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Abstract

Hypertension often leads to cardiovascular disease (CVD) and kidney dysfunction. Exosomes 

secreted from cardiosphere-derived cells (CDC-exo) and their most abundant small RNA 

constituent, the Y RNA fragment EV-YF1, exert therapeutic benefits after myocardial infarction. 

Here, we investigated the effects of CDC-exo and EV-YF1, each administered individually, in a 

model of cardiac hypertrophy and kidney injury induced by chronic infusion of angiotensin (Ang) 

II. After 2 weeks of Ang II, multiple doses of CDC-exo or EV-YF1 were administered retro-

orbitally. Ang II infusion induced an elevation in systolic blood pressure that was not affected by 

CDC-exo or EV-YF1. Echocardiography confirmed that Ang II infusion led to cardiac 

hypertrophy. CDC-exo and EV-YF1 both attenuated cardiac hypertrophy and reduced cardiac 

inflammation and fibrosis. In addition, both CDC-exo and EV-YF1 improved kidney function, and 

diminished renal inflammation and fibrosis. The beneficial effects of CDC-exo and EV-YF1 were 

associated with changes in the expression of the anti-inflammatory cytokine IL-10 in plasma, 

heart, spleen and kidney. In summary, infusions of CDC-exo or EV-YF1 attenuated cardiac 

hypertrophy and renal injury induced by Ang II infusion, without affecting blood pressure, in 

association with altered IL-10 expression. Exosomes and their defined noncoding RNA contents 

may represent potential new therapeutic approaches for hypertension-associated cardiovascular 

and renal damage.
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Introduction

Cardiovascular disease (CVD) is estimated to affect 92.1 million adults in the US. By 2030, 

almost half of the US adult population is projected to have some form of CVD.1 Risk factors 

implicated in CVD include lifestyle (tobacco use, physical inactivity, nutrition), high blood 

pressure, metabolic syndrome and genetics. In response to CVD, the heart often undergoes a 

compensatory response known as maladaptive hypertrophy,2 increasing the size of 

preexisting cardiomyocytes. The left ventricle (LV) undergoes biochemical, structural and 

metabolic changes to maintain cardiac function.3, 4 Such cardiac remodeling is accompanied 

by inflammation, fibrosis and apoptosis which lead to ventricular dilation, contractile 

dysfunction, and eventually, progression to heart failure (HF).5 CVD and kidney dysfunction 

often go hand in hand, ultimately leading to the failure of both organs. In patients with 

chronic kidney disease, HF is the major cardiovascular complication and its prevalence 

increases with declining kidney function.6

Cardiosphere-derived cells (CDCs)7 are cardiac progenitor cells which have been tested in 

humans for myocardial infarction, Duchenne muscular dystrophy and other indications.8–12 

These cells improve tissue repair via their anti-apoptotic, anti-fibrotic, anti-remodeling, 

angiogenic and cardioproliferative characteristics. They also promote cardioprotection by 

modulating the inflammatory response.13 CDCs work indirectly when applied in vivo: their 

effects are mediated via secreted exosomes (CDC-exo), lipid-bilayer vesicles 30-150 nm in 

diameter.14 Exosomes carry a unique cargo of lipids, proteins, and RNAs, which only 

partially reflect the cell of origin. We have previously reported that the most prevalent 

species in CDC-exo, after tRNAs, are Y RNAs and their fragments, which constitute almost 

20% of the total small exosomal RNAs.15 Y RNAs are non-coding RNAs, first discovered in 

1981 in the serum from patients suffering from autoimmune diseases, complexed with the 

ribonucleoproteins Ro60 and La.16, 17 Humans possess four Y-RNA genes (hY1, hY3, hY4 

and hY5 RNA).18 The complex Ro-Y RNA has been implicated in RNA processing and 

quality control of non-coding RNA.19 A role in the initiation step of chromosomal DNA 

replication has also been attributed to Y-RNAs, independent of Ro60 or La association.20 

Recently, a plethora of deep sequencing studies in eukaryotes have identified small RNA 

fragments derived from longer RNAs.21 Accumulating evidence suggests that these RNA 

fragments, while derived from pre-existing non-coding RNAs, may themselves be bioactive.
22 Moreover, Y-RNA fragments comprise a substantial fraction of the RNA component of 

exosomes present in many physiological fluids23 and cell types24. The function of 

extracellular Y-RNA fragments is currently unknown, but it has been speculated that they are 

processed and secreted as part of an as-yet undefined signaling process.25 The most 

abundant individual small RNA present in CDC-exo is a 56-nucleotide fragment of Y4 

RNA, EV-YF1, which confers cardioprotection via modulation of IL-10 expression and 

secretion.15

Here, we explored whether EV-YF1 and CDC-exo exert beneficial effects in a model of 

cardiac hypertrophy and kidney injury induced by chronic infusion of angiotensin (Ang) II.
26–28 Inflammation plays a critical role in the pathogenesis of Ang II-induced heart and renal 

injury,29, 30 and the anti-inflammatory effects of IL-10 have been shown to play a protective 

role in this model of CVD.27 We demonstrate that EV-YF1 largely recapitulates the effects 
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of CDC-exo by attenuating maladaptive cardiac hypertrophy and improving kidney function, 

without altering blood pressure. These benefits are associated with enhanced IL-10 

secretion.

Methods

The authors declare that all supporting data are available within the article and online-only 

Data Supplement.

Animals

Eight to ten-week-old male C57BL/6J mice were obtained from Jackson Laboratories. 

Hypertension was induced with subcutaneous Ang II infusion (1.4 mg/kg/day) (Sigma-

Aldrich, St. Louis, MO, USA) using osmotic mini-pumps (Alzet, Cupertino model 1004, 

CA, USA) for 28 days. The Institutional Animal Care and Use Committee approved all 

animal care and related procedures before study commencement.

CDCs, exosomes and EV-YF1

Human CDCs were isolated and cultured, and exosomes isolated, as described.14, 31 EV-YF1 

was synthesized commercially from Integrated DNA Technologies (IDT) (Coralville, IA).

Statistics

Results are expressed as mean ± SEM. Groups were compared using 1-way ANOVA 

followed by Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001. All 

analyses were performed using Prism 5 software (GraphPad).

Detailed methods are provided in the online-only Data Supplement.

Results

EV-YF1 and CDC-exo biodistribution after retro-orbital injection in Ang II-infused mice

To investigate the role of EV-YF1 and CDC-exo during cardiac hypertrophy and renal injury, 

we used the Ang II-induced hypertension model.26–28 LV hypertrophy was induced in 

C57BL/6J mice by subcutaneous infusion of Ang II (1.4 mg/kg/day) using osmotic mini-

pumps for 28 days. Sham animals were infused with saline solution. On days 14, 15, 18, 20 

and 22 of Ang II infusion, animals were treated with consecutive doses of EV-YF1 synthetic 

oligoribonucleotide, CDC-exo or saline by retro-orbital injection (Figure 1A). To determine 

the efficacy of retro-orbital injection, expression of EV-YF1 was analyzed 24 h after a single 

injection of the EV-YF1 synthetic oligoribonucleotide or CDC-exo. Although EV-YF1 is 

highly abundant in CDC-exo,15 the dose of synthetic oligoribonucleotide (4.79E+14 copies) 

injected likely exceeds the abundance of EV-YF1 delivered in CDC-exo. Indeed, we 

observed more expression of EV-YF1 after EV-YF1 injection than CDC-exo injection in all 

tested organs with higher copy numbers in heart, spleen and liver. Similar expression levels 

of EV-YF1 were observed in lung and kidneys, but no expression was detected in brain 

(Figure 1B). While CDC-exo biodistribution shows some predilection for the heart31, 

possibly because of CDC-exo surface protein composition, we have not yet investigated the 
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mechanism of biodistribution of EV-YF1. Clearly the observed pattern does not follow 

linearly the relative perfusion of the various organs32: heart and spleen are 

disproportionately rich in EV-YF1, while lung, brain and kidney are low relative to blood 

flow. To confirm the hypertensive effect of Ang II, we measured systolic blood pressure 

(SBP) before (day 0) and weekly during Ang II infusion. After one week of Ang II, SBP 

increased significantly compared to the sham group infused with saline (135±6 vs. 107±5 

mmHg, n=5). This increase persisted during the 4 weeks of infusion. Neither the 

administration of EV-YF1 nor CDC-exo altered blood pressure levels (Figure 1C).

Effects of EV-YF1 and CDC-exo on cardiac function and hypertrophy

Echocardiography revealed no differences in LV systolic (Figure S1A and S1B in the online-

only Data Supplement) or diastolic (Figure S1C in the online-only Data Supplement) 

function after Ang II infusion with or without EV-YF1 or CDC-exo. However, LV posterior 

wall dimension in end-diastole was greater after 4 weeks of Ang II infusion compared to 

sham (1.5 ± 0.1 vs. 0.84 ± 0.06 mm, p < 0.01, n =3-6). The augmented thickness was 

significantly blunted in the CDC-exo group (1.05 ±0.07 mm; p<0.01, n=6). No improvement 

of LV posterior wall thickness was observed in the EV-YF1 group (1.34 ± 0.09 mm, p=0.6, 

n=6) (Figure 2A; Figure S1D in the online-only Data Supplement). The decrease in LV 

internal diastolic diameter induced by Ang II-infusion (Sham: 3.4 ± 0.2; Ang II: 2.5 ± 0.1 

mm, p<0.05, n=4-5) was less pronounced in CDC-exo group (3.2 ± 0.11 mm, p<0.05 vs. 

Ang II, n=6). EV-YF1 also blunted the decrease in LV internal diameter induced by Ang II, 

albeit not significantly (3.0 ± 0.1 mm vs. Ang II, p=0.2) (Figure 2B; Figure S1D in the 

online-only Data Supplement). No differences in interventricular septal thickness in end-

diastole were observed between groups (Figure 2C; Figure S1D in the online-only Data 

Supplement), but LV mass showed a significant increase in the Ang II-infused group (137 

± 5 mg vs sham 102 ± 6 mg, p<0.05, n=5). This augmentation in mass was reduced in both 

EV-YF1 (94 ± 8 mg, p<0.01, n=8) and CDC-exo (87.7 ± 4.6 mg, p<0.001, n=8) groups 

(Figure 2D). The heart/body weight ratio, indicative of cardiac hypertrophy, mimicked the 

profile obtained for corrected LV mass (Figure 2E). To analyze this parameter, 

administration of the scrambled oligoribonucleotide of EV-YF1, Ys, in a group of animals 

infused with Ang II was added and no difference was observed between this group and the 

Ang II group (Figure S2A online-only Data Supplement). Another characteristic of cardiac 

hypertrophy is the re-expression of fetal genes such as Anp. Indeed, Anp expression was 

5.7-fold greater in Ang II-infused compared to sham group (p<0.001, n=6) while the 

induction was only 3.6 and 2.6-fold in EV-YF1 and CDC-exo groups; (p<0.01 and p<0.001 

vs. Ang II-infused group; respectively, n=6-5) (Figure 2F). Taken together, these data 

indicate that both EV-YF1 and CDC-exo attenuated cardiac hypertrophy induced by Ang II 

infusion for 4 weeks. Some parameters of LV hypertrophy were less improved by EV-YF1 

than by CDC-exo, but the “gold standard” measures of LV mass and heart/body weight ratio 

were affected comparably by the two interventions.

EV-YF1 and CDC-exo decrease Ang II-induced cardiac hypertrophy, fibrosis and 
inflammation

LV remodeling during cardiac hypertrophy is characterized by an increase in cardiomyocyte 

size, cardiac fibrosis and inflammation. Cardiomyocyte cross-sectional area was increased in 
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Ang II-infused group (240 ± 23 μm2) compared to sham (161 ± 12 μm2, p<0.05, n=4); this 

increase was significantly attenuated in EV-YF1 and CDC-exo groups (171 ± 9 and 171 ± 15 

μm2, p<0.05 vs. Ang II group; respectively, n=4) (Figure 3A and 3B). Interstitial cardiac 

fibrosis was also increased by Ang II infusion (Ang II: 14 ± 3 % vs. Sham: 3.2 ± 0.8 % of 

area, p< 0.01, n=3) while EV-YF1 and CDC-exo groups showed attenuated fibrosis (EV-

YF1: 5.9 ± 0.7%, p<0.05, n=3 and CDC-exo: 8.24 ± 2%, p=0.137 vs. Ang II mice, n=3) 

(Figure 3C and 3D). Inflammation was determined by analyzing the expression of CD68 and 

F4/80, markers of infiltrating inflammatory cells, as well as expression of pro-inflammatory 

cytokines Il6 and Il1b, in heart tissue. EV-YF1 and CDC-exo significantly reduced the 

expression of those markers in Ang II-infused animals, providing further evidence of an 

anti-inflammatory effect (Figure 3E and 3F; Figure S3 in the online-only Data Supplement).

EV-YF1 inhibits Ang II effects on cardiomyocytes and cardiac fibroblasts

We have shown that EV-YF1 modulates macrophage activity15. Here, we tested if EV-YF1 

inhibits the effects of Ang II via a similar mechanism. Neonatal rat ventricular 

cardiomyocytes (NRVMs) were cultured for 24 h with non-conditioned media (control) or 

media conditioned for 48 hours by bone marrow-derived macrophages (BMDMs) 

overexpressing Ys scrambled oligoribonucleotide (Ys-CM) or EV-YF1 (EV-YF1-CM) with 

or without Ang II (1μM). In the presence of Ang II, Anp expression increased 1.5-fold in 

NRVMs cultured with control media vs. no Ang II. A similar increase (2-fold) was observed 

in NRVMs cultured in Ys-CM in the presence of Ang II. On the contrary, the increase in 

Anp expression induced by Ang II was significantly blunted in NRVMs cultured in EV-YF1-

CM. This effect was attributable to IL-10 present in EV-YF1-CM, as inclusion of an anti-

IL-10 neutralizing antibody abrogated the decrease in Anp expression (Figure S4A in the 

online-only Data Supplement). These data are consistent with the notion that, upon 

overexpression of EV-YF1, BMDMs secrete cytokines, including IL-1015, that inhibit the 

effect of Ang II on NRVM Anp expression. The role of EV-YF1 on Ang II inhibitory effect 

via macrophages was also tested in neonatal cardiac fibroblasts (neoCFs). NeoCFs were 

cultured for 16 h with BMDM media (control) or media conditioned over 72 h by BMDMs 

overexpressing Ys (Ys-CM) or EV-YF1 (EV-YF1-CM) with or without Ang II (100 nM). 

Adult cardiac fibroblasts (CFs) have been shown to produce low levels of IL-6, which 

increase in the presence of Ang II or in co-culture with macrophages.33 In our experiment, 

Il6 expression was not increased in the presence of Ys-CM, EV-YF1-CM or Ang II alone, 

possibly due to the use of neonatal vs adult CFs. However, a significant increase (2.2-fold, 

p<0.001) in Il6 expression was observed when neoCFs were cultured with conditioned 

media from BMDMs overexpressing Ys (Ys-CM) with Ang II. In contrast, when neoCFs 

were cultured with media from BMDMs overexpressing EV-YF1 (EV-YF1-CM) with Ang 

II, Il6 expression was not different from the conditioned media without Ang II (Figure S4B 

in the online-only Data Supplement). Direct overexpression of EV-YF1 in neoCFs exposed 

to Ang II did not change Il6 expression (data not shown). Thus, EV-YF1 acts on BMDMs to 

inhibit Il6 induction by Ang II in neoCFs.

EV-YF1 and CDC-exo decrease Ang II-induced kidney injury

Chronic activation of the renin-angiotensin system (RAS) increases blood pressure, and 

leads to progressive kidney injury and proteinuria. Accordingly, we analyzed whether EV-
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YF1 and/or CDC-exo exert renoprotective effects. Proteinuria was significantly increased 

after 4 weeks of Ang II infusion compared to saline infusion (Sham: 13 ± 1 vs. Ang II: 48 

± 4 mg/day, p<0.001, n=4). In EV-YF1 and CDC-exo groups, proteinuria was decreased 

compared to Ang II group (29 ± 4 and 31 ± 3 mg/day, p<0.05, n=4; respectively; Figure 4A). 

To analyze this parameter, administration of the scrambled oligoribonucleotide of EV-YF1, 

Ys, in a group of animals infused with Ang II was added and no difference was observed 

between this group and the Ang II group (Figure S2B in the online-only Data Supplement). 

Kidney levels of neutrophil gelatinase associated lipocalin (NGAL), a biomarker of renal 

injury,34 tended to increase after 4 weeks of Ang II infusion compared to sham, while EV-

YF1 and CDC-exo groups showed significant decreases compared to Ang II-infused group 

(Ang II: 2184 ± 518 vs. EV-YF1: 1261 ± 94 and CDC-exo: 1058 ± 25 pg/mg total kidney 

protein, p<0.05, n=4). These data reveal that EV-YF1 and CDC-exo ameliorate the renal 

injury induced by Ang II infusion (Figure 4B). To quantify glomerular injury, we evaluated 

structural changes histologically using periodic acid-Schiff staining. Mesangial expansion 

was significantly higher in Ang II-infused mice compared to control mice (Sham: 12 ± 2 vs. 

Ang II: 19 ± 1 % of total glomerular area, p<0.05; n=5; Figure 4C and 4D). On the other 

hand, both EV-YF1 and CDC-exo groups showed mesangial areas that were 

indistinguishable from those in control mice. Glomerular size was significantly decreased in 

Ang II-infused mice compared to control mice (Sham: 4692 ± 151 vs. Ang II: 4111 ± 176 

μm2, p<0.05, n=5, Figure 4E). In EV-YF1 group, glomerular size was increased, reaching 

values comparable to sham (4540 ± 93 μm2). No restoration of glomerular size was observed 

in CDC-exo group, and no change in the number of glomeruli was observed in any 

experimental group (Figure S5 in the online-only Data Supplement).

EV-YF1 and CDC-exo decrease Ang II-induced renal inflammation and fibrosis

Ang II-induced hypertension is associated with an increase of infiltrating macrophages in the 

kidney and a consequent elevation of intrarenal cytokines, which facilitates the progression 

of hypertension and kidney injury.35 To test whether EV-YF1 or CDC-exo could attenuate 

Ang II-induced inflammation, we analyzed the expression of CD68, a marker of infiltrating 

cells, in renal tissue. CD68 was decreased in EV-YF1 and CDC-exo groups compared to 

Ang II group (Figure 5A). We also analyzed the expression levels of pro-inflammatory 

cytokines Il6 and Il1b. Here, the differences were not significant, but a trend was observed in 

favor of a decrease in Il1b expression in both intervention groups compared to Ang II alone, 

along with a tendency for EV-YF1 to decrease Il6 expression (Figure 5B and 5C). Further 

assessment of renal injury was performed by Masson’s trichrome staining to evaluate 

fibrosis. Renal cortices revealed increased tubulointerstitial fibrosis in Ang II-infused mice 

compared to controls (Sham: 0.19 ± 0.03% vs. Ang II: 0.4 ± 0.1% of total cortical area; 

p<0.01; n=5; Figure 5D and 5E). Interestingly, EV-YF1 significantly decreased renal 

interstitial fibrosis (0.23 ± 0.03%, p<0.05 compared to Ang II group). CDC-exo also 

decreased renal fibrosis (0.30 ± 0.04%, p<0.09), albeit not significantly (Figure 5D and 5E).

EV-YF1 and CDC-exo modulate IL-10 expression

We have reported that EV-YF1 modulates IL-10 expression in BMDMs.15 To test the 

hypothesis that EV-YF1 attenuates the effect of Ang II on cardiac hypertrophy by 

modulating IL-10 secretion, we measured IL-10 levels in plasma of mice infused with Ang 
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II 24 hours after the second injection of EV-YF1 or CDC-exo (day 16). At this time point, no 

differences in IL-10 levels were observed between mice infused with Ang II or saline. 

However, EV-YF1 did increase IL-10 levels relative to saline injection (1.8-fold, p<0.01, 

n=4) (Figure 6A). This observation demonstrates that EV-YF1 upregulates IL-10 levels in 

only 24 h. On the contrary, the second injection of CDC-exo seemed to lower plasma IL-10 

levels compared to sham group (2.3-fold, p<0.05, n=4). At the end of the Ang II infusion 

(day 28), the profile of plasma IL-10 changed: IL-10 levels in the Ang II-infused group 

decreased modestly compared to sham, while those in EV-YF1 and CDC-exo groups were 

comparable to sham group (Figure 6B). At the end of the study (day 28), we analyzed tissue 

IL-10 levels in heart, spleen and kidney (Figures 6C-E). Cardiac IL-10 levels were 

significantly higher in Ang II-infused group than in sham (13.54 ± 1.285 (Ang II) vs. 9.496 

± 0.457 pg/mg protein (Sham), p<0.05, n=6-8). In contrast, levels of cardiac IL-10 in EV-

YF1 and CDC-exo groups were similar to those in the sham group (Figure 6C). The same 

profile was observed for IL-10 levels in spleen (Figure 6D). IL-10 gene expression and 

IL-10-induced signaling pathways also play important roles in the regulation and 

maintenance of normal renal function. Indeed, IL-10 delivery slowed the functional decline 

in an animal model of chronic renal disease.36 To establish whether the improved renal 

function was associated with higher levels of IL-10 in the kidney, we measured IL-10 levels 

in all experimental groups. A substantial decrease in IL-10 was observed in Ang II-infused 

group compared to sham (152 ± 3 (Ang II) vs. 243 ± 10 pg/mg protein (Sham), p<0.001, 

n=4). Interestingly, the EV-YF1 group showed similar levels to those in the sham group, 

significantly different from Ang II group (232 ± 12 pg/mg protein, p<0.001, n=4), while the 

CDC-exo group showed no difference with Ang II-infused group (Figure 6E).

Discussion

Here, we have shown that CDC-exo exert beneficial effects in a model of cardiac 

hypertrophy and renal injury induced by Ang II infusion. Moreover, we also demonstrated 

that EV-YF1, the most abundant RNA species in CDC-exo, itself recapitulates most of the 

beneficial effects of CDC-exo on CVD. We chose the Ang II infusion model as the renin–

angiotensin system promotes hypertension, is a key mediator of cardiac adaptations to 

hemodynamic overload, and induces end organ damage including the heart and kidneys.37 

This model has direct clinical relevance as it emulates early stages in the progression of 

CVD. For EV-YF1 and CDC-exo administration, we opted for the retro-orbital route which 

is a reliable and consistent option for drug delivery in mice38 and less invasive than previous 

intra-coronary or intra-myocardial injections used to deliver CDC-exo.39 EV-YF1 and CDC-

exo were injected at mid-course, when the cardiac hypertrophy phenotype was not yet 

pronounced, to test if the interventions could stop or attenuate the progression of cardiac 

remodeling and renal injury.

Both EV-YF1 and CDC-exo indeed attenuated the progression of cardiac hypertrophy. 

Cardiac mass assessed by echocardiography, heart-to-body weight ratio and expression of 

the fetal gene Anp were significantly decreased in EV-YF1 or CDC-exo groups compared to 

Ang II-infused mice. In most cases, these parameters reached values comparable to those in 

the sham group. These data are concordant with the observation of reduced cardiomyocyte 

size in mice exposed to EV-YF1 or CDC-exo, as well as attenuated Ang II-induced fibrosis.
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Extending previous studies, we observed that CDC-exo14, 31 and EV-YF1,15 decreased the 

expression of pro-inflammatory cytokines Il1b and Il6 in the heart, and blunted the 

expression of CD68, a marker of infiltrating cells. We demonstrated in vitro that EV-YF1 

acts indirectly on cardiomyocytes and cardiac fibroblasts via regulation of the cytokine 

profile secreted by macrophages.15 Indeed, attenuated effects of Ang II on Anp expression 

in cardiomyocytes or Il6 in cardiac fibroblasts were only observed in the presence of 

BMDM-conditioned media overexpressing EV-YF1. As described by our group,15 the 

secretion of IL-10 by BMDMs induced by EV-YF1 might counteract Ang II effects. These 

data add to our previous finding showing a direct role of EV-YF1 on macrophage 

polarization, and underline the importance of communication among different cell types 

during cardiac repair.40

Our previous studies have shown beneficial effects of CDC-exo which extend beyond the 

heart; for example, skeletal muscle function and structure improved after CDC-exo 

administration in the mdx mouse model of muscular dystrophy.41 Here we demonstrated that 

both CDC-exo and their most abundant small RNA species, EV-YF1, exert beneficial effects 

on kidney. The kidney is a key target of Ang II, and prolonged Ang II infusion leads to renal 

dysfunction.42 Here, we have shown that EV-YF1 or CDC-exo decrease tubulointerstitial 

fibrosis, mesangial expansion and proteinuria. In addition, EV-YF1 or CDC-exo decreased 

expression levels of NGAL, a biomarker of renal injury used in patients with HF to estimate 

the risk of worsening renal function.34 Inflammation is a common feature of many 

pathological conditions including cardiac hypertrophy, myocardial infarction, and renal 

disease. Interestingly, CDC-exo and/or EV-YF115, 31, 41 have demonstrated beneficial effects 

in many of these pathological conditions. Thus, the anti-inflammatory effects of CDC-exo 

and EV-YF1 might rationalize why these interventions are effective in multiple target 

organs.

The beneficial effects of EV-YF1 and CDC-exo occur without modifying blood pressure. In 
vitro studies have shown that, besides its hemodynamic actions, Ang II also exerts direct 

trophic effects on cardiac and different renal cell types by promoting structural remodeling 

and cell proliferation43 independently of hypertension.44, 45 Our studies are consistent with 

the idea that EV-YF1 and CDC-exo prevent cardiac hypertrophy and ameliorate renal injury 

by blocking local actions of Ang II on target tissues, independently of the hemodynamic 

effects of Ang II. The high expression of EV-YF1 in heart after systemic injection seems to 

facilitate actions at this site of injury, potentially via cardiac-resident macrophages. On the 

other hand, high expression in the spleen, which can mobilize numerous monocytes in 

response to injury,46 may reflect an early action of EV-YF1 on splenic macrophages. EV-

YF1 might induce a rapid activation of splenic macrophages to produce high levels of IL-10, 

which then counterbalance inflammation in heart and kidney. This could explain the low 

renal EV-YF1 expression after injection. We have established that EV-YF1 increased plasma 

IL-10 levels within just 24 hours after retro-orbital injection, and these levels were sustained 

during intervention, while animals not exposed to EV-YF1 showed lower plasma IL-10 

levels at the end of the 28 days of Ang II-infusion.47 CDC-exo also increased IL-10 levels in 

a delayed manner compared to EV-YF1. Plasma levels of IL-10 in the EV-YF1 group were 

similar to those in sham. The normal IL-10 plasma levels correlate with normal levels in 

heart, spleen and kidney. We speculate that high levels of plasma IL-10, observed after the 
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first injections of EV-YF1, arise from splenic macrophages homing to sites of injuries in 

heart and kidney, and counterbalance the progression of the inflammatory state in these 

organs (Figure S6 in the online-only Data Supplement. In contrast, during Ang II infusion, 

the persistent cardiac inflammation requires a permanent production of IL-10 as a 

compensatory effect27 that explains the high levels of IL-10 in heart and splenic tissues in 

Ang II-infused animals. More experiments would be required, however, to test these 

hypotheses.

The mechanism of action on the kidney appeared somewhat different than that in the heart, 

given that EV-YF1 maintained IL-10 levels that were reduced upon Ang II-infusion. IL-10, 

produced by mesangial cells, plays an important role in normal renal physiology, as well as 

during acute kidney injury, and in the progression of chronic renal failure.48 Under some 

conditions, IL-10 has a protective effect reducing kidney injury, with lower proteinuria and 

reductions in glomerulosclerosis and interstitial fibrosis.36, 49 The data support the notion 

that EV-YF1 improves kidney function by modulating IL-10 levels, while CDC-exo actions 

cannot be explained that simply. Indeed, EV-YF1 restored normal levels of IL-10 in kidney 

while CDC-exo animals showed levels comparable to those in the Ang II group.

Perspectives

EV-YF1 or CDC-exo attenuate LV remodeling and improve kidney function in a murine 

hypertensive model. The study was designed to test only early-stage disease. We do not yet 

know whether such interventions, if initiated after the pathology is fully established, would 

be able to reverse cardiac hypertrophy and kidney dysfunction. We also demonstrated that 

EV-YF1 and CDC-exo re-established normal levels of IL-10 in heart, kidney and spleen 

after Ang II infusion. Some, but not all, of the benefits are associated with directionally-

appropriate changes in IL-10, but additional interventions (e.g., using a neutralizing 

antibody against IL-10) would be required to strengthen the evidence for a cause-and-effect 

relationship. Although IL-10 treatment appears beneficial in heart failure following 

myocardial infarction and cardiac hypertrophy,50, 51 the high cost-benefit ratio for an 

appropriate dose of IL-10 to achieve a therapeutic effect in humans has limited its translation 

to clinical practice.52 Intravenous treatment with EV-YF1 or CDC-exo may recapitulate the 

beneficial effects of IL-10 without the associated limitations. Indeed, CDC-exo and EV-YF1 

could represent new classes of therapeutic agents: the former are cell-produced vesicles with 

multiple bioactive contents, while the latter is a single defined biological constituent of those 

vesicles. Both act directly to mitigate end organ damage, independently of blood pressure 

regulation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance

What Is New?

- CDC-exo and the small non-coding RNA fragment, EV-YF1 exert beneficial 

effects in heart and kidney of hypertensive mice.

- The beneficial effects of CDC-exo and EV-YF1 are independent of blood 

pressure regulation.

What Is Relevant?

- Intravenous administration of EV-YF1 or CDC-exo represent efficient 

therapeutic approaches to target organs affected by hypertension.

- Unlike RAS blockers or beta-blockers, EV-YF1 or CDC-exo benefits on the 

heart and kidney are independent of blood pressure.

- EV-YF1, by modulating Il10 expression, could represent a new therapeutic 

approach for attenuation of end-organ injury in hypertension.
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Summary

Exposure to EV-YF1 or CDC-exo significantly attenuates LV remodeling and renal injury 

induced by Ang II infusion. EV-YF1 or CDC-exo reduce cardiac hypertrophy, fibrosis 

and inflammation. In addition, either entity also decreases renal inflammation and 

fibrosis, while and ameliorating kidney injury. Modulation of the anti-inflammatory 

cytokine IL-10 may underlie some of these beneficial effects, but further work is required 

to establish a cause-and-effect relationship.
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Figure 1. EV-YF1 and CDC-exo biodistribution after retro-orbital injection in an Ang II-infused 
mouse
A, Study design of Ang II infusion with EV-YF1 and CDC-exo treatment. B, EV-YF1 copy 

number by qPCR representing the distribution of EV-YF1 and CDC-exo 24 h after retro-

orbital injection. (No expression was detected in brain). Values are means ± SEM; n = 4 

animals/group. C, Systolic blood pressure (SBP) was recorded by tail-cuff in mice before 

and after chronic subcutaneous infusion of Ang II or saline (sham) weekly for 28 days. 

Chronic infusion of Ang II significantly increased SBP independently of EV-YF1 or CDC-

exo treatment. Values are means ± SEM; n = 5 animals/group. Groups were compared using 

1-way ANOVA followed by Tukey’s multiple comparisons test; ***P < 0.001 between sham 

vs. all the groups at every time points except baseline.
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Figure 2. Effect of EV-YF1 and CDC-exo treatment on cardiac function and hypertrophy
Cardiac morphology (A-D) were assessed by echocardiography at 2 weeks (AngII-2w) and 

28 days after saline (sham) or Ang II infusion (AngII). Additional groups of mice were 

treated with Ang II plus EV-YF1 (AngII-EV-YF1) or Ang II plus CDC-exo (AngII-Exo). 

LVPWd: LV posterior wall thickness, end-diastole; LVIDd: LV internal diastolic diameter; 

IVSd: interventricular septal thickness, end-diastole. Values are means ± SEM; n = 5-10 

animals/group. E, heart weight-to-body weight ratio. Values are means ± SEM; n = 7-10 

animals/group. ~P<0.001 between sham and all the groups. F, relative expression of cardiac 

Anp by qPCR. Values are means ± SEM; n = 5 animals/group. Groups were compared using 

1-way ANOVA followed by Tukey’s multiple comparisons test; *P < 0.05, **P < 0.01, ***P 

< 0. 001.
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Figure 3. EV-YF1 and CDC-exo treatment decrease Ang II-induced cardiac hypertrophy, fibrosis 
and inflammation
A, micrographs (magnification: ×20) showing representative cross-sectional area of cardiac 

myocytes stained with Masson’s trichrome of mice that received subcutaneous infusion of 

saline or Ang II for 28 days treated with saline, EV-YF1 or CDC-exo. B, quantitative 

measurements of cross-sectional area of myocytes within transverse cardiac sections. Graph 

depicts the mean ± SEM; n = 4 animals/group. Scale bars = 25 μm. C, upper panel, 

micrographs (magnification: 4×) showing interstitial LV fibrosis in myocardial sections 

stained with Masson’s trichrome, squares delimit regions represented in higher 

magnification (×20) in lower panel, yellow arrows show interstitial myocardial fibrosis. D, 

quantitative measurements of interstitial myocardial fibrosis within cardiac sections. Data 

are means ± SEM; n = 3 animals/group. Scale bars = 50 μm. E-F, gene expression of CD68 
in E and Il1b in F in heart tissue from mice that received subcutaneous infusion of Ang II 

for 2 weeks (AngII-2w) and for 28 days of saline or Ang II treated with saline, EV-YF1 or 

CDC-exo, as determined by qPCR. Graphs depict the mean ± SEM; n = 7-10 animals/group. 

Groups were compared using 1-way ANOVA followed by Tukey’s multiple comparisons 

test; *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 4. EV-YF1 and CDC-exo treatment decrease Ang II-induced kidney dysfunction
Proteinuria in A and NGAL levels in kidney in B as determined by ELISA. Graphs depict 

the mean ± SEM; n = 4 animals/group. C, micrographs (magnification: ×20) showing 

representative glomerular expansion and size in renal sections stained with Periodic acid-

Schiff (PAS). Quantitative measurements of glomerular expansion in D and size in E of 20 

glomeruli within renal sections. Data are means ± SEM; n = 4 animals/group. Scale bars = 

50 μm. Groups were compared using 1-way ANOVA followed by Tukey’s multiple 

comparisons test; *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5. EV-YF1 and CDC-exo treatment decrease Ang II-induced kidney inflammation and 
fibrosis
A-C, gene expression of CD68 in A, Il16 in B and Il1b in C in kidney tissue from mice that 

received subcutaneous infusion of Ang II for 28 days of saline or Ang II treated with saline, 

EV-YF1 or CDC-exo, as determined by qPCR. Graphs depict the mean ± SEM; n = 5 

animals/group. D, micrographs (magnification: ×20) showing representative 

tubulointerstitial fibrosis (arrows) in kidney sections stained with Masson’s trichrome. E, 

Quantitative measurements of tubulointerstitial fibrosis within kidney sections. Data are 

means ± SEM; n = 5 animals/group. Scale bars = 70 μm. Groups were compared using 1-

way ANOVA followed by Tukey’s multiple comparisons test; *P < 0.05, **P < 0.01, ***P < 

0.001.
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Figure 6. EV-YF1 and CDC-exo modulate IL-10 expression
A, Plasma levels of IL-10 at day 16 of the study (ie: 24 h after the second injection of saline, 

EV-YF1 or CDC-exo in mice infused with Ang II), as determined by ELISA. Graph depicts 

the mean ± SEM; n = 4-5 animals/group. B-E, Plasma in B, cardiac in C, splenic in D and 

renal in E levels of IL-10 at the final day (day 28) of the study in mice that received 

subcutaneous infusion of saline or Ang II for 28 days treated with saline, EV-YF1 or CDC-

exo, as determined by ELISA. Graphs depict the mean ± SEM; n = 5-9 animals/group. 

Groups were compared using 1-way ANOVA followed by Tukey’s multiple comparisons 

test; *P < 0.05, **P < 0.01, ***P < 0.001.
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