechanisms have been proposed for NOX4 and mitochondrial-derived 
ROS activation of NLRP3 inflammasome [12,43]. In line with that, our 
current results demonstrate that ISO treatment stimulates CM inflam-
masome activity through β-adrenergic induction of NOX4-dependent 
mitochondrial ROS, whereas Nox4 deletion or inhibition of NOX4 ac-
tivity markedly reduced CM inflammasome activity and downstream 

Fig. 6. NOX4 inhibition attenuates cardiac inflammation and fibrosis and preserves diastolic function in ISO-treated mice. 
(A–D) Western blot analysis (A) and densitometric quantification of NLRP3 (B), cleaved caspase 1 (C) and cleaved IL18 (D) expression levels in mouse CM treated 
with ISO and with vehicle or GKT137831 for indicated times. Data are protein expression fold change relative to untreated control and adjusted for GAPDH levels 
(mean ± SEM, n = 3). (E–F) MitoSOX (E) and MitoPY1 (F) fluorescence were determined in microscopy images of the stained transverse left ventricle sections from 
wild-type mice 7 days after treatment with vehicle or ISO and GKT137831. Data are fluorescence integrated density (mean ± SEM, n = 5). (G) Representative 
fluorescence microscopy images and quantification of CD11b+ cells in the transverse left ventricle sections from wild-type mice 3 days after treatment with ISO and 
GKT137831 stained for immunoreactive CD11b (red), MYH7(green), and DAPI (blue). Data are fractions of CD11b+ cells as a percent of all cells in the FOV (mean ±
SEM, n = 6). (H) Representative microscopy images and quantification of picrosirius red staining in the transverse left ventricle sections from wild-type mice 7 days 
after treatment with vehicle or ISO and GKT137831. Data are Sirius red + area as a percent of the FOV total area (mean ± SEM, n = 6). Scale is 100 μm. (I–N) 
Echocardiographic assessment of LV ejection fraction (I), LV end-diastolic volume (J), early diastolic filling E-wave velocity (K), early diastolic lengthening velocity 
E’ (L), E/E′ ratio (M), and deceleration time (N) was performed in wild-type mice 7 days after treatment with ISO and GKT137831. Data are mean ± SEM, n = 6. 

A.E. Vendrov et al.                                                                                                                                                                                                                             



Redox Biology 67 (2023) 102937

12

inflammatory responses without altering inflammasome expression. Our 
data are further supported by the evidence that mitochondrial ROS in-
hibition in mice attenuates the activation of CM inflammasome [44]. 

Myocardial inflammation and macrophage infiltration are induced 
by sympathetic stress [10]. Also, myocardial sympathetic over-
stimulation is associated with pro-inflammatory macrophage recruit-
ment [22]. However, our detailed phenotyping of cardiac macrophages 
showed primarily embryonic-derived resident macrophage mobilization 
and proliferation with only minimal recruitment of non-classical Ly6Clo 

monocytes after ISO treatment. 
Cardiac resident macrophage populations are composed of hetero-

geneous self-renewing subsets with distinct functions [30,32]. Increased 
proportion of non-classical monocyte-derived patrolling tissue-repair 
macrophages (CCR2hiLy6CloCX3CR1hi) [31] in wild-type but not 
Nox4CM− /− mouse hearts after ISO treatment may have been recruited 
by higher CCL2 levels in wild-type hearts. The loss of non-classical 
monocytes from circulation and their recruitment to the site of 
myocardial injury following coronary artery reperfusion was associated 
with decreased cardiac function and more adverse outcomes in STEMI 
patients [45]. Moreover, non-classical Ly6Clo monocytes that express 
LGALS3 and TGFβ were implicated in fibrotic cardiac remodeling in 
patients with ischemic cardiomyopathy [46]. Congruent with this, an 
enriched subpopulation of non-classical Ly6Clo cardiac macrophages 
that express higher levels of LGALS3 and TGFβ induces a pro-fibrotic 
environment and adverse cardiac remodeling in ISO-treated wild-type 
mice versus Nox4CM− /− mice. 

A subset of embryonic-derived cardiac resident MHCIIloCCR2- mac-
rophages display not inflammatory, but mostly reparative phenotypes 
and the ability to proliferate in response to cardiac injury [30]. 
Accordingly, our results revealed that wild-type mice were depleted of 
MHCIIloCCR2− CX3CR1lo cardiac macrophages, while Nox4CM− /− mice 
had a larger percentage of these cells after ISO treatment. The findings 
support the notion that inhibiting NOX4-derived CM mitochondrial 
oxidative stress limits cardiac inflammation and monocyte recruitment, 
enhances the capacity of resident macrophages to limit adverse cardiac 
remodeling, and promotes recovery of heart function recovery following 
acute sympathetic stimulation. 

In contrast to our observations, Liao et al. found a relative abundance 
of CCR2+ non-resident macrophages in the hearts of mice treated with 
high-dose ISO and depletion of resident macrophage populations [22]. 
These observations may be related to the use of a significantly higher 
ISO dose that was associated with local myocardial damage (increased 
troponin and apoptosis marker levels, impaired systolic function) as well 
as systemic inflammatory response (mobilization of pro-inflammatory 
Ly6Chi monocytes) that defined early (1-day post-ISO) cardiac damage 
response. Similarly, RNA-seq analysis after 2 days of high-dose ISO in-
jection showed an increase in monocyte-derived Ly6C+ resident 
macrophage cluster density but decreased CCR2- resident macrophages 
in mice with stress-induced cardiomyopathy [47]. An acute high-dose 
catecholamine insult could conceivably result in a transient impair-
ment of systolic function and increased monocyte-derived macrophage 
infiltration into the myocardium, whereas low-grade cardiac inflam-
mation, fibrotic remodeling in the absence of CM apoptosis or necrosis, 
and diastolic dysfunction may be associated with the expansion of CCR2- 

resident macrophage populations in low-dose catecholamine-induced 
cardiomyopathy. 

Increased IL18 levels in the wild-type hearts after ISO treatment is 
consistent with previous reports [10,11]. Through direct paracrine ef-
fects, CM-derived IL18 activates cardiac macrophage inflammatory 
signaling, inducing LGALS3-mediated cardiac inflammation [11]. In 
addition, CM-derived IL18 may induce resident macrophage 
pro-inflammatory switch by inducing IFNγ secretion by activated resi-
dent macrophages and T-cells [48]. 

Increased mitochondrial stress and dysfunction in the heart can 
trigger the release of pro-fibrotic cytokines, the activation of cardiac 
fibroblasts, excessive ECM deposition, and passive stiffening of the 

myocardium [20]. Identification of an enriched cluster of resident 
macrophages with increased expression of IL6, TGFβ, and LGALS3 in 
wild-type mice after ISO treatment is consistent with that. Combined 
with increased cardiac IL18 levels, this led to the enrichment of acti-
vated collagen-secreting fibroblast populations and interstitial fibrosis 
in wild-type, but not in Nox4CM− /− mice. A stress-induced enrichment of 
ACTA2-negative collagen-secreting protomyofibroblast clusters coin-
cided with the depletion of ACTA2-positive myofibroblast clusters. 
These findings indicate that fibrotic cardiac remodeling can occur 
without the differentiation of fibroblasts into myofibroblasts in HFpEF 
models associated with metabolic dysfunction [49]. In contrast, fibro-
blast markers measured 7 days after ISO treatment showed significantly 
higher levels of POSTN and ACTA2 in the wild-type mice, which is 
consistent with the fibrotic remodeling in diastolic dysfunction [20]. 

In our current study, mitochondrial oxidative stress in CM and 
myocardial interstitial fibrosis as well as diastolic dysfunction was 
reduced in ISO-injected mice treated with GKT137831, which agrees 
with previous observations of GKT137831 preserving diastolic function 
in a mouse model of mitochondrial oxidative stress [20]. 

The results of our study showing a reduction in CM mitochondrial 
oxidative stress and interstitial fibrosis and diastolic dysfunction in ISO- 
injected mice treated with GKT137831 are in line with our previous 
observations demonstrating preservation of diastolic function with 
GKT137831 treatment in a mouse model of mitochondrial oxidative 
stress. Interestingly, canagliflozin treatment in rats attenuated ISO- 
induced cardiac NOX4 expression, oxidative stress, and inflammation 
[50], indicating that it is feasible to target myocardial NOX4 activity. 
The results of our study are also consistent with previous reports that 
targeting IL18 with neutralizing antibodies [10] and downstream 
signaling including LGALS3 [11] may result in reduced cardiac inflam-
mation and preservation of diastolic function in patients with stress 
cardiomyopathy. 

Our study had some limitations. 1) Despite the fact that we cannot 
exclude the effects of ROS on CM relaxation, our functional studies did 
not support the presence of impaired cardiomyocyte relaxation induced 
by ISO at the experimental time points. A direct assessment of CM 
contraction/relaxation may provide additional evidence. 2) We used a 
limited number of cell-specific markers in the spectral flow cytometry to 
characterize multiple heart cell populations. It is possible that other 
immune cells may be involved in cardiac inflammation as well as in the 
activation of resident macrophages in response to the ISO challenge 
[22]. To determine whether neutrophils, dendritic cells, or T-cells are 
involved in cardiac inflammation and remodeling, additional immuno-
phenotyping will be required. 3) All experiments were performed in 
male mice since it has been reported that incidence of stress cardio-
myopathy is higher in post-menopausal women [1], whereas animal 
studies have shown that estrogen modulates adrenoreceptor signaling in 
the heart to reduce stress-induced cardiomyopathy [51]. 

Our results provide evidence that CM mitochondrial oxidative stress 
causes changes in myocardial structure and function in stress cardio-
myopathy by inducing myocardial inflammation and by activation of 
embryonic-derived resident macrophages. In response to the increased 
expression of pro-fibrotic factors, protomyofibroblasts and myofibro-
blasts are activated, which results in interstitial collagen deposition, 
impairing diastolic function. Targeting myocardial mitochondrial ROS 
and/or resident macrophages may preserve cardiac function during 
acute sympathetic stress. 
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