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Abstract

Chronic activation of the myocardial renin angiotensin system (RAS) elevates the local level of 

angiotensin II (Ang II) thereby inducing pathological cardiac hypertrophy, which contributes to 

heart failure. However, the precise underlying mechanisms have not been fully delineated. Herein 

we report a novel paracrine mechanism between cardiac fibroblasts (CF)s and cardiomyocytes 

whereby Ang II induces pathological cardiac hypertrophy. In cultured CFs, Ang II treatment 

enhanced exosome release via the activation of Ang II receptor types 1 (AT1R) and 2 (AT2R), 

whereas lipopolysaccharide, insulin, endothelin (ET)-1, transforming growth factor beta (TGFβ)1 

or hydrogen peroxide did not. The CF-derived exosomes upregulated the expression of renin, 

angiotensinogen, AT1R, and AT2R, downregulated angiotensin-converting enzyme 2, and 

enhanced Ang II production in cultured cardiomyocytes. In addition, the CF exosome-induced 

cardiomyocyte hypertrophy was blocked by both AT1R and AT2R antagonists. Exosome 

inhibitors, GW4869 and dimethyl amiloride (DMA), inhibited CF-induced cardiomyocyte 

hypertrophy with little effect on Ang II-induced cardiomyocyte hypertrophy. Mechanistically, CF 

exosomes upregulated RAS in cardiomyocytes via the activation of mitogen-activated protein 

kinases (MAPKs) and Akt. Finally, Ang II-induced exosome release from cardiac fibroblasts and 

pathological cardiac hypertrophy were dramatically inhibited by GW4869 and DMA in mice. 

These findings demonstrate that Ang II stimulates CFs to release exosomes, which in turn increase 

Ang II production and its receptor expression in cardiomyocytes, thereby intensifying Ang II-

induced pathological cardiac hypertrophy. Accordingly, specific targeting of Ang II-induced 
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exosome release from CFs may serve as a novel therapeutic approach to treat cardiac pathological 

hypertrophy and heart failure.
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1. Introduction

The renin-angiotensin system (RAS) mainly consists of angiotensinogen (Agt), renin, 

angiotensin-converting enzyme (ACE), angiotensin II (Ang II), and Ang II receptors AT1R, 

and AT2R [1, 2]. Ang II is the primary effector of RAS and is derived from angiotensinogen 

by the successive enzymatic actions of renin and ACE. Most of the known actions of Ang II 

are mediated via AT1R and AT2R. Traditionally, RAS is considered as an endocrine system 

in which circulating Ang II is generated from the cleavage of liver-secreted Agt by kidney-

released renin and ACE located on the luminal side of the vascular endothelium, referred to 

as systemic RAS. Additionally, Ang II is produced locally in tissues that express all of the 

RAS components, designated as the local RAS. A tightly controlled activity of RAS is 

required not only for maintaining systemic hemodynamics and blood volume but also for 

controlling cell proliferation, differentiation, and tissue remodeling in target organs like the 

heart. However, chronic activation of local RAS in the heart results in elevated levels of 

myocardial Ang II thereby leading to pathological cardiac hypertrophy and heart failure [1]. 

Several lines of evidence have demonstrated that Ang II could directly induce 

cardiomyocyte hypertrophy [3, 4]. Nevertheless, the precise mechanism for elevating 

myocardial levels of Ang II remains unclear.

Exosomes are small extracellular membrane vesicles of endocytic origin with diameters 

ranging from 30 to 100 nm and constitutively released by fusion with the cell membrane [5]. 

Exosomes mediate local and systemic cell communication through the horizontal transfer of 

bioactive materials [5, 6]. While exosomes have been implicated in cardiovascular diseases 

[7], a recent study demonstrated that Ang II increased the levels of miRNA (miR)-21* 

(miR-21-3p) in cardiac fibroblast (CF)-derived exosomes and the CF exosomes delivered 

miR-21* into cardiomyocytes thereby leading to cellular hypertrophy [8]. These findings 

suggest a novel paracrine mechanism between CF and cardiomyocyte in Ang II-induced 

cardiac hypertrophy. However, little is known regarding the regulatory mechanisms 

responsible for exosome release from cardiac fibroblasts. It is also unclear whether there are 

other mechanisms by which CF exosomes mediate Ang II-induced cardiac hypertrophy.

In the present study, we identified that Ang II stimulates exosome release from CFs via 

activation of both AT1R and AT2R. CF exosomes in turn enhances the expression of renin, 

Agt, AT1R, and AT2R while suppressing the expression of ACE2, and increases Ang II 

production in cardiomyocytes, thereby amplifying Ang II-inducing cardiac pathological 

hypertrophy. Our findings demonstrate for the first time that Ang II-induced exosome 

release from CFs serves as a crucial paracrine mechanism by which Ang II intensifies its 

own signaling in cardiomyocytes, thus leading to cardiac pathological hypertrophy.
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2. Methods

Isolation and culture of rat neonatal cardiac myocytes and fibroblasts, and mouse adult CFs 

were performed as previously described [9–11] with a minor modification. The purity of 

cultured CFs is ~100% (Supplementary Fig. 1). Isolation and purification of exosomes from 

the culture medium of rat neonatal CFs were performed by multi-step centrifugation [12–

14]. The CF-derived exosomes were characterized by transmission electron microscopy and 

Western blot analysis. All methods including the procedures for determining cardiomyocyte 

hypertrophy, for inducing myocardial hypertrophy via Ang II infusion in vivo, and for the 

various bioassays are detailed in Online-only Supplement.

3. Results

3.1. Characterization of Cardiac Fibroblast-derived Exosome-induced Cardiomyocyte 
Hypertrophy

To address a role of cardiac fibroblast (CF)-derived exosomes in the heart, we first isolated 

and characterized exosomes derived from neonatal rat CFs. Neonatal rat CFs were cultured 

in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 5% exosome-depleted 

FBS for 48 h. Membrane vesicles were isolated from the CF culture media. More than 95% 

of the vesicles had a cup-shaped morphology with a diameter range of 50 – 100 nm (Fig. 

1A), which are characteristic features of most exosomes [15]. In addition, the isolated 

vesicles were positive for vimentin [16] (Fig. 1B), indicating their fibroblast origin and they 

also contained the established exosome-associated protein markers such as CD9, CD63, 

tumor susceptibility gene (TSG)101 and heat-shock protein (HSP)70 [5, 6], but were 

negative for calnexin, a protein which is not expressed in exosomes [17] (Fig. 1B). These 

results demonstrated that the isolated vesicles released from neonatal rat CFs are exosomes.

It has been well documented that CFs produce pro-hypertrophic substances to induce 

cardiomyocyte hypertrophy [18, 19]. A recent study showed that CF exosomes are the sole 

carrier of these pro-hypertrophic substances [8]. To reproduce these observations, we 

examined the effects of neonatal rat CF- and HEK293-conditioned culture medium, as well 

as different fractions of the cardiac fibroblast-conditioned culture medium including the 

exosome depleted fraction on hypertrophic growth in neonatal rat cardiomyocytes. As shown 

in Supplementary Fig. 2, it was the CF-conditioned but not the HEK293-conditioned culture 

medium that induced increases in cell surface areas, [3H]-Leucine uptake, and early fetal 

gene expression including an upregulation of atrial natriuretic factor (ANF), B-type 

natriuretic peptide (BNP), and beta-myosin heavy chain (βMHC), and a downregulation of 

alpha-myosin heavy chain (αMHC), which are characteristic of pathological cardiomyocyte 

hypertrophy [9]. The pro-hypertrophic effects of CF-conditioned medium were largely 

dependent on substances with molecular weights >100 kDa (Supplementary Fig. 3A). 

However, the pro-hypertrophic effects of fractioned CF-conditioned medium (>100 kDa) 

were dramatically attenuated by depleting exosomes (Supplementary Fig. 3B–E). These 

results indicate that exosomes are not the sole transporter of all the pro-hypertrophic 

substances secreted from CFs but instead act as a major mediator of the CF-induced 

cardiomyocyte hypertrophy.
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We further determined the pro-hypertrophic effect of CF exosomes in neonatal rat 

cardiomyocyes using Ang II as a positive control. Indeed, Ang II induced cardiomyocyte 

hypertrophy (Fig. 2A and B) associated with the activation of fetal hypertrophic gene 

expression (Fig. 2C) aforementioned and a downregulation of sarco(endo)plasmic reticulum 

calcium ATPase2a (SERCA2a) (Fig. 2D), a critical regulator of cardiomyocyte function 

[20]. It has been established that the up-regulation of βMHC expression and down-

regulation of αMHC (αMHC/βMHC switch) contribute to the reduction of myofibrillar 

ATPase activity and cardiac myofiber shortening and velocity of shortening thereby leading 

to eventual contractile dysfunction [21]. In addition to the αMHC/βMHC switch, a down-

regulation of SERCA2a with consequent loss of efficient Ca2+ cycling is involving in 

pathological myocardial hypertrophy and heart failure [20, 21]. Thus, the Ang II-induced 

cardiomyocyte hyperytrophy is pathological. Like Ang II, the CF exosomes induced 

pathological cardiomyocyte hypertrophy (Fig. 2). Interestingly, the magnitude of CF-derived 

exosomes-induced cardiomyocyte hypertrophy was greater than that of Ang II (Fig. 2). 

Collectively, these results demonstrate that CF-derived exosomes are capable of inducing 

pathological cardiomyocyte hypertrophy in vitro.

3.2. Ang II Stimulates Release of Exosomes From Cardiac Fibroblasts

The pathophysiological relevance of CF exosomes remains to be further explored. 

Therefore, we determined whether CF exosome release is altered in various 

pathophysiological settings including RAS over-activation, hyperinsulinemia, inflammation, 

and oxidative stress in cultured neonatal rat CFs. Ang II, insulin, lipopolysaccharide (LPS), 

and hydrogen peroxide (H2O2) were used to mimic these settings as described elsewhere 

[10, 22–24]. The effects of pro-hypertrophic factors, ET-1 [25] and TGFβ1 [26] on release 

of exosomes from neonatal CFs were also studied. We measured the total amount of proteins 

(concentrations), the activity of acetylcholinesterase (AChE), an exosome specific enzyme 

[27] and protein expression levels of TSG101 and CD63, two exosome markers [5, 6] in 

total exosomes released from the same number of CFs after the treatment as mentioned 

above. Intriguingly, only Ang II enhanced protein quantity, AChE activity, and TSG101 and 

CD63 protein expression in the released exosomes (Fig. 3A and B). The increases in protein 

concentrations are well proportional with the increases in TSG101 and CD63 protein levels 

or AChE activities (Fig. 3A and B). These results indicate that the total protein level of CF 

exosomes reflects the number of CF exosomes in a setting of Ang II stimulation.

In addition, we found that Ang II stimulated exosome release from neonatal rat CFs via the 

activation of both AT1R and AT2R (Fig. 3C). On the other hand, Ang II did not affect the 

expression of neutral sphingomyelinase (nSMase)1 or nSMase3 but significantly 

upregulated the expression of nSMase2 (Fig. 3D), a critical regulator of exosome release 

[28], in neonatal rat CFs. These results indicate that Ang II enhances CF exosome release 

most likely by enhancement of CF nSMase2 activity via activating both AT1R and AT2R. CF 

exosomes may play a unique role in the Ang II-induced cardiac hypertrophy.
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3.3. Cardiac Fibroblast-derived Exosomes Induce Cardiomyocyte Hypertrophy via 
Upregulation of RAS

We then investigated whether the Ang II-increased production of CF exosomes functions as 

a yet unappreciated aspect of the Ang II-induced cardiomyocyte hypertrophy feedback loop. 

Accordingly, we determined whether CF exosomes are capable of regulating RAS in 

cultured neonatal cardiomyocytes. As shown in Fig. 4A, CF exosomes upregulated the 

expression of renin, Agt, AT1R, and AT2R and downregulated the expression of ACE2. In 

addition, CF exosomes stimulated a dramatic increase in Ang II secretion (Fig. 4B), whereas 

CF exosomes per se did not contain Ang II (Fig. 4C). These results reveal that CF exosomes 

activate the cardiomyocyte RAS and cumulatively increase Ang II production and secretion. 

To investigate a functional link between CF exosome-induced activation of RAS and 

hypertrophy in cardiomyocytes, we determined the effects of AT1R blocker Telmisartan and 

AT2R antagonist PD123319 on CF exosomes-induced hypertrophic growth in neonatal rat 

cardiomyocytes. As shown in Fig. 4D, CF exosome-induced [3H]-Leucine uptake was 

similarly attenuated by Telmisartan and PD1233319, and completely blocked following co-

treatment with Telmisartan and PD123319. These results demonstrate CF exosomes 

upregulate the expression of AT1R and AT2R and enhance Ang II production and secretion 

from cardiomyocytes. The increased Ang II in turn activates the upregulated AT1R and 

AT2R resulting in an exaggerated phenotype of cardiomyocyte hypertrophy.

To determine the functional relevance of CF exosomes in cellular communication between 

cardiac fibroblasts and cardiomyocytes, we examined the effect of exosome inhibitors 

GW4869 and dimethyl amiloride (DMA) [28, 29] on hypertrophic growth in neonatal rat 

cardiomyocytes co-cultured with neonatal rat CFs. The effective doses of GW4869 (40 μM) 

and DMA (100 nM) suppressed both basal and Ang II-induced exosome release from 

neonatal rat CFs (Fig. 4E) and strongly inhibited [3H]-Leucine uptake in the cardiomyocytes 

(Fig. 4F). However, Ang II-induced [3H]-Leucine uptake was not affected by GW4869 (40 

μM) and DMA (100 nM) (Supplementary Fig. 4). These findings suggest that CF exosomes 

act as critical paracrine mediator of CF-induced cardiomyocyte hypertrophy.

Taken together, these results indicate that CF exosomes are capable of upregulating the RAS 

of cardiomyocytes, which results in the pro-hypertrophic autocrine activation of the Ang II-

Ang II receptor axis in cardiomyocytes.

3.4. Cardiac Fibroblast-derived Exosomes Upregulate RAS in Cardiomyocytes via the 
Activation of Mitogen-activated Protein Kinases (MAPKs) and Akt

To explore the molecular mechanism by which CF exosomes upregulate RAS in 

cardiomyocytes, we tracked CF exosome traffic and determined the effect of CF exosomes 

on the activation of MAPK and Akt, which are capable of regulating RAS [30, 31], in 

neonatal rat cardiomyocytes. As shown in Fig. 5A, CF exosomes entered the cytoplasm 

within 5 min, further accumulated at 20 min, and the accumulation was maintained for at 

least 60 min. In addition, CF exosomes activated MAPKs including ERK and p38, as well as 

Akt, and their activation was apparent at 5 min, peaked at 10 min and was maintained for at 

least 60 min (Fig. 5B and Supplementary 5A). CF exosomes also activated MAPK JNK, 

which appeared at 30 min and was maintained up to 60 min (Fig. 5B and Supplementary 
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5A). While Ang II also activated these kinases peaking at 5 min, it contrastingly declined to 

the basal level by 60 min (Fig. 5C and Supplementary 5B). The Ang II-induced activation of 

MAPKs was inhibited by co-treatment with Telmisartan and enhanced by co-treatment with 

PD123319 (Fig. 5D and Supplementary 5C). The Ang II-induced Akt activation was 

inhibited by both Telmisartan and PD123319 (Fig. 5D and Supplementary Fig. 5C). 

However, the CF exosome-induced activation of these kinases was not affected by co-

treatment with either Telmisartan or PD123319 (Fig. 5E and Supplementary Fig. 5D). Taken 

together, these results demonstrate that CF exosomes activate MAPK and Akt in 

cardiomyocytes via a mechanism independent of the rapid Ang II release.

To establish a mediator role of MAPKs and Akt in CF exosome-induced upregulation of 

RAS in cardiomyocytes, we utilized kinase inhibitors. The effective doses of ERK (U0126; 

1 μM), p38 (SB023580; 10 μM), JNK (SP600125; 1 μM), and Akt (MK-2206; 1 μM) 

inhibited CF exosome-induced upregulation of RAS in neonatal rat cardiomyocytes (Fig. 6A 

and B). In addition, CF exosome-induced upregulation of renin, Atg, AT1R, and AT2R was 

blocked by the Akt inhibitor (Fig. 6B) while ACE and ACE2 were unaffected. Moreover, CF 

exosome-induced Ang II release and [3H]-Leucine uptake was blocked by these inhibitors 

individually (Fig. 6C and D). Collectively, these results indicate that CF exosomes are 

capable of increasing Ang II production and release from cardiomyocytes via the activation 

of MAPKs and Akt.

3.5. Proteomics Analysis of Cardiac Fibroblast-derived Exosomes

Given that Ang II increases the levels of several miRNAs (miRs), such as miR-132 which 

has potential to regulate Ang II signaling [32], in cardiac fibroblasts [8], it is likely that the 

enriched miRs in CF exosomes are responsible for the autocrine enhancement of Ang II-

induced cardiomyocyte hypertrophy. However, surprisingly, we found that the magnitude of 

cardiomyocyte hypertrophy induced by exosomes derived from CFs in the presence or 

absence of Ang II stimulation is similar (Fig. 7A). The precise reason for these discrepancies 

is unclear. One possibility is that the phenotype of cultured CFs may be different due to the 

different experimental conditions. Alternatively, the amount of exosomes derived from 

vehicle control-treated neonatal rat CFs (CTL-exosomes) may be more than that derived 

from Ang II-treated neonatal CFs (Ang II-exosomes) due to the limitation of measuring 

methods in our study. In addition, except the well-characterized miRs [8], other substances 

such as proteins secreted by CF exosomes mediate the paracrine intensification of Ang II-

induced cardiomyocyte hypertrophy. Therefore, we performed quantitative proteomics 

analysis (n=3) using equal amount of exosomes (20 μg) released from neonatal rat CFs with 

or without Ang II stimulation. We found that there are 792 proteins in CTL-exosomes 

(Supplementary table 1). KEGG analysis indicates that CTL exosome proteins are linked to 

254 pathway maps (Supplementary table 2) including PI3K/Akt and MAPK pathways, 

hypertrophic cardiomyopathy, and dilated cardiomyopathy (Supplementary Fig. 6 and 7). 

Given that CF exosomes upregulate RAS via activation of PI3K/Akt and MAPK pathways 

(Fig. 6), we analyzed the CTL exosome proteins which are capable of regulating both 

pathways. Among the 59 PI3K/Akt (Supplementary table 3) and 14 MAPK pathway 

(Supplementary table 4) related CF exosome proteins, we found four such proteins including 

platelet derived growth factor receptor beta (Pdgfrb), Ras-related C3 botulinum toxin 
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substrate 1 (Rac1), Guanine nucleotide-binding protein subunit gamma (Gng12), and 

GTPase Kras (Kras) (Fig. 7A). On the other hand, there are 798 proteins in Ang II-exosomes 

(Fig. 7B and Supplementary table 5). We found that 98% of the proteins in Ang II-exosomes 

are identical with that in CTL-exosomes, suggesting that Ang II has minor impact on the 

protein expression of CF exosomes (Fig. 7B, Supplementary tables 1 and 5). Indeed, there is 

no difference in the expression of exosome marker proteins including CD9, CD63, CD81, 

TSG101, lysosomal-associated membrane protein (LAMP)1, and HSP70 [5] between the 

CTL- and Ang II-exosomes (Fig. 7C). These results suggest that Ang II may have minor 

impact on the protein compositions of CF exosomes, instead increase exosome release from 

CFs aforementioned (Fig. 3A and B).

Ang II affected the expression of a few CF exosome proteins which are capable of regulating 

PI3K/Akt and MAPK pathways; whereas none of them have been individually linked to Ang 

II-mediated cardiac hypertrophy except Osteopontin (Spp1) [33] and epidermal growth 

factor receptor (Egfr) [34] (Supplementary tables 6 and 7). A comparison of the differential 

protein expression between CTL- and Ang II-exosomes which are involved in regulating 

PI3K/Akt and MAPK pathways, we narrowed down 57 CF exosome proteins (Fig. 7A and 

Supplementary table 8). It is likely that a net effect of these CF exosome proteins on 

PI3K/Akt and MAPK cascades is responsible for CF exosome-mediated upregulation of 

RAS leading to cardiomyocyte hypertrophy. However, we noticed that the expression of 

Spp1 and Egfr was not detected in CTL-exosomes (Supplementary tables 6 and 7). Given 

that in the experiment of CF exosome-induced cardiomyocyte hypertrophy, the used amount 

of Ang II-exosomes may be less than that of CTL-exosomes aforementioned, and Ang II-

exosomes are more potent in inducing cardiomyocyte hypertrophy compared with CTL-

eoxosomes [8], it is possible that the observed activation of PI3K/Akt and MAPK-RAS 

upregulation-cardiomyocyte hypertrophy is predominantly caused by Egfr and Spp1 in Ang 

II-exosomes. Moreover, considering 98% of CF exosome proteins in Ang II-exosomes are 

identical with that in CTL-exosomes, it is likely that other molecules in the exosomes such 

as DNA and ncRNAs are also responsible for the observed phenotype.

3.6. Exosome Inhibitors Attenuate Ang II-induced Cardiac Hypertrophy in vivo

Since these findings in cultured neonatal CFs and cardiomyocytes may not be used as a sole 

surrogate for the cellular communication in adult myocardium, we explored the 

pathophysiological relevance of CF exosomes in Ang II-induced cardiac hypertrophy in 

vivo. We found that like in neonatal rat CFs (Fig. 1A–C), Ang II stimulated exosome release 

from cultured mouse adult CFs (Fig. 8). We further determined the effect of GW4869 and 

DMA on Ang II-induced CF exosome release and cardiac hypertrophy in adult mice. 

Cardiac hypertrophy was induced by sustained Ang II infusion as described elsewhere [10, 

35]. GW4869 and DMA were administrated by previously established protocols in mice [29, 

36]. Nevertheless, we verified the efficacy of GW4869 and DMA treatments in suppressing 

CF exosome release in the heart. As shown in Fig. 9A and Supplementary Fig. 8, CFs 

isolated from Ang II-treated mice released much more exosomes, compared to the vehicle-

treated control. The Ang II-induced enhancement of exosome release was blocked by 

GW4869 or DMA treatment, whilst the basal exosome release was also inhibited by 

GW4869 or DMA (Fig. 9A, Supplementary Fig. 8). Ang II-induced myocardial hypertrophy 
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and cardiac fibrosis were markedly prevented by the treatment of GW4869 and DMA (Fig. 

9B–D). In addition, the systemic delivery of GW4869 and DMA at the doses used did not 

cause any cellular damage in the kidney and liver (Supplementary Fig. 9). Taken together, 

these results indicate that Ang II induces myocardial hypertrophy at least partly via 

increasing CF exosome release in the heart.

4. Discussion

Over the last century, it has been firmly established that the abnormal and chronic activation 

of AT1R by excessive Ang II plays a causative role in the pathogenesis of cardiovascular 

diseases, such as hypertension and heart failure [1, 2]. However, the precise mechanism of 

Ang II-mediated adverse effects in the heart is still lacking a comprehensive understanding. 

To this end, an emerging role of exosomes carrying miRs in pro-hypertrophic 

communication between cardiac fibroblasts and cardiomyocytes has been highlighted by a 

recent report that exosomes released from cardiac fibroblasts are major components 

contributing to cardiomyocyte hypertrophy [8]. In the present study, we identified that Ang 

II stimulates cardiac fibroblasts to release exosomes, which act as a paracrine mediator to 

upregulate renin, Agt, AT1R, AT2R while downregulating ACE2 in cardiomyocytes, thereby 

intensifying the autocrine activation of the Ang II-AT1R axis that leads to pathological 

cardiomyocyte hypertrophy (Fig. 10). In addition, it is likely that a group of proteins in 

cardiac fibroblast-derived exosomes are responsible for activating PI3K/Akt- and MAPK-

mediated upregulation of RAS leading to cardiomyocyte hypertrophy. Thus, our findings 

indicate that the increase in exosome secretion from cardiac fibroblasts serves as a novel 

paracrine mechanism of Ang II-induced myocardial hypertrophy.

Since therapy that inhibits the engagement of Ang II to AT1R, such as ACE inhibitors 

(ACEI) or AT1R blockers (ARBs), clearly retard the progression of hypertension and reduce 

the risk of adverse cardiovascular events, they are widely used as the first line of treatment in 

hypertension and heart failure [37]. However, a substantial portion of patients receiving 

ACEI or ARB therapy develop side effects, such as first-dose hypotension, hyperkalemia 

and renal failure, cough, and angioedema [37, 38]. These adverse effects may be caused by 

the suppression or blockade of normal Ang II-mediated physiological functions in target 

organ systems [2, 38, 39] thereby creating a need for an alternative approach to selective 

targeting of the Ang II-mediated detrimental effects in the heart. In this regard, our results 

indicate that the suppression of Ang II-induced exosome release from cardiac fibroblasts 

represents a potential alternate therapeutical approach for the prevention of pathological 

cardiac hypertrophy secondary to sustained Ang II stimulation.

It should be noted that the precise mechanism by which cardiac fibroblast-derived exosomes 

upregulate and activate RAS in cardiomyocytes have not been fully dissected in the present 

study. Although our results indicate that except miRs [], a group of proteins in CF exosomes 

may contribute to the paracrine intensification of Ang II-induced cardiomyocyte 

hypertrophy; miRs as paracrine mediators may mediate Ang II-induced cardiac hypertrophy 

via other potential mechanisms such as cardiac fibroblast-derived extracellular complex of 

miRs and RNA-binding proteins [40]. In addition, except Ang II over stimulation, the impact 

of other pathological settings on exosome release from cardiac fibroblasts has not been fully 
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characterized. Whether time frames of the exosome under hyperinsulinemia, inflammation, 

and oxidative stress are different with the Ang II’s is warranted. Another limitation of our 

study is the systemic delivery of Ang II and exosome inhibitors. Such systemic suppression 

of exosome release could not exclude a potential involvement of extra-myocardial Ang II-

induced exosome release in cardiac hypertrophy. This issue may be clarified by cardiac 

specific suppression of exosome release in a setting of cardiac restricted overstimulation of 

Ang II.

Further investigations of cardiac specific targeting the axis of Ang II-cardiac fibroblast 

exosome-cardiomyocyte hypertrophy as well as the putative substances in cardiac fibroblast-

derived exosomes or from cardiac fibroblasts are needed. The outcome will provide not only 

novel insights into Ang II-operated pro-hypertrophic signaling in the heart but also new 

perspectives for the development of novel therapeutic approaches for the treatment of 

cardiac disease associated with chronic activation of Ang II signaling.”
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Nonstandard Abbreviations and Acronyms

Ang II Angiotensin II

RAS Renin angiotensin system

AT1R Angiotensin II type 1 receptor

AT2R Angiotensin II type 2 receptor

Agt Angiotensinogen

ACE Angiotensin-converting enzyme

ROS Reactive oxygen species

MAPK Mitogen-activate protein kinase

ET-1 Endothelin-1

TGFβ1 Transforming growth factor 1

ANF Atrial natriuretic factor
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BNP B-type natriuretic peptide/brain natriuretic factor

αMHC alpha-myosin heavy chain

βMHC beta-myosin heavy chain

SERCA2a Sarcoplasmic reticulum calcium ATPase2a
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Highlights

• Ang II stimulates the release of exosomes from cardiac fibroblasts (CF 

exosomes).

• CF exosomes upregulate renin angiotensin system in cardiomyocytes.

• CF exosomes induces cardiomyocyte hypertrophy via activating AT1R 

and AT2R.

• Ang II-induced cardiac hypertrophy is inhibited by suppression of 

exosome production.
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Fig. 1. 
Characterization of cardiac fibroblasts-derived exosomes. (A) Upper panel: Transmission 

electron microscopic images of neonatal rat cardiac fibroblast-derived (CF) exosomes; 

Lower panel: Distribution of CF exosome sizes. (B) Western blot analysis of several 

exosome biomarkers in CF exosomes. Immunoblots are representative of six separate 

experiments.
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Fig. 2. 
The effect of cardiac fibroblast-derived exosomes on cardiomyocyte hypertrophy. Neonatal 

rat cardiomyocytes were treated with neonatal rat cardiac fibroblasts-derived exosomes 

(Exo) or angiotensin II (Ang II) as indicated for 48 h and then subjected to (A) cell surface 

area measurement, (B) [3H]-Leucine uptake, (C and D) qPCR analysis of gene expression. 

n=4, *p<0.05 vs. vehicle treated control (−).
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Fig. 3. 
Ang II-induced release of exosomes from cardiac fibroblasts. (A, B) The effect of 

pathological stress on the release of exosomes from cardiac fibroblasts. (A) The amount of 

proteins and the activity of acetylcholinesterase in total released exosomes from the same 

number of neonatal rat cardiac fibroblasts that were stimulated with vehicle, Ang II (1 μM), 

ET-1 (0.1 μM), TGFβ1 (10 ng/ml), insulin (0.1 μM), LPS (0.1 μg/ml), H2O2 (500 μM) as 

indicated for 48 h. n=3, *p<0.05 vs. vehicle-treated control (CTL). (B) Western blot analysis 

of CD63 and TSG101 in total exosomes from the same number of neonatal rat cardiac 

fibroblasts that were stimulated with vehicle or Ang II for 48 h. Left panel shows semi-

quantified results. n=3, *p<0.05 vs. vehicle-treated control (CTL). Right panel is the 

immunoblots (n=3). Input: 10 μl of the neonatal rat cardiac fibroblast lysates. (C) The effect 

of Telmisartan and PD123319 on Ang II-induced secretion of exosomes from cardiac 

fibroblasts. Neonatal rat cardiac fibroblasts were treated with Ang II (1 μM), Telmisartan 

(Tel, 10 μM), PD123319 (PD, 10 μM) as indicated for 48 h. The total proteins of exosomes 

secreted were measured by BCA assay and normalized by cell number. n=3, *p<0.05 vs. 

vehicle treated control (−). (D) The effect of Ang II on mRNA expression of neutral 

sphingomyelinase (nSMase) in cardiac fibroblasts. Neonatal rat cardiac fibroblasts were 
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treated with vehicle of Ang II (1 M) for 48 h and subjected to qPCR analysis of nSMase1, 2, 

and 3 expression. n=4, *p<0.05 vs. vehicle-treated control (−).
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Fig. 4. 
The effects of cardiac fibroblast-derived exosomes on activation of renin angiotensin system 

(RAS) in cardiomyocytes. (A) Cardiac fibroblast-derived exosomes (Exo)-induced 

expression of RAS components. Neonatal rat cardiomyocytes were treated with or without 

Exo (50 μg/ml) for 48 h and then subjected to qPCR analysis of mRNA expression of AT1R, 

AT2R, ACE, ACE2, and angiotensinogen. n=4, *p<0.05 vs. vehicle-treated control (CTL). 

(B) Measurement of Ang II in culture medium of cardiomyocytes treated with Exo. Neonatal 

cardiomyocytes were treated with or without exosomes derived from neonatal rat cardiac 

fibroblasts treated with (Ang II-CF) or without Ang II (CTL-CF) for 48 h and then the 

culture medium were subjected to enzyme immunoassay (EIA) of Ang II. n=4, *p<0.05 vs. 

vehicle treated control (0). (C) Measurement of Ang II in cardiac fibroblast-derived 
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exosomes (Exo). Lysates (50 μg) of exosomes derived from neonatal rat cardiac fibroblasts 

treated with (Ang II-CF) or without Ang II (CTL-CF) were subjected to EIA analysis of Ang 

II as indicated, and 25–100 pg/ml Ang II was used as a positive control. Bovine serum 

albumin (BSA, 50 μg) was used as a negative control; ND - non-detectable. n=4. (D) The 

effects of Telmisartan (Tel) and PD123319 (PD) on cardiac fibroblast-derived exosomes 

(Exo)-induced [3H]-Leucine uptake in cardiomyocytes. Neonatal rat cardiomyocytes were 

treated with Exo (50 μg/ml), Tel (10 μM), and PD (10 μM) as indicated for 48 h. n=4, 

*p<0.05 vs. control (−); #p<0.05 vs. Exo (+). (E) The effect of GW4869 and DMA on 

exosome release from cardiac fibroblasts. Neonatal rat cardiac fibroblasts were treated with 

GW4869 and DMA as indicated for 48 h and the culture medium was subjected to exosome 

isolation and quantification. n=4, *p<0.05 vs. vehicle-treated control (−). (F) The effect of 

GW4869 and DMA on cardiac fibroblast-induced [3H]-Leucine uptake in cardiomyocytes. 

Neonatal rat cardiac myocytes and fibroblasts were co-cultured with GW4869 and DMA as 

indicated for 48 h. n=4, *p<0.05 vs. vehicle-treated control (−).
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Fig. 5. 
The effects of cardiac fibroblast-derived exosomes on pro-hypertrophic signaling in 

cardiomyocytes. (A) Exosomes uptake assay. Cardiac fibroblast-derived exosomes were 

labeled with green membrane dye PKH67 and incubated with neonatal rat cardiomyocytes 

as indicated and visualized using a confocal microscopy. The results are representatives of 3 

separated experiments. Scale bar = 50 μm. (B) Exosome (Exo)-induced activation of 

mitogen-activated protein kinases (MAPKs) and Akt. Neonatal rat cardiomyocytes were 

treated with (5, 10, 30 and 60 min) and without (0 min) Exo (50 μg/ml) derived from 

neonatal rat cardiac fibroblasts as indicated and then subjected to Western blot analysis of 

phosphorylated and total ERK1/2, JNK, p38, and Akt. The results are representatives of 4 

separated experiments. (C) Ang II-induced activation of MAPKs and Akt. Neonatal rat 

cardiomyocytes were treated with (5, 10, 30 and 60 min) or without (0 min) Ang II (1 μM) 

as indicated and then subjected to Western blot analysis of phosphorylated and total 

ERK1/2, JNK, p38, and Akt. The results are representatives of 4 separated experiments. (D) 

The effects of Telmisartan (Tel) and PD123319 (PD) on Exo-induced activation of MAPKs 

and Akt. Neonatal rat cardiomyocytes were treated with Exo, Tel (10 μM), and PD (10 μM) 

as indicated for 20 min and subjected to Western blot analysis. The immunoblots are 

representatives of 4 separated experiments. (E) The effects of Tel and PD on Ang II-induced 

activation of MAPKs and Akt. Neonatal rat cardiomyocytes were treated with Ang II, Tel 
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(10 μM), and PD (10 μM) as indicated for 5 min and subjected to Western blot analysis. The 

immunoblots are representatives of 4 separate experiments.
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Fig. 6. 
The effects of MAPK and Akt inhibitors on cardiac fibroblast-derived exosomes-induced 

activation of RAS in cardiomyocytes. (A) Dose response of MAPK and Akt inhibitors on 

cardiac fibroblast-derived exosomes (Exo)-induced activation of MAPKs and Akt. Neonatal 

rat cardiomyocytes were treated with or without Exo (50 μg/ml), U0126, SP600125, 

MK-2206, and SB023580 for 20 min and subjected to Western blot analysis. The results are 

from 4 separate experiments. (B) The effects of MAPK and Akt inhibitors on Exo-induced 

mRNA expression of RAS components. Neonatal rat cardiomyocytes were treated with or 

without Exo (50 μg/ml), U0126 (U, 1 μM), SP600125 (SP, 1 μM), SB023580 (SB, 10 μM), 

and MK-2206 (MK, 1 μM) for 48 h and then subjected to qPCR analysis of mRNA 

expression of ACE, ACE2, renin, angiotensinogen (Agt), AT1R, and AT2R. n=4, *p<0.05 vs. 

Control (−). #p<0.05 vs. Exo (+) group. (C) The effects of MAPK and Akt inhibitors on 

Exo-induced Ang II release. Neonatal rat cardiomyocytes were treated with or without Exo 

(50 μg/ml), U0126 (U, 1 μM), SP600125 (SP, 1 μM), SB023580 (SB, 10 μM), and MK-2206 

(MK, 1 μM) for 48 h. Ang II was measured in the culture medium. n=4, *p<0.05 vs. Control 

(−). (D) The effects of MAPK and Akt inhibitors on Exo-induced [3H]-Leucine uptake. 
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Neonatal rat cardiomyocytes were treated with or without Exo (50 μg/ml), U0126 (U, 1 μM), 

SP600125 (SP, 1 μM), SB023580 (SB, 10 μM), and MK-2206 (MK, 1 μM) for 48 h. n=4, 

*p<0.05 vs. Control (−).
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Fig. 7. 
Protein array analysis of cardiac fibroblast (CF)-derived exosomes. A, The effect of released 

exosomes of control vehicle-treated (CTL-exosomes) and Ang II-treated neonatal cardiac 

fibroblasts (CFs) (Ang II-exosomes) on cardiomyocyte hypertrophy. Neonatal rat 

cardiomyocytes were treated with or without CTL-exosomes (50 μg/ml) and Ang II-

exosomes (50 μg/ml) for 48 h and then subjected to [3H]leucine uptake assay. n=4, *p<0.05 

vs. vehicle control. B, C, Exosome proteins extracted from CTL-exosomes (20 μg) and Ang 

II-exosomes (20 μg) (n=3) were subjected to proteomics analysis as described in Online 

Supplement. B, The effect of Ang II on overall distribution of CF exosome proteins which 

potentially regulate PI3K/Akt and MAPK pathways. Ang II downregulates one protein 

(blue) and upregulates 2 proteins (red) in CF exosomes (Supplementary tables 6–8). C, The 

effect of Ang II on CF exosome marker expression in CTL- and Ang II-exosomes. There is 
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no difference in the expression of exosome marker proteins in CTL- and Ang II-exosomes. 

Hspa4; Heat shock 70 kDa protein 4, Hspa13; Heat shock 70 kDa protein 13.
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Fig. 8. 
Ang II-induced exosome release from mouse adult cardiac fibroblasts. Mouse adult cardiac 

fibroblasts were treated with vehicle control (CTL) or Ang II (1 μM) for 48 h and then 

subjected to (A) Western blot analysis of CD63 and TSG101, (B) protein quantity 

measurement, and (C) acetylcholinesterase activity assay. n=3, *p<0.05 vs. CTL.
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Fig. 9. 
The effects of GW4869 and DMA on Ang II-induced cardiac hypertrophy. A, Adult male 

C57BL/6N mice (n=10) at 8 weeks of age were treated with Ang II, GW4869, and DMA for 

5 days as described in “Methods”, and then cardiac fibroblasts were isolated for measuring 

exosome release. *p<0.05 vs. vehicle-treated control (CTL). B–D, Adult male C57BL/6N 

mice (n=6~10) at 8 weeks of age were treated with Ang II, GW4869, and DMA for 14 days 

as described in “Methods”, and then (B) heart weight (HW)/body weight (BW) ratio, (C) 

cardiomyocyte cross sectional area (CSA), and (D) cardiac fibrosis were quantified. n=6~10. 

*p<0.05 vs. vehicle-treated control (CTL).
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Fig. 10. 
Schematic working hypothesis. Under pathological stress, myocardial Ang II stimulates 

exosome release from cardiac fibroblasts via activation of both AT1R and AT2R and then the 

cardiac fibroblast-derived exosomes upregulate expression of renin, angiotensinogen, AT1R, 

and AT2R while downregulating ACE2 in cardiomyocytes in a paracrine manner. Thus, 

cardiomyocytes produce and release more Ang II, which in turn activates the upregulated 

AT1R and AT2R to induce hypertrophic growth in an autocrine fashion. As a result, Ang II 

intensifies its own pro-hypertrophic signaling in cardiomyocytes by upregulation of RAS via 

increasing paracrine release of exosomes from cardiac fibroblasts.
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