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Abstract

Background: Duchenne muscular dystrophy (DMD) is an X-linked disease characterized by 

skeletal muscle degeneration and a significant cardiomyopathy secondary to cardiomyocyte 

damage and myocardial loss. The molecular basis of DMD lies in the absence of the protein 

dystrophin, which plays critical roles in mechanical membrane integrity and protein localization at 

the sarcolemma. A popular mouse model of DMD is the mdx mouse, which lacks dystrophin and 

displays mild cardiac and skeletal pathology that can be exacerbated to advance the disease state. 

In clinical and pre-clinical studies of DMD, angiotensin signaling pathways have emerged as 

therapeutic targets due to their adverse influence on muscle remodeling and oxidative stress. Here 

we aim to establish a physiologically relevant cardiac injury model in the mdx mouse, and 

determine whether acute blockade of the angiotensin II type 1 receptor (AT1R) may be utilized for 

prevention of dystrophic injury.

Methods and Results: A single IP injection of isoproterenol (Iso, 10 mg/kg) was used to 

induce cardiac stress and injury in mdx and wild type (C57Bl/10) mice. Mice were euthanized 8 

hours, 30 hours, 1 week, or 1 month following the injection, and hearts were harvested for injury 

evaluation. At 8 and 30 hours post-injury, mdx hearts showed 2.2-fold greater serum cTnI content 

and 3-fold more extensive injury than wild type hearts. Analysis of hearts 1 week and 1 month 

after injury revealed significantly higher fibrosis in mdx hearts, with a more robust and longer-

lasting immune response compared to wild type hearts. In the 30-hour group, losartan treatment 

initiated 1 hour before Iso injection protected dystrophic hearts from cardiac damage, reducing 

mdx acute injury area by 2.8-fold, without any significant effect on injury in wild type hearts. 

However, both wild type and dystrophic hearts showed a 2-fold reduction in the magnitude of the 

macrophage response to injury 30 hours after Iso with losartan.
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Conclusions: This work demonstrates that acute blockade of AT1R has the potential for robust 

injury prevention in a model of Iso-induced dystrophic heart injury. In addition to selectively 

limiting dystrophic cardiac damage, blocking AT1R may serve to limit the inflammatory nature of 

the immune response injury in all hearts. Our findings strongly suggest that earlier adoption of 

angiotensin receptor blockers in DMD patients could limit myocardial damage and subsequent 

cardiomyopathy.
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1. INTRODUCTION

Muscular dystrophies are a genetically diverse group of rare muscle wasting diseases that 

often involve the heart, resulting in clinically significant cardiomyopathy [1–5]. Duchenne 

muscular dystrophy (DMD) is the most common form, having an X-linked inheritance 

pattern with an incidence of roughly 1 in every 3,500-5,000 boys [3,6]. The molecular basis 

of DMD lies in the loss of the protein dystrophin, which normally plays a critical role in 

maintaining the membrane integrity of muscle cells by serving as a molecular link between 

the cytoskeleton and the extracellular matrix and a signaling scaffold at the sarcolemma [7–

11]. Dystrophin loss results in myocyte necrosis, replacement of myocytes with extensive 

fibrosis, and eventual loss of muscle mass [12,13]. Clinically, DMD is characterized by 

rapidly progressing skeletal muscle wasting, loss of ambulation and other motor functions, 

respiratory insufficiency, and pronounced heart disease [2,3,14]. As improvements in 

symptomatic respiratory therapies have prolonged patient life spans, heart failure is 

becoming a more common cause of premature death in patients with muscular dystrophy 

[1,15,16].

The mdx mouse is a commonly-used preclinical model of DMD, having a spontaneous 

mutation in the DMD locus that results in the absence of dystrophin [7,17,18]. In young 

adulthood, its disease is mild, but investigators have successfully used aged mice, exogenous 

stressors, or additional genetic manipulations to advance the disease state [3,19–26]. 

Multiple studies aimed at modulating the mdx phenotype have pointed to angiotensin-related 

signaling pathways and oxidative stress as important factors in both the skeletal and cardiac 

phenotype of dystrophic mice [26–31]. Importantly, drugs including ACE inhibitors (ACEi), 

angiotensin receptor blockers (ARBs), and antioxidants have shown a significant benefit for 

dystrophic mice and human patients [22,32–38]. Current recommendations guide clinicians 

to consider initiating ACEi or ARB therapy at the age of 10 in Duchenne patients even 

without cardiac symptoms. This recommendation is grounded in the thought that these drugs 

help primarily by minimizing adverse remodeling following cardiomyocyte loss [2,3]. 

However, if these drugs are able to limit cardiomyocyte loss, initiation at the age of 10 may 

be too late, as patients may already be losing myocardium well before this point [1,39–41].

Our group and others have used adrenergic agonists like isoproterenol (Iso) and dobutamine 

to stress mdx hearts to better recapitulate the severity of the human cardiac pathology 
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[23,24,42,43]. Iso is a selective agonist of all β-adrenergic receptor isoforms that drives a 

sharp increase in heart rate and cardiac contractility [44], producing a sufficiently high 

workload to damage membranes of susceptible cardiomyocytes. This model has advantages 

over further genetic manipulation or aging by reducing confounding factors and allowing for 

more direct comparisons to other literature featuring adult mdx mice. Additionally, this 

adrenergic stress model may be particularly relevant to the perioperative stresses faced by 

Duchenne patients, whose treatment course may include procedures requiring anesthesia, 

such as scoliosis correction or fracture repair, that may result in bouts of elevated cardiac 

stress [2,45].

In the present study, we evaluate the cardiac consequences of a single bolus of Iso in the 

mdx mouse, and combine this Iso-mediated cardiac insult with acute losartan treatment to 

evaluate the potential benefits of ARB therapy for cardiomyocyte survival. These data reveal 

an interaction between workload-induced cardiac injury and exacerbation of this injury 

downstream of angiotensin II type 1 receptor (AT1R) in dystrophic hearts, showing a 

significant reduction in acute myocardial damage with ARB treatment at the time of Iso-

induced cardiac stress. The potential cardiac protection and good overall tolerability suggest 

that early initiation of ARB therapy may provide a readily available means to slow the onset 

of dystrophic cardiomyopathy.

2. METHODS

2.1. Animals

The wild type control strain C57BL/10SnJ (C10) and the dystrophic strain C57BL/10ScSn-

Dmdmdx/J(mdx) were bred and maintained at the University of Minnesota from breed stock 

obtained from Jackson Laboratories (Bar Harbor, ME). To limit genetic drift within this 

colony, breed stock were purchased from Jackson Laboratories every 5-6 generations. All 

mice were 4-6 months of age at the time of experiments and were housed in static (non-

ventilated) cages with a 12-hour light-dark cycle. As DMD is a disease predominantly 

affecting males, only male mice were used in these studies. All animal procedures were 

approved by the University of Minnesota Institutional Animal Care and Use Committee and 

performed in compliance with all relevant laws and regulations.

2.2. Isoproterenol studies

(−)-Isoproterenol hydrochloride (Iso; Sigma #I6504) was dissolved in saline and sterile 

filtered into a foil-wrapped red-top glass vial prior to injection. The sterile Iso solution was 

stored at 4°C for no more than 3 days, and any solution developing discoloration, indicative 

of degradation, was discarded. Mice received a single IP bolus injection of 10 mg/kg Iso in 

volumes of 40-70 μl adjusted for body weight. Hearts were harvested at timepoints of 8 

hours, 30 hours, 1 week, and 1 month after the injection (Fig. 1A).

2.3. Serum cTnI measurements

For a subset of mice, blood was collected from the facial vein of isoflurane-anesthetized 

mice 1 week prior to the Iso injection for the baseline serum cTnI measurement, and again 8 

hours following the Iso injection. The collected blood was allowed to clot on ice, then spun 
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to separate the serum, which was then stored at −80°C until analysis. Serum cardiac troponin 

I content (cTnI) was measured via a cTnI test kit on the Stratus CS Stat fluorometric 

analyzer (Siemens Healthcare).

2.4 Losartan studies

An additional subset of mice was assigned to receive losartan 1 hour prior to and alongside 

Iso, terminating at the 30-hour timepoint. Losartan solution was made on the day prior to Iso 

injections from a crushed generic losartan tablet (100mg) dissolved in saline to a final 

concentration of 6 mg/ml, and sterile filtered. Doses were calculated based on mouse body 

weights, the injection schedule, and the pharmacokinetics of losartan as well as its primary 

active metabolite EXP3174 [46,47]. At the start of the light cycle on the day of the study, the 

mice received a loading dose in the form of a 60 mg/kg losartan bolus injection, followed a 

single 10mg/kg Iso injection 1 hour later, and a 20 mg/kg losartan booster 6 hours after the 

first bolus. At the end of the light cycle, the mice received another bolus of 60 mg/kg 

losartan to span the dark cycle. At the end of the dark cycle, they received a final booster of 

20 mg/kg losartan, and hearts were harvested 7 hours later (30 hours from the Iso bolus). 

This dosing regimen was based on the half-lives of losartan and its major active metabolite, 

and intended to minimize the troughs in drug serum levels after the loading dose without 

disruptions to the dark cycle.

2.5. Histopathology

Fresh excised hearts were rinsed in PBS and cut in half along the transverse plane. The 

apical half was placed into OCT medium inside a block mold, and the OCT block was 

frozen in liquid nitrogen-cooled isopentane. Heart block sections were cut to 7 microns and 

placed on plus slides to be stained. Slides used for dystrophin and actinin staining were fixed 

in cold acetone for 10 minutes before rehydration and staining, while all other 

immunofluorescent staining was performed on unfixed slides. The following antibodies and 

reagents were used for IF staining: goat serum for blocking (Jackson ImmunoResearch# 

005-000-121, 10%), rabbit actinin polyclonal antibody (Novus #NBP1-32462, 1:150), rabbit 

dystrophin polyclonal antibody (Abeam #ab15277, 1:150), rat AlexaFluor 488 anti-mouse 

CD68 antibody – clone FA-11 (Biolegend, 1:150), rat AlexaFluor 647 anti-mouse CD45 

antibody – clone 30-F11 (Biolegend, 1:100), goat anti-mouse IgG (H+L) secondary antibody 

(Invitrogen #R37121, 1:200), goat anti-rabbit IgG (H+L) secondary antibody (Invitrogen 

#A-11008, 1:200), WGA AlexaFluor conjugate (ThermoFisher, 5μg/ml), and ProLong Gold 

Antifade Mountant with DAPI (ThermoFisher). All immunofluorescence incubation steps 

were carried out at room temperature for 1 hour, separated by three 5-minute washes in fresh 

PBS. The following reagents were used for Sirius Red Fast Green (SRFG) staining: 1.2% 

picric acid solution (Ricca #R5860000), Direct Red 80 (Sigma #365548), Fast Green FCF 

(Sigma #F7252), Formula 83 clearing solvent (CBG Biotech F83), and organic mounting 

medium (CBG Biotech MM83). Prior to SRFG staining via a modified protocol based 

previously described methods [20], slides were fixed for 3 hours in cold acetone, and 

rehydrated in 70% ethanol followed by tap water. The tissue was then stained for 25 minutes 

in SRFG dye solution of picric acid, 0.1% Direct Red 80, and 0.1% Fast Green FCF, 

followed by washes in tap water and dehydration in 70% ethanol, 100% ethanol, and 

Formula 83.
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2.6. Microscopy

All imaging was performed in NIS Elements software on a Nikon Eclipse Ni-U upright 

epifluorescent microscope with motorized stage and filter wheel. For cell infiltration and 

acute lesion studies, whole heart montages were collected as a stack of three to four 

fluorescent channels at a resolution of 0.92 μm/pixel. For fibrosis studies, SRFG-stained 

sections were collected as brightfield montages at a resolution of 0.85 μm/pixel. For 

assessment of birefringence, images with a resolution of 0.17 μm/pixel were collected using 

orthogonally oriented polarized filters flanking the slide. Dystrophin and actinin IF close-up 

images were collected at a resolution of 0.23 μm/pixel, and deconvolved via the automatic 

2D deconvolution package in NIS Elements.

2.7. Image analysis

All images were analyzed under deidentified names in a blinded fashion in Fiji using custom 

macros and scripts. IgG analysis was carried out using 1180×944 μm (1280×1024 pixels) 

non-overlapping frames taken from whole montages to minimize complications arising from 

variations in brightness across the whole heart section. IgG lesion area was determined by 

thresholding the IgG image for total lesion area (indicated by bright IgG-positive signal) and 

dividing that by total heart section area (provided by tissue autofluorescence). Fibrosis 

analysis of SRFG-stained sections was carried out on entire heart montages using the color 

threshold function in Fiji. Areas containing collagen, which takes up Sirius Red dye, were 

identified by measuring the pixel area corresponding to a red hue. The fibrotic area was then 

divided by total heart pixel area, corresponding to any hue and saturation that exceeds the 

neutral background.

Birefringence analysis was carried out using 2360×1770 μm (2560×1920 pixels) frames 

imaged using brightfield, and matching frames imaged with orthogonally oriented polarized 

filters flanking the slide. Total birefringent area was calculated as the number of pixels 

corresponding to a signal that exceeds the brightness of the surrounding myocardium. The 

birefringent area was divided by the total red area from the matched brightfield image to 

calculate the percent birefringence of each fibrotic lesion.

Cell infiltration analysis workflow began with a blinded scrubbing of IF montage images in 

which artifacts were removed, including blood within the ventricles or large vessels, non-

specific aggregates of dye, and areas in which the tissue was folded. Lesion-positive regions 

and total muscle area were determined by thresholding the entire montage, followed by a 

manual removal or addition of misidentified areas. Cell-specific thresholds were set to 

identify cell-positive regions, which were then compared to the lesion areas. Any cell-

positive region containing a shared pixel with a lesion was considered a lesion-positive cell 

region. Results represent the percentage of cell-positive pixels relative to the total number of 

heart pixels. All data analysis scripts were performed in FIJI and R.

2.7. Statistics

Statistical analyses were performed using Prism 7 (GraphPad Software) and R [48]. 

Statistical comparisons were made using one-way ANOVA or two-way ANOVA where 
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appropriate, with Sidak multiple comparison post-hoc test to identify specific differences 

between relevant groups. All column and line graphs display the mean ± standard error.

3. RESULTS

3.1. A single dose of isoproterenol causes acute myocardial injury that is significantly 
exacerbated in dystrophic hearts.

Within hours of injection of a single dose of isoproterenol (Iso), areas of acute myocardial 

injury could be identified by staining for myocyte infiltration of endogenous IgG. The 

accumulation of intracellular IgG is only expected to occur in myocytes whose membranes 

have been sufficiently disrupted to become permeable to large molecules like serum 

proteins. Quantification of acute myocardial damage revealed that injured myocyte area is 

already prominent as early 8 hours, with a peak at 30 hours after Iso administration. This 

acute injury is completely removed 1 week after the Iso injection (Fig. 1B). A significant 

difference was found between healthy and dystrophic hearts at the 30-hour timepoint, with 

mdx hearts showing 3-fold greater injury than that seen in wild type hearts (18.9±2.8% 

versus 6.3±1.7%, respectively).

Examination of entire heart montages revealed that in dystrophic hearts, these acute lesions 

were large and scattered throughout the whole heart section. In contrast, acute injury in wild 

type hearts manifested as smaller lesions that were concentrated in the endocardium (Fig. 

1C). This hints that the Iso-induced injury in C10 hearts may result from perfusion-demand 

mismatching, with relative hypoperfusion of the endocardium during Iso-induced increases 

if cardiac workload resulting in myocardial injury. This mechanism is likely also active in 

the dystrophic heart, but large swaths of injured myocardium are also found throughout the 

rest of the heart, suggesting an additional mechanism of injury is at play. Mice with genetic 

ablation of all β-adrenergic receptors showed no functional or histological response to the 

dose of Iso used in these studies (data not shown), confirming the β-adrenergic receptor 

specificity of Iso action.

3.2. Isoproterenol-induced sarcolemmal injury triggers cardiomyocyte destruction.

Closer inspection of the regions of acute injury revealed multiple signs of myocyte 

degeneration at 8 hours after Iso injection. In intact myocytes, sarcomeric α-actinin was 

localized in a pattern of orderly striations, but within IgG+ myocytes it displayed a marked 

disruption of this striated pattern (Fig. 2A). Signs of myocyte breakdown are not limited to 

the degradation of the contractile apparatus, as dystrophin staining at the membrane was also 

largely lost in injured wild type myocytes (Fig. 2B). The loss of normal sarcomeric 

patterning and sub-membrane protein localization suggests that these damaged myocytes are 

undergoing widespread proteolysis. No qualitative differences in the myocyte degradation 

process were found between injured areas in wild type and dystrophic hearts at 8 or 30 hours 

after Iso administration.

Serum cardiac troponin (cTn) content is an index of cardiomyocyte integrity, and elevated 

cTnI and cTnT levels have been documented in boys with DMD [49–52]. Untreated adult 

dystrophic mice showed no detectable ongoing basal cardiac injury, as indicated by little to 
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no IgG+ cardiac myocytes and negligible levels of serum cTnI that are not different from 

those observed in wild type mice. Corroborating the histological evidence of cardiomyocyte 

breakdown, serum levels of cTnI were found to be dramatically increased 8 hours after Iso 

administration in both mdx and C10 hearts. Serum collected from mdx mice 8 hours after 

the induction of Iso-induced injury showed 2.2-fold greater cTnI concentration than wild 

type mouse serum (Fig. 2C), consistent with the greater acute myocardial injury present in 

dystrophic hearts (Fig. 1B).

3.3. Fibrotic replacement of Iso-induced cardiac injury is dynamic.

Many, if not all, of the acutely damaged cardiomyocytes were removed following injury, 

resulting in their replacement with fibrotic lesions by 1 week after Iso administration. At 

timepoints of 1 week and 1 month following Iso-induced injury, dystrophic hearts displayed 

over 2-fold larger fibrosis area relative to wild type hearts (Fig. 3A), consistent with the 

elevated acute injury observed in mdx hearts at earlier timepoints. Replacement fibrosis area 

was highest 1 week following Iso administration in hearts from both strains, and closely 

reflected the peak acute injury area measured at 30 hours (Fig. 1B). Interestingly, 1 month 

after Iso-induced injury, total fibrotic lesion area was lower relative to its peak at 1 week 

after injury (Fig. 3A).

This curious observation of fibrotic area reduction between 1 week and 1 month following 

Iso administration could be explained by lesion contraction over this time period rather than 

by removal of deposited matrix. Collagen bundles display birefringence, the optical property 

that causes transmitted light to become polarized [53]. Collagen’s orderly triple-helical 

structure underlies its inherent birefringence, which becomes more pronounced as the 

density of collagen fibers increases. Sirius Red staining further enhances this property due to 

the alignment of the dye molecule along the collagen strands [53–55]. Birefringence can be 

assessed microscopically by using two orthogonally-oriented polarized filters, referred to as 

the polarizer and the analyzer, flanking the sample [20]. Polarized light passing through the 

first filter (polarizer) and non-birefringent material will be blocked by the second filter 

(analyzer). However, a birefringent material will polarize the light further as it traverses, 

allowing some of it to pass through the analyzer and be detected by the camera. The 

wavelength and intensity of the light passing through the analyzer can provide information 

about the relative amount and organization of the birefringent material in the sample. For 

example, a diffuse patch of collagen fibers that are oriented in many directions results in a 

small amount of green or yellow polarized light. In contrast, a patch of densely-bundled and 

organized collagen strands would result in bright orange or red light, with structural collagen 

(e.g. tendons) serving as an excellent example of the latter [54–57]. Upon measuring the 

polarized light passing through prominent lesions of 1-week and 1-month mdx hearts, the 

older lesions were found to display a significantly greater birefringent area relative to the 

total area stained by Sirius Red (Fig. 3C). Accordingly, representative images show that the 

polarized light exiting 1-month-old lesions appears noticeably brighter with prominent areas 

of red and orange color (Fig. 3D), supporting the notion that tighter bundling of collagen 

over time is likely responsible for the modestly reduced area seen in older lesions.
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3.4. Iso-induced injury triggers extensive immune cell infiltration in dystrophic hearts.

Infiltrating immune cells were labeled by antibody staining for CD45, a cell marker 

expressed by all leukocytes [58,59], and CD68, a phagocytic marker that is generally 

utilized as a differentiated macrophage marker [31,60–62]. Both of these immune cell 

markers showed a robust response to Iso-induced damage in mdx hearts, but this response 

was significantly attenuated and truncated in C10 hearts (Fig. 4A and 4D). Immune cell 

infiltration appeared to be delayed relative to the appearance of cardiac injury, with no 

response evident at 8 hours after Iso administration. In dystrophic hearts, an upsurge in 

immune infiltration could first be noted at 30 hours, with similarly robust immune cell 

presence lingering for at least 1 week following injury. In wild type hearts, a smaller 

increase in immune cells was apparent at 30 hours, and began to regress toward baseline 

levels 1 week post-injury. The prevalence of these immune cell markers dropped off to near-

baseline levels 1 month post-injury in hearts from both strains.

In addition to different amplitudes of the peak response, immune infiltration also displayed 

different distribution in mdx and wild type hearts. CD45+ leukocytes and CD68+ 

macrophages were diffusely scattered throughout all of the hearts at baseline, and remained 

so up to 8 hours after injury. In dystrophic hearts, 30 hours and 1 week after injury both 

immune cell markers displayed robust expansion predominantly in regions of damage, 

evidenced by the majority of the cells clustering in lesion areas (Fig. 4B and 4E). Although 

wild type hearts showed significant immune expansion in lesion areas at the 30-hour 

timepoint, some augmentation of non-lesion immune cells was also observed. At least 50% 

or more of the immune cells continued to occupy non-lesion areas of wild type hearts at all 

timepoints, possibly due to the more diffuse nature of C10 cardiac injury.

3.5. Acute AT1R blockade dramatically reduces dystrophic Iso-induced injury and 
modulates the immune response in the heart.

Angiotensin II (AngII) type 1 receptor (AT1R) is expressed in many cell types, serving as a 

major mediator of AngII effects, including pro-fibrotic gene program activation and 

increased ROS production [63–67] (Fig. 5A). These outcomes can be attenuated by blocking 

activation of AT1R with an angiotensin receptor blocker (ARB) like losartan. The anti-

remodeling effects of ARBs are well-documented in long-term studies [12,68,69], but much 

less is known about the potential acute benefits of AT1R blockade for the dystrophic heart. 

To shed more light on this question, mdx and wild type mice were treated with a brief course 

of intraperitoneal injections of losartan starting 1 hour before the bolus of Iso and spanning 

the period of 30 hours after Iso (Fig. 5A). Acute losartan treatment dramatically protected 

dystrophic hearts from cardiac damage following Iso injection, cutting mdx IgG+ injury area 

by 2.8-fold (Fig. 5B). Conversely, AT1R blockade showed no significant effect on wild type 

cardiac damage, resulting in comparable Iso-induced injury area in wild type and dystrophic 

hearts with acute losartan treatment. Interestingly, losartan did not change the distribution of 

lesions in dystrophic hearts, with mdx lesions remaining larger and localized more 

epicardially than C10 lesions (Fig. 5C).

The CD45+ leukocyte response in 30-hour post-Iso hearts reflected the same trends as acute 

injury area. While C10 hearts showed no significant reduction in CD45+ area with losartan, 
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mdx hearts showed a 38% reduction in the prevalence of CD45 after losartan treatment, 

resulting in CD45 levels that are not different from those observed in wild type hearts (Fig. 

5D). Interestingly, CD68+ macrophages showed a different trend, with a significant 53% 

reduction in total CD68+ area in C10 hearts treated with losartan, despite no change in total 

injury area or total leukocyte infiltration (Fig. 5E). Dystrophic hearts also showed a trend 

toward a proportionately larger CD68 decline with losartan, with 56% lower CD68 

compared to only 38% reduction in CD45. These declines in CD68+ area appeared to 

manifest in both lesion and non-lesion areas in hearts of both strains, suggesting that the 

overall immune profile of these mice may have shifted as a consequence of AT1R blockade 

(Fig. 5E). Representative images, highlighting lesion-positive areas in hearts of both strains, 

demonstrate the visibly reduced prominence of CD68+ cellular infiltrates in losartan-treated 

groups (Fig. 5F).

4. DISCUSSION

Dystrophic cardiomyopathy is a progressive disorder in which the accumulation of lesions 

results in extensive fibrosis and global cardiac dysfunction. One major goal of the present 

study is to characterize myocardial injury in the dystrophic heart and the response to this 

injury over time. The cardiac injury protocol detailed here, resulting in a scattered 

distribution of myocardial lesions sustained secondary to increased workload on the heart, 

represents a physiologically relevant approach for modeling the injury that a dystrophic 

patient’s heart might sustain during surgical procedures or other severely stressful events. 

This applicability is underscored by reports of elevated cardiac troponin I in DMD and 

Becker muscular dystrophy (BMD) patient serum [49,50], aligning with our observation of 

elevated cTnI in the serum of mdx mice following Iso-induced cardiac damage. 

Isoproterenol’s well-characterized actions, ease of handling, and specificity for β-adrenergic 

receptors result in a simple and reproducible adrenergic stress model that can provide a 

reliable basis for evaluation of cardiac therapies. In addition to its utility in evaluating acute 

injury prevention as demonstrated here, this Iso-based injury model also provides 

quantifiable readouts for therapies that may target fibrosis or immune infiltration, 

broadening its applicability.

Another major goal of this work is to investigate whether intervention with angiotensin 

receptor blockers (ARBs) at the time of injury may help limit myocardial damage during the 

early necrotic phase, rather than only mitigating the cardiac remodeling during the later 

fibrotic period. ARBs may exert their action through multiple mechanisms downstream of 

angiotensin II type 1 receptor (AT1R), a G-protein coupled receptor (GPCR) found widely 

expressed in many tissues, including cardiomyocytes and non-myocyte cardiac cells [70]. 

One pathway classically linked to AT1R activation in the heart is the upregulation of genes 

associated with adverse remodeling, most notably TGF-β [64,71,72], a cytokine known to 

worsen dystrophic processes [73,74]. The inhibition of this pro-fibrotic and pro-hypertrophic 

gene program is often discussed as the main benefit of ARBs as a cardiac therapy. However, 

mounting evidence suggests that more acute effects of AT1R activation include increased 

production of reactive oxygen species (ROS) by NADPH oxidase, a key mediator of 

angiotensin II’s effects in many tissues [65,67]. Current literature features multiple reports 

of excessive NADPH oxidase-mediated superoxide production contributing to cardiac and 
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skeletal muscle injury in mdx mice [31,75–78], indicating that early treatment with ARBs is 

a promising approach for limiting dystrophic injury. Here we show that Iso-induced cardiac 

injury can be reduced 3-fold in dystrophic hearts by acute losartan treatment initiated 1 hour 

prior to adrenergic stress and maintained during the 30-hour period that followed it. This 

rapid protective effect strongly implicates an immediate signaling-based mechanism of 

action rather than transcriptional effects. Importantly, Iso-induced cardiac injury in wild type 

mice did not reflect any losartan benefit, suggesting that the mechanism of myocardial injury 

targeted by losartan’s actions is uniquely exaggerated in dystrophic hearts. This notion is 

further supported by the different distributions of cardiac lesions in dystrophic and wild type 

hearts, even in the context of a strong reduction in dystrophic injury area. Wild type hearts 

display a peppering of small lesions clustered in endocardial regions, while mdx hearts show 

larger patches of damaged myocardium, which seem distributed at random throughout the 

walls of the heart. These mdx lesions become smaller and less frequent in losartan-treated 

hearts, but the distribution remains constant.

Our results, along with existing literature, support a model wherein ROS-mediated 

exacerbation of initial myocyte injury is a key driver of the accumulation of dystrophic heart 

damage. Oxidative stress induces a wide variety of pathological processes in the cell, 

including sarcolemmal damage, and has been thoroughly implicated in worsening cell 

survival [75,79]. NADPH oxidase, an effector of AT1R signaling and an important source of 

reactive oxygen species within the heart, has been shown to have increased expression and 

activity in dystrophic muscle, and can be further activated in a stretch-dependent manner 

[80,81]. The approaches of specific inhibition of NADPH oxidase or general scavenging of 

ROS via N-acetylcysteine have been shown to improve both the skeletal muscle and cardiac 

phenotypes in dystrophic mice [31,75,76,78,82]. Together, these data suggest that AT1R 

inhibition may benefit DMD patients by limiting the amplification of myocardial injury 

secondary to excessive ROS production in the dystrophic heart.

This work raises important questions regarding the mechanism of losartan action. The first 

question regards the significance of the altered immune response to cardiac injury, 

represented by the change in relative prevalence of macrophages. Wild type hearts showed a 

53% reduction in CD68+ area with losartan treatment, despite showing no significant 

changes in acute injury area or total CD45+ leukocyte infiltration. A similar trend in relative 

proportions of immune cell markers can be observed in mdx hearts, where losartan treatment 

resulted in a 38% reduction in CD45+ leukocytes, but a larger 56% reduction in CD68+ cells. 

CD68 is a surface marker that is expressed to some degree by nearly all differentiated 

macrophages [61,62]. Similar reductions in CD68 content have been demonstrated in 

models of atherosclerosis and diabetic nephropathy treated with losartan [83,84]. 

Furthermore, it has been shown that macrophage AT1R activation plays an important role in 

macrophage polarization toward the more pro-inflammatory M1 form and increased ROS 

production via macrophage NADPH oxidase [79,85,86]. If the immune response to cardiac 

damage is modified by losartan to become less inflammatory, then it’s possible that both 

dystrophic and healthy hearts could derive delayed benefits from losartan in the form of 

more effective post-injury healing and less adverse remodeling.
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Another important question is the relative benefit of ARB therapy compared to the broadly 

acting ACE inhibitors, which are currently more often prescribed to treat DMD patients 

despite showing lower tolerability [35,68]. Despite targeting similar physiological pathways, 

these two approaches have divergent effects on endogenous angiotensin signaling. ACE is a 

critical step in the enzymatic process that convert angiotensin I (AngI) to a variety of 

biologically active angiotensin peptides, including angiotensin II (AngII) and angiotensin 

(1-7). AngII may bind to both AT1R and AT2R, while angiotensin (1-7) binds to Mas 

receptor (MasR), triggering physiologically distinct downstream responses [87–89]. 

Importantly, signaling through AT2R and MasR is considered to be protective, and is often 

characterized in terms of opposing the adverse pro-fibrotic and pro-inflammatory effects of 

AT1R. ACE inhibition results in a large pool of uncleaved AngI, which, through the actions 

of non-ACE peptidases, may partially spill over into greater production of angiotensin (1-7) 

and greater MasR activation [90]. On the other hand, AT1R blockade may leave large pools 

of both AngII and AngI [91], with much of the AngII presumably being displaced to signal 

more through AT2R when AT1R is inaccessible. Furthermore, ACE inhibition has been 

shown to alter the availability of bradykinin, another peptide associated with cardiac 

protection, by blocking its breakdown to inactive metabolites, whereas ARBs leave it 

unaffected [92,93]. Despite these differences, little work has been done to directly compare 

these two treatment approaches, and clinical trials in dystrophic patients have demonstrate 

that ARBs or ACEi have similar effects on the preservation of cardiac function when 

initiated after the onset of cardiac pathology [32]. Preclinical work has made only limited 

contributions to shedding light on this matter. Previous work using a 6-month or 2-year 

course of oral losartan demonstrated reductions in muscle fibrosis and cardiac remodeling, 

significantly preserved cardiac function, and markedly improved survival in losartan-treated 

mdx mice [94,95]. Comparable treatment courses with ACEi have not been documented in 

dystrophic mice. Studies using young, unstressed dystrophic mice with treatment periods of 

2-4 months show mixed results, with most studies demonstrating little to no cardiac benefit 

compared to the natural disease course [96–98]. The short duration, lack of challenge, and 

co-administration of other drugs complicate the interpretation of the benefit of ACEi in 

dystrophic mice. The robust prevention of cardiac injury by AT1R blockade presented here 

suggests that additional preclinical studies and patient trials should investigate the relative 

efficacy of ARB-based versus ACEi-based therapeutic approaches in limiting cardiac 

dysfunction when initiated prior to clinically evident cardiac disease.

Current best practice recommendations suggest that anti-angiotensin therapy should be 

initiated in DMD patients by the age of 10 [2,3]. This recommendation is based on a trial of 

the ACEi perindopril, in which the group of patients that initiated therapy at 10.7 ± 1.2 years 

of age demonstrated better cardiac function 5 years later and higher 10-year survival than the 

group that started therapy at 13.6 ± 1.2 years of age [99,100]. This clinical trial underscores 

the importance of early initiation of therapy. However, the observation that global cardiac 

dysfunction can be detected in patients at the age of 10 indicates that the loss of myocardium 

likely begins much earlier [1,39]. A significant concern with early initiation of cardiac 

therapy in the pediatric patient population is that potential side effects may significantly 

impact quality of life. The issue of tolerability has been studied in over 250,000 heart failure 

patients, demonstrating that ACEi and ARBs are equally effective, but ARBs are 
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significantly better tolerated [101,102]. The new discovery of a striking benefit for acute 

myocardial injury shown here, coupled with limited side effects, strongly supports inclusion 

of ARBs among the first interventions to limit cardiomyopathy in DMD patients, well before 

the onset of global cardiac dysfunction. The earliest age at which any cardiac damage can be 

identified remains unclear, but it is clear that once myocardial damage occurs, it is lost 

forever.

The studies presented here provide a new, readily reproducible model of inducing cardiac 

injury in a genetic model of DMD. This approach provides an excellent platform for the 

study of myocardial injury responses, and offers significant potential for the pre-clinical 

assessment of therapies directed at dystrophic cardiomyopathy. The nature of the 

progression of dystrophic cardiomyopathy is unclear, but recent evidence suggests that 

DMD patients experience periods of significant cardiac damage resulting in elevations in 

serum markers of cardiac injury [1,39–41]. These episodic periods of cardiac injury are 

closely mirrored by the Iso-induced injury model used in these studies. The heart disease 

associated with DMD is of growing clinical importance, however many of the new 

therapeutic approaches have limited efficacy in the heart. Using this new model system, we 

demonstrate the acute protective capability of losartan pre-treatment in limiting the extent of 

new cardiac injury. This raises the important possibility that AT1R blockade may not only 

result in favorable cardiac remodeling, but may limit the accumulation of injury in the first 

place. If true, early ARB therapy could significantly delay the onset of cardiac dysfunction 

in DMD patients, extending survival and improving their quality of life.
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AngII angiotensin II
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WGA wheat germ agglutinin

MasR Mas receptor

AT2R angiotensin II type 2 receptor

ROS reactive oxygen species
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Highlights:

• Adrenergic stimulation extensively damages dystrophin-deficient hearts.

• Isoproterenol injection results in clinically-relevant dystrophic heart injury.

• Damaged dystrophic myocardium shows exaggerated and prolonged immune 

infiltration.

• Acute losartan prevents myocardial injury induced by isoproterenol in mdx 

mice.

• Losartan treatment modulates immune cell infiltration following myocardial 

injury.
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Figure 1: Effects of a single dose of isoproterenol on healthy and dystrophic hearts.
(A) After one bolus injection of 10 mg/kg isoproterenol (Iso), mice were sacrificed at 

timepoints of 8 hours, 30 hours, 1 week, or 1 month. (B) Left: Acute Iso-induced injury, 

measured by IgG incorporation, was prevalent as early as 8 hours, with a peak at 30 hours. 

Evidence of acute injury was totally removed by 1 week. (*** indicates p<0.001 vs. 

baseline; interaction p=0.01; n = 6-17 mice per group). Right: Wild type (C10) hearts 

displayed a peak acute injury area of only 6±2%, while mdx peak injury was 3-fold higher at 

19±3%. (*** indicates p<0.001). (C) Representative images of data shown in panel B. 

Whole hearts are shown with WGA (green) marking the total tissue area and IgG (red) 

indicating areas of acute myocyte injury. Scale bar = 1mm.
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Figure 2: Sarcolemmal injury triggers cardiomyocyte destruction as early as 8 hours after Iso.
(A) In both wild type (C10) and dystrophic hearts, uptake of IgG into injured myocytes 

corresponds with profound disruption of sarcomere structure as early as 8 hours following a 

bolus of Iso, compared to uninjured cardiomyocyte sarcomeres (right). Sarcomeres were 

visualized by α-actinin staining (green), myocyte injury was marked by endogenous IgG 

uptake (red), and extracellular matrix was visualized by WGA staining (magenta). Scale bar 

= 20 μm. (B) In wild type mouse hearts, myocytes that had taken up IgG also lost dystrophin 

at the sarcolemma, evidenced by absence of dystrophin staining (green). As expected, mdx 

hearts did not exhibit dystrophin staining. Scale bar = 50 μm. (C) Cardiac troponin I (cTnI) 

concentration was measured in serum collected from wild type and mdx mice as an index of 

myocardial damage. Dystrophic mice showed significantly higher serum levels of cTnI 8 

hours after Iso. (*** indicates p<0.001; n ≥ 8 mice per group).
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Figure 3: Fibrotic replacement of Iso-induced cardiac injury is dynamic.
(A) Left: In wild type and dystrophic hearts, the area of fibrosis was the highest 1 week after 

Iso-induced injury, and declined by 1 month (** indicates p=0.009 vs. baseline, *** 

indicates p<0.001 vs. baseline, ## indicates p=0.003 vs. 1 month; interaction p=0.02; n = 

8-15 mice per group). Right: One month after injury, mdx hearts displayed significantly 

larger fibrotic area (13±1%) than control hearts (6±1%) (*** indicates p<0.001). (B) 

Representative montages of data displayed in panel A. Whole hearts are shown with Fast 

Green-stained myocardium and Sirius Red-stained fibrosis. Scale bar = 1mm. (C) One 

month after Iso-induced injury, fibrotic lesions in mdx hearts displayed dramatically 

increased birefringent area relative to 1-week lesions, suggesting that replacement fibrosis 

contracts during maturation. (*** indicates p<0.001, n = 76-86 lesions from 14 mice per 

group). (D) Representative images of data displayed in panel C. Matched brightfield, cross-

polarized, and overlay images of mdx hearts show the change in the birefringence of 1-week 

and 1-month-old lesions; areas of birefringence are denoted in yellow on overlay images. 

Scale bar = 100 μm.
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Figure 4: Iso-induced injury triggered a significantly greater immune cell response in dystrophic 
hearts.
(A) CD45+ cell area was dramatically increased in mdx hearts 30 hours and 1 week after Iso 

administration, with a return toward baseline at 1 month after injury. Wild type (C10) hearts 

followed a similar pattern, with lower overall levels of infiltration and a faster return toward 

baseline levels (*** indicates p<0.001, ** indicates p=0.008 vs. baseline; ### indicates 

p<0.001, ## indicates p=0.004 difference between strains at the same timepoint; interaction 

p=0.02; n = 5-11 mice per group). (B) The expansion of the CD45+ cell population occurred 

primarily in lesioned areas of the heart, where the CD45+ area significantly increased 

compared to baseline in dystrophic hearts (*** indicates p<0.001, ** indicates p=0.008, * 

indicates p<0.05 vs. baseline). (C) Representative images for data shown in panels A and B. 

Cardiac lesions are represented by endogenous IgG uptake (red, baseline and 30 hours) and 

WGA accumulation (red, 1 week and 1 month). CD45+ cells are shown in green. Each panel 

is 1 mm2. (D) CD68+ immune infiltrates were significantly increased in dystrophic hearts 30 

hours and 1 week after Iso administration, with a return toward baseline by 1 month post-
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injury. Wild type hearts displayed a smaller and shorter-lived surge in cardiac CD68+ cells, 

with a significant increase observed only at 30 hours after Iso injection (*** indicates 

p<0.001, * indicates p=0.02 vs. baseline; ### indicates p<0.001, # indicates p=0.01 

difference between strains at the same timepoint; interaction p=0.02; n = 4-12 mice per 

group). (E) CD68+ cell expansion occurs primarily in lesioned areas of the heart, where their 

numbers are significantly greater compared to baseline. Only wild type hearts showed any 

expansion of non-lesion CD68+ cell numbers at 30 hours after Iso injection (*** indicates 

p<0.001 vs. baseline, * indicates p=0.02 vs. baseline). (F) Representative images for data 

shown in panels D and E, with CD68+ cells shown in cyan. Each panel is 1 mm2.
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Figure 5: Acute losartan administration dramatically reduces Iso-induced injury in dystrophic 
hearts.
(A) Angiotensin II type 1 receptors (AT1R) are G protein-coupled receptors that can be 

activated by angiotensin II (Ang II) and blocked by losartan. Top: Mice were treated with 

bolus injections of losartan (green) 1 hour prior to Iso administration (red), and at regular 

intervals over 30 hours following Iso injection. (B) 30 hours after Iso, losartan treatment 

caused no significant change in wild type (C10) cardiac injury, resulting in similarly low 

levels of acute Iso-induced injury in wild type and dystrophic hearts with losartan treatment. 

Untreated C10 and mdx data originally presented in Fig. 1B, shown here for comparison. 

(*** indicates p<0.001; interaction p=0.02; n = 10-17 mice per group). (C) Representative 

images of data shown in panel B. Whole hearts are shown with WGA (green) marking the 

total tissue area and IgG (red) indicating areas of acute myocyte injury. Scale bar = 1mm. (D 
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and E) CD45+ and CD68+ areas with and without losartan in wild type and mdx hearts, in 

both lesion and non-lesion areas. (*** indicates p<0.001, ** indicates p<0.01, * indicates 

p=0.03 vs. same domain without losartan; ### indicates p<0.001, ## indicates p<0.01 

difference in total immune area; n = 9-13 mice per group). (F) Representative images for 

data shown in panels D and E, with CD45+ cells shown in green and CD68+ cells shown in 

cyan. Cardiac lesions are indicated by endogenous IgG uptake (red). Each panel is 0.25 

mm2.
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