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Abstract

Background: Extracellular vesicles (EVs) deliver genes and proteins to recipient cells, and 

mediate paracrine actions of their parent cells. Intrarenal delivery of mesenchymal stem cell 

(MSC)-derived EVs preserves stenotic-kidney function and reduces release of pro-inflammatory 

cytokines in a swine model of coexisting metabolic syndrome (MetS) and renal artery stenosis 

(RAS). We hypothesized that this approach is also capable of blunting cardiac injury and 

dysfunction.

Methods: Five groups of pigs were studied after 16 weeks of diet-induced MetS and RAS (MetS

+RAS), MetS and MetS+RAS treated 4 weeks earlier with a single intra-renal delivery of EVs-

rich fraction harvested from autologous adipose tissue-derived MSCs, and Lean and MetS Shams. 

Cardiac structure, function, and myocardial oxygenation were assessed in-vivo using imaging, and 

cardiac inflammation, senescence, and fibrosis ex-vivo. Inflammatory cytokine levels were 

measured in circulating and renal vein blood.

Results: Intrarenal EV delivery improved stenotic-kidney glomerular filtration rate and renal 

blood flow, and decreased renal release of monocyte-chemoattractant protein-1 and interleukin-6. 

Furthermore, despite unchanged systemic hemodynamics, intrarenal EV delivery in MetS+RAS 

normalized cardiac diastolic function, attenuated left ventricular remodeling, cellular senescence 

and inflammation, and improved myocardial oxygenation and capillary density in MetS+RAS.

Conclusions: Intrarenal delivery of MSC-derived EVs blunts myocardial injury in experimental 

MetS+RAS, possibly related to improvement in renal function and systemic inflammatory profile. 

These observations underscore the central role of inflammation in the crosstalk between the kidney 

and heart, and the important contribution of renal function to cardiac structural and functional 

integrity in coexisting MetS and RAS.
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INTRODUCTION

The metabolic syndrome (MetS) comprises a cluster of comorbidities including 

hypertension, dyslipidemia, impaired glucose metabolism, and central obesity, which 

contribute to the risk for type-2 diabetes mellitus, cardiovascular diseases, and all-cause 

mortality [1]. MetS affect about one third of the population in the United States and 

increases as the population ages [7]. The presence of MetS is associated with poor prognosis 

after myocardial infarction, more severe post-infarction left ventricular (LV) dysfunction, 

and progression to heart failure [49, 52]. MetS has also been related to atherosclerotic renal 

artery stenosis (RAS) and chronic kidney disease (CKD) [25, 48], and their coexistence, in 

turn, further disrupts cardiac structure and function, ultimately leading to an increase of 

cardiovascular morbidity and mortality [26].

Revascularization of the renal artery alone fails to fully improve cardiac function, despite 

improved blood pressure [10]. Among insults responsible for persistent myocardial damage 

after remission of hypertension are inflammation and oxidative stress, which might mediate 

the crosstalk between the kidney and heart [26]. Inflammatory and oxidative stress factors 

released from the kidney into the systemic circulation may accelerate the impairment of 

cardiac function and structure [9, 11]. Our previous studies also demonstrated that 

revascularization of the stenotic renal artery could not restore glomerular filtration rate 

(GFR), and the persistently impaired kidney continued releasing inflammation cytokines 

[41]. Therefore, effective strategies to improve renal function and reduce production and 

secretion of noxious factors might be fundamental for preservation of cardiorenal function.

Accumulating evidence has uncovered a distinct potential of mesenchymal stem cells 

(MSCs) for both renal and cardiac repair [38]. We have shown that intrarenal delivery of 

autologous adipose tissue–derived MSCs alleviated inflammation and oxidative stress, and 

improved both renal and cardiac function in swine RAS models [12, 15]. MSCs exert their 

effects via paracrine activity, which is at least partially mediated by extracellular vesicles 

(EVs), including exosomes (30–150 nm diameter) and microvesicles (MVs) (100–1000 nm 

diameter) [2, 30]. MSC-derived EVs mimic the function of parental MSCs by shuttling their 

functional components, such as DNA, RNA, proteins/peptides, and lipids to recipient cells, 

thereby reducing tissue injury and/or enhancing repair. Our group recently demonstrated that 

intrarenal delivery of MSC-derived EVs preserved stenotic-kidney function, and reduced 

systemic oxidative stress and inflammation in a novel experimental model of coexisting 

swine MetS and RAS (MetS+RAS). MSC exert paracrine release of soluble 

immunomodulatory factors as long as they engraft and survive in the kidney tissue. In 

contrast, EVs are taken by target cells, do not replicate, and their effect might thus be short-

lived. Therefore, whether selective intrarenal EV delivery is capable of blunting cardiac 

injury and dysfunction is unclear [16].
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Notably, in the microenvironment of MetS+RAS, abnormal glucose metabolism, 

lipodystrophy, oxidative stress, chronic inflammation might induce cellular senescence [28]. 

Senescent cells can originate from most cell types and entail essentially irreversible 

replicative arrest, and apoptosis resistance. Senescent cells frequently exhibit a pro-

inflammatory, injurious senescence-associated secretory phenotype (SASP) [34]. Previous 

studies revealed that cardiac senescence may occur in cardiomyocytes [46], and is involved 

in pathological cardiac remodeling. However, whether cardiac senescence occurs in the 

MetS+RAS models and whether it is affected by improving renal function using intra-renal 

MSC-derived EVs remains unknown.

Therefore, using a swine model of MetS+RAS, we tested the hypothesis that MSC-derived 

EVs would ameliorate cardiac dysfunction and senescence in MetS+RAS by improving 

stenotic-kidney function and attenuating circulatory inflammation cytokines.

MATERIALS AND METHODS

Twenty-four domestic female pigs (Manthei Hog Farm, Elk River, MN) were studied during 

16 weeks of observation. Animal studies have been approved by the Mayo Clinic 

Institutional Animal Care and Use Committee and have therefore been performed in 

accordance with the ethical standards laid down in the 1964 Declaration of Helsinki and its 

later amendments. At baseline, 22 pigs started a high-cholesterol/high-fructose diet (MetS) 

for the entire course of the study, whereas the other six were fed regular pig chow (Lean) 

[37] (Figure 1A).

Six weeks later, pigs were anesthetized with 0.25g of IM tiletamine hydrochloride/

zolazepam hydrochloride (Telazol®, Zoetis, Kalamazoo, MI) and 0.5g xylazine (Xylamed, 

VetOne, Bimeda-MTC Animal Health, Cambridge, ON, Canada), and maintained with IV 

ketamine (0.2 mg/kg/min, Ketaset, Zoetis, Kalamazoo, MI) and xylazine (0.03 mg/kg/min). 

Unilateral RAS was induced in 12 MetS pigs by placing an irritant coil in the main renal 

artery under fluoroscopic guidance (Siemens, Munich, Germany) [31]. This procedure 

produces a gradual narrowing of the renal artery and increases blood pressure within 3–7 

days [12, 15]. Lean and the other MetS pigs underwent a sham procedure. Blood pressure 

was continuously recorded by an implantable telemetry system (Data Sciences International, 

St. Paul, MN) [55]. In all animals, abdominal adipose tissue was collected through a biopsy 

3 weeks later, and subsequently used to harvest autologous MSCs and isolate their EVs.

Six weeks after induction of RAS or sham, the degree of stenosis was determined using 

renal angiography. Six MetS+RAS and 4 Mets pigs then received a single infusion of an EV-

rich fraction (approximately 10^11 autologous EVs harvested from the culture media of 

10x10^6 adipose tissue-derived MSC, a dose used for delivery) into the stenotic kidney over 

5 min through a 5-F catheter positioned proximal to the stenosis. Three other groups of 

Lean, MetS, and MetS+RAS pigs (n=6 each) received PBS vehicle infusion to serve as 

controls (Figure 1A). Four weeks later, pigs were anesthetized and renal angiography 

repeated. Mean arterial pressure was measured using a catheter through carotid artery. 

Single-kidney GFR, renal blood flow (RBF), and cardiac function were assessed using 

multi-detector computed tomography (MDCT, Somatom Sensation-128, Siemens), and 
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myocardial oxygenation by blood oxygen level-dependent magnetic resonance imaging 

(BOLD-MRI). Renal vein (RV) and inferior vena cava (IVC) blood samples were also 

collected for inflammatory cytokine levels.

Pigs were euthanized with an intravenous bolus of 100 mg/kg of sodium pentobarbital (Fatal 

Plus, Vortech Pharmaceuticals, Dearborn, MI) 3 days later. Kidneys and heart were 

dissected, and sections frozen in liquid nitrogen or preserved in formalin for histology and 

ex-vivo studies.

Renal Function

Stenotic-kidney RBF and GFR were measured using MDCT as previously described [8]. 

Briefly, 140 consecutive scans (330ms each) were performed following a central venous 

injection of iohexol (350 mg/ml per 2 seconds, GE Healthcare, Marlborough, MA), and 

images reconstructed and displayed with the Analyze™ software package (Biomedical 

Imaging Resource, Mayo Clinic, Rochester, MN). Data were analyzed by selecting renal 

cortex and medulla regions of interest from cross-sectional images, which generates tissue 

attenuation curves. RBF was calculated by summing the products of cortical and medullary 

perfusions and corresponding volumes, whereas GFR was assessed from the cortical curve 

using the slope of the proximal tubular curve [9, 11].

Cardiac function and oxygenation

For cardiac systolic and diastolic functions and LV muscle mass (LVMM), the entire heart 

was scanned 20 times using MDCT throughout the cardiac cycle, as described [55]. Images 

were analyzed with Analyze™. Early (E) and late (A) LV filling rate were obtained from the 

positive slopes of volume/time curves and E/A ratio calculated using MATLAB 7.10 (Math-

Works, Natick, MA) [32]. Myocardial perfusion was calculated from time-attenuation curves 

obtained from the anterior cardiac wall at baseline and after a five-minute intravenous 

infusion of adenosine (400 μg/kg/min, Sigma-Aldrich, St. Louis, MO) [12].

BOLD-MRI studies were performed on a 3T, Signa EchoSpeed (GE Medical Systems, 

Milwaukee, WI) scanner, as described [13]. Briefly, animals were anesthetized with 1-2% 

isoflurane and scans performed during suspended respiration. The relaxivity index R2*, 

which is inversely related to tissue oxygenation, was calculated in each voxel by fitting the 

MR signal intensity versus echo times to a single exponential function. For data analysis, 

regions of interest were traced in the septum in each slice and the images analyzed using 

MATLAB 7.10.

MSC and EV harvesting

Abdominal subcutaneous adipose tissue (5-10g) was collected from pigs 3 weeks after 

induction of RAS or sham, processed for MSC isolation using collagenase type-I with a 

standard protocol, and cultured with advanced MEM medium (Gibco) supplemented with 

5% platelet lysate in 37°C/5% CO2[12]. MSCs were kept in cell recovery medium, and then 

characterized by the expression of common MSC markers (CD44, CD90, and CD105), and 

negative expression of CD45, CD34, CD14 surface molecules, using immunofluorescent 
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staining and flow cytometry, and their trans-differentiation into adipocytes, chondrocytes, 

and osteocytes [13, 57].

For comparability and uniformity, our EV dose selection was based on the same MSC dose 

used in our previous studies[12, 56]; we therefore collected EVs released from 107 MSC, 

typically yielding approximately 1011 EVs. EV-rich fractions were obtained from 

supernatants of 107 MSCs, cultured in MEM medium without supplements for 48h (to 

increase EV release), and ultracentrifuged twice [14, 16]. Briefly, after centrifugation at 

2000g for 20 min, supernatants were ultracentrifuged at 100,000g (Beckman Coulter Optima 

L-90 K) for 1h at 4°C, then washed in serum-free medium-199 containing HEPES 25mM, 

and underwent a final ultracentrifugation. Pellets were suspended, and protein content 

quantified. Endotoxin contamination was excluded by Limulus testing (Charles River Lab), 

and EV-rich fractions stored at −80°C until delivery. This EV isolation method has been one 

of the most widely used, especial with limitations in albumin impurity[3, 42].

Transmission electron microscopy (JEOL 1200 EXII) was used to investigate the size and 

structure of MSC-derived EV-rich fractions. The MSC supernatant was stained with 2% 

uranyl acetate (negative staining), and cup-shaped 40–1000nm structures were identified as 

EVs. Concentration and size distribution of isolated EV-rich fractions was assessed by 

nanoparticle tracking analysis (NanoSight, Salisbury, UK). EV-rich fractions from MSCs 

were then characterized based on the expression of the EV (CD9, CD81) and MSC (MHC-

class I and CD44) markers by flow cytometry [14].

EV tracking and tissue distribution

EV-rich fractions were labeled prior to delivery with the red fluorescence dye PKH26 

(Sigma-Aldrich, St. Louis, MO) according to instructions. Briefly, EV-rich fractions were 

incubated in 2×10−6 M PKH26 (in 2ml) for 5min, and 2ml culture-media with 10% EV-

depleted FBS added to stop the reaction. EV-rich fractions were then centrifuged 1h at 

100,000g to remove excess dye and resuspended in 5ml DPBS for injection. Labeled EV 

clusters were subsequently tracked and counted in about 10-15 high-magnification fields in 

each slide randomly and averaged, in 5μm frozen sections from the heart and stenotic kidney 

[16].

Myocardial remodeling and fibrosis

LV cross-sections (5μm) were stained with Wheat Germ Agglutinin (WGA, Cat#W11262, 

Thermo Fisher, Waltham, MA) to assess cardiomyocyte cross-sectional area [53] and with 

trichrome (Cat# 9179; Newcomer Supply, Middleton, WI) to assess fibrosis. Slides (one per 

animal) were examined and semi-automatically quantified using ZEN® (Carl Zeiss 

Microscopy, Cambridge, UK) [12]. Hematoxylin & eosin (H&E) staining was performed to 

assess capillary density [33]. In each slide, 10-15 high-magnification fields were selected 

randomly and results from all fields were averaged. To assess angiogenic signaling, 

myocardial expression of vascular endothelial growth factor (VEGF, Santa Cruz, Dallas, 

Texas, 1:200) was measured by western blot in homogenized LV myocardium.
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Senescence and inflammation

Cellular senescence was detected by the expression of p16INK4 and senescence-associated 

beta-galactosidase (SA-ß-gal) activity. For p16INK4, 5μm paraffin cardiac sections were 

stained with a primary anti-p16INK4. On 5μm frozen sections SA-ß-gal staining followed 

manufacturer’s protocol (#9860, Cell Signaling Technology, Danvers, MA), and 

counterstained with eosin.

Levels of inflammatory cytokines were tested in blood samples from the IVC and stenotic-

kidney RV. Levels of monocyte-chemoattractant protein (MCP)-1 were measured by ELISA, 

and tumor necrosis factor (TNF)-a, interleukin (IL)-6, and IL-1ß by Luminex (Millipore, 

Billerica, MA) [16]. Their net renal release ([RV-IVC]*RBF) was calculated. Inflammation 

was also evaluated in heart tissue by western blot normalized for GAPDH loading control, to 

detect MCP-1 (Cat#ab9669, abeam, Cambridge, UK, 1:500), TNF-α (Cat#SC133193, Santa 

Cruz, 1:200), IL-6 (cat#ab6672, abeam, 1:1000), and IL-1β (cat#80829, Santa Cruz, 1:200).

Statistical methods

Statistical analysis was conducted using JMP 13.0 software package (SAS Institute, Cary, 

NC). All data are presented as means±SD. Comparisons within and among groups were 

performed using a paired Student’s t-test and ANOVA, respectively. Data that did not follow 

a Gaussian distribution were compared with nonparametric tests (Wilcoxon and Kruskal 

Wallis). Statistically significant differences were considered when p< 0.05.

RESULTS

Systemic characteristics and cardiac function

The systemic characteristics in all pigs 4 weeks after EVs or sham are summarized in Table 

1. Body weights were higher in all MetS compared with lean groups. All RAS pigs 

developed a similar elevated blood pressure and significant degree of RAS. The stroke 

volume was significantly increased in MetS+RAS+EV compared with lean pigs. Compared 

with lean and MetS, cardiac output was significantly higher in the MetS+RAS group but 

decreased after EV treatment. There were no differences among the groups in heart rate, end 

diastolic volume, end systolic volume, ejection fraction or systemic vascular resistance. RAS 

increased LVMM and decreased E/A ratio, but both were blunted by EVs delivery. Basal 

myocardial perfusion did not differ among the groups, whereas its response to adenosine 

was impaired in the MetS and Mets+RAS groups, but alleviated in Mets+RAS+EVs pigs. 

EV delivery did not affect cardiac function in MetS. Furthermore, compared with the lean 

group, progressively elevated myocardial BOLD-R2* values in the MetS and MetS+RAS 

groups were observed, which reverted to levels not different from normal in MetS+RAS

+EVs (Figure 2A).

EV characterization and EV tracking

Isolated and cultured MSC expressed typical markers, and transdifferentiated into 

adipocytes, chondrocytes and osteocytes, as previously shown [13, 57]. Transmission 

electron microscopy demonstrated that smaller MSC-derived EV exhibited the typical round 

("cup") appearance of lipid bilayer vesicles on negative staining (Figure 1B). NanoSight 
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analysis indicated particle size distribution of are 30–1000nm (Figure 1C) (including EVs, 

although some might represent other particles), and flow cytometry confirmed expression of 

characteristic EV and MSC markers, as we have previously shown [14] (data not shown).

Labeled EV-rich fractions were identified in frozen sections from the heart and stenotic 

kidneys. We found stenotic kidney EV-rich fractions retention by 4 weeks after injection of 

about 10 clusters per field, which was almost 3.4-fold higher (p<0.05) than in the heart 

(Figure 1D).

EV-rich fractions restored function and decreased inflammatory cytokine release in the 
stenotic kidney

Stenotic-kidney RBF and GFR, which were higher in MetS compared with Lean, decreased 

in MetS+RAS compared to Mets, but did not differ from MetS in MetS+RAS group after 

EV-rich fractions treatment. Serum creatinine also fell in MetS+RAS+EVs compared with 

MetS+RAS (Table 1).

RV levels of MCP-1, TNF-a, IL-6, and IL-1β were elevated in MetS+RAS, and decreased in 

MetS+RAS+EVs (Figure 2B). IVC levels showed a similar pattern, although differences in 

TNF-α among the groups did not reach statistical significance, and IL-6 levels in MetS

+RAS were not significantly elevated (Figure 2C), but EV-rich fractions decreased IVC 

levels of all cytokines except for TNF-α. Furthermore, net renal release of MCP-1 and IL-6 

decreased in EV-rich fractions treated pigs, and that of IL-1β normalized compared to MetS. 

Net renal release of TNF-α and IL-6 was higher in MetS+RAS compared with Lean and 

MetS (Figure 2D). Most cytokines in MetS+EVs pigs were not statistically different from 

Mets, although the levels of IL-6 were no longer elevated compared to normal pigs.

Intrarenal EV-rich fractions delivery ameliorated myocardial remodeling and fibrosis

Myocyte cross-sectional area was higher in MetS+RAS compared with lean and MetS, but 

improved in EVs-treated pigs (Figure 3A). Myocardial fibrosis was elevated in all MetS 

groups, and was most severe in MetS+RAS compared with lean, yet was attenuated in EVs-

treated pigs (Figure 3B).

As shown in Figure 3C, MetS pigs exhibited fewer capillaries in the LV myocardium, most 

prominently MetS+RAS. EV-rich fractions treatment ameliorated capillary density relative 

to MetS+RAS. Consistently, VEGF expression was decreased in both MetS and MetS+RAS 

groups, but normalized by EV-rich fractions treatment (Figure 3D).

EV-rich fractions intrarenal delivery alleviated myocardial cellular senescence-like 
phenotype

Cyclin-Dependent Kinase Inhibitor 2A (CDNK2A; p16INK4) is a senescence-related gene, 

and an important effector of senescence [45]. The percentage of p16INK4+ cells was 

remarkably higher in MetS+RAS compared with lean and MetS, but decreased in MetS

+RAS+EVs (Figure 4A), although it remained higher than normal. Senescent cells are also 

characterized by increased enzymatic activities of lysosomal hydrolase SA-ß-gal. SA-ß-gal 
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activity was up-regulated in MetS and further in MetS+RAS compared to lean and MetS, but 

was blunted in MetS+RAS+EVs (Figure 4B).

EV-rich fractions intrarenal delivery attenuated myocardial inflammation

Western blot showed elevated myocardial expressions of MCP-1 and TNF-α in MetS and 

MetS+RAS, and of IL-6 in MetS+RAS group, EV-rich fractions treatment decreased their 

expressions compared with sham-treated MetS+RAS (Figure 4C). IL-1β expression tended 

to increase in MetS+RAS, but no significant differences were detected among the groups 

due to large variability.

DISCUSSION

The present study demonstrates that despite sustained hypertension, a selective injection of 

MSC-derived EVs into the stenotic kidney can improve myocardial injury in experimental 

MetS+RAS. MSC-derived EVs ameliorated myocardial fibrosis and remodeling, attenuated 

myocardial hypoxia, improved capillary density and microvascular function, and alleviated 

myocardial cellular senescence, in association with improved diastolic function. Attenuated 

myocardial injury might be related to the capacity of MSC-derived EVs to improve renal 

function and decrease stenotic kidney release of inflammatory cytokines, such as MCP-1, 

TNF-α and IL-6. These observations underscore the central role of inflammation in the 

crosstalk between the kidney and heart, and emphasize the important impact of renal 

function on cardiac structure and function (Figure 5).

MetS is an emerging risk factor for cardiovascular morbidity and mortality, is linked to renal 

impairment [48, 49], and correlates with increased peripheral arterial disease secondary to 

accelerated atherosclerosis [25], most frequently in the coronary, renal and carotid arteries 

[4]. RAS results in renal dysfunction due to chronic ischemia, and triggers renovascular 

hypertension, which further induces myocardial injury and diastolic dysfunction [26]. 

Moreover, MetS is associated with progression to hemodialysis following renal endovascular 

intervention for atherosclerotic RAS [6]. Traditional therapy options are limited, warranting 

identification of more effective strategies to preserve renal and cardiac function.

Renal insufficiency is an independent predictor of cardiovascular morbidity and mortality 

[18], underpinning the high mortality in these patients. Coexistence of renal and cardiac 

dysfunction significantly aggravates clinical outcomes, whereas renal replacement therapy 

improves prognosis [51], highlighting the interactions between the kidney and heart. Our 

previous studies have shown that cardiac function in swine RAS correlated with renal 

function [50]. While endogenous circulating EV can partly repair cardiac injury [5], they 

often do not suffice to achieve full repair. Intrarenal delivery of endothelial progenitor cells 

or MSCs that improved stenotic-kidney function in turn attenuated cardiomyopathy and 

improved cardiac function [12, 13]. Similarly, stenotic kidney function improved after MSC-

EVs treatment [16]. This study extends our previous observations and demonstrates that 

selective intrarenal MSC-EVs delivery also improves cardiac diastolic function (E/A) in 

MetS+RAS, although EDV remained unchanged possibly due to the small sample size. 

Nevertheless, interventions aimed at improving renal function might be useful for cardiac 
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protection. In support, a recent study demonstrated that in early-stage CKD myocardial 

fibrosis does not progress if renal function remains stable [21].

Traditionally, cardiorenal interactions have been attributed to intrarenal and systemic 

hemodynamic factors [39]. However, therapeutic approaches that target hemodynamic forces 

have been largely unsuccessful [26], suggesting that underlying disturbances are not limited 

to hemodynamics. Additional mediators implicated in cardiorenal dysfunction included the 

renin–angiotensin or sympathetic nervous system activities, as well as non-traditional 

factors, like inflammation, oxidative stress, anemia, arterial stiffness, and uremic toxins [43].

Inflammation is a crucial link for increased cardiovascular risk [27], especially in the setting 

of kidney disease. Previously, we have shown enhanced inflammatory status in post-stenotic 

swine and human kidneys, which might contribute to renal injury and dysfunction [9, 11]. 

Furthermore, inflammatory mediators released into the systemic circulation might damage 

the remote myocardium [13]. Here, we found MetS magnifies systemic inflammation by 

release of cytokines (e.g. MCP-1). With concurrent MetS+RAS, the stenotic kidneys release 

additional pro-inflammation cytokines (e.g. IL-1β, IL-6, TNF-α), so that their circulating 

levels are further increased and may enhance cardiac inflammation. Therefore, maneuvers 

that decrease inflammation might preserve renal and cardiac function in these pathological 

conditions. Endogenous MSC may reside in adipose tissue in vivo in small numbers, but 

might be overwhelmed in disease conditions, and do not necessarily reach the systemic 

circulation or remote target organs in sufficient numbers. MSC expansion in vitro enables 

harvesting large numbers of MSC and EV, and injecting them directly into an organ of 

interest. We have shown before that intrarenal MSCs delivery reduced inflammation and 

ameliorated dysfunction in the post-stenotic kidney in swine [13, 57] and human [40]. 

However, concerns about adverse effects of transplantation of viable replicating cells may 

limit their translational capacity [19, 29]. MSCs produce a large amount of EVs, which can 

circumvent some of these concerns [22]. EVs can be internalized into recipient cells and 

activate signaling by delivering genes and proteins that support extracellular matrix 

remodeling, inflammation, and angiogenesis [14, 17]. Our recent studies showed the potency 

of MSC-EVs in restoring hemodynamics and ameliorating renal injury in chronic 

experimental MetS+RAS [14, 16]. Intrarenal delivery of MSC-EVs decreased renal release 

pro-inflammatory cytokines, and upregulated IL-10 expression, suggesting that anti-

inflammatory properties underpin some of the protective effects of EVs on the stenotic 

kidney [16]. The current study extends our previous findings, and shows that systemic levels 

of MCP-1, IL-6 and IL-1β are elevated in MetS+RAS, suggesting a mechanism by which 

the injured kidney can exert a marked adverse impact on remote organs. Congruently, we 

also detected upregulated protein expression of MCP-1, TNF-α and IL-6 in the myocardium. 

Remarkably, EV treatment restored renal function and normalized pro-inflammatory 

cytokines levels in both the systemic circulation and myocardium. While some EVs were 

detected in the myocardium, their retention was more than 3-fold lower than in the stenotic-

kidney, arguing against a major direct effect of EV on the heart.

Inflammation can directly drive myocardial remodeling [47]. For example, we have shown 

that MCP-1 mediates myocardium fibrosis, vascular remodeling, and diastolic dysfunction 

[32]. TNF-α and IL-6 are also associated with LV cardiomyocyte hypertrophy and 
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dysfunction [23, 54]. In this study, despite sustained hypertension, MetS+RAS-induced 

cardiomyocyte hypertrophy and fibrosis were attenuated in EV–treated MetS+RAS pigs, 

likely secondary to amelioration of renal and in turn systemic inflammation. Furthermore, 

LV myocardial capillary density was reduced in MetS and RAS. MetS+RAS-induced 

inflammation was also associated with increased hypoxia, which triggers a vicious cycle of 

progressive cardiac fibrosis and vascular remodeling. Under the persistent metabolic burden 

of chronic MetS, oxygen demand is magnified but unmet by the capacity to form new 

vessels. Unlike acute hypoxia, hypoxia in MetS pigs failed to induce VEGF expression, and 

instead elicited a decrease in vascular density, in line with previous reports [20, 33, 36]. This 

deleterious situation was aggravated by superimposition of hypertension, but resolved by 

MSC-EVs treatment. Further studies are needed to define how myocardial angiogenesis is 

disrupted in MetS and RAS.

Interestingly, we observed cellular senescence-like phenotype in MetS pig myocardium, 

which might involve cardiomyocytes, interstitial, and endothelial cells. Cardiomyocytes, 

post-mitotic neurons, and adipocytes show senescence-associated properties, suggesting that 

post-mitotic cell senescence might be a broad phenomenon, which may not be limited to 

proliferating cells [24, 35, 46]. The microenvironment of MetS+RAS may induce cellular 

senescence, which we identified by increased gene expression of CDKI-p16INK4 and 

enhanced SA-ß-gal activity. SA-ß-gal staining in the myocardium is sparse compared with 

p16INK4, possibly because of the variability of basal SA-ß-galactosidase levels [44]. In 

addition, we cannot exclude the possibility that SA-ß-galactosidase was expressed in 

infiltrating inflammatory cells, or that elevated myocardial expression of cytokines 

originated partly from senescence cells SASP that may contribute to inflammation, impaired 

angiogenesis, and fibrosis during cardiac remodeling (Figure 5).

This study has some limitations, including the short duration of MetS and RAS and use of 

relatively young pigs, with slower disease progression compared to humans. Nevertheless, 

our MetS pigs developed obesity, hypertension, hyperlipidemia, and glucose intolerance, 

which impart subtle changes on structure and function of the heart and kidney [14]. 

Superimposition of RAS markedly aggravated MetS-induced injury. We cannot exclude 

direct effect of MSC-EVs towards cardiac improvement, but considering their limited 

myocardial retention compared to the rather large diminution in levels of circulating pro-

inflammatory cytokines, the contribution of EVs was likely small. Some of the observed 

particles may represent dye transferred from EV to cell membranes. The small sample size 

and large variability might impede detection of statistically significant differences in the 

release levels of cytokines. Some tissue studies were not available in the MetS+EV group. 

Yet, EV did not make a significant impact on cardiac function or inflammatory cytokines in 
MetS alone, possibly because of the subtle changes observed in MetS and due to the small 
sample size. In addition, we cannot exclude effect of changes in extracellular fluid volume or 

additional factors linking renal to myocardial function. Further work is needed to identify 

the types of cardiac cells involved in this crosstalk.

In summary, the present study shows that experimental MetS+RAS induces impairment of 

the myocardial structure and diastolic function, which might be partly mediated by renal 

dysfunction and release of pro-inflammation cytokines. Selective intrarenal delivery of 
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MSC-derived EVs improved renal function and reduced circulating levels of inflammatory 

cytokines, and thereby ameliorated myocardial remodeling, microcirculation, and 

senescence, and improved cardiac diastolic function. These salutatory benefits were 

conferred without any change in systemic hemodynamics. Thus, our study underscores the 

interactions between the kidney and heart, and implicates circulating mediators induced or 

released by dysfunctional kidneys in imposing structural and functional impairment in the 

remote myocardium. It also emphasizes the importance of a healthy kidney to sustain 

cardiac integrity.
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Figure 1. 
Characterization and tracking of swine mesenchymal stromal/stem cell (MSC)-derived 

extracellular vesicles (EVs). (A) Schematic of the experimental protocol. (B) Transmission 

electron microscopy images of EVs. (C) NanoSight analysis showing size distribution of 

EVs as exosomes and microvesicles. (D) Threefold-greater numbers of PKH-26-labeled EVs 

were detected in frozen sections from the stenotic kidney compared to the heart. *p<0.05. 

Scale bar =50μm.
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Figure 2. 
Extracellular vesicles (EVs) improved myocardial oxygenation and microcirculation, and 

reduced renal and systemic inflammation. (A) Representative blood oxygen-level-dependent 

(BOLD) magnetic resonance images of the left ventricular (LV) and quantification of R2* 

index. Levels of monocyte-chemoattractant protein (MCP)-1, tumor necrosis-factor (TNF)-

α, interleukin (IL)-6, and IL-1ß in Lean, MetS, MetS+RAS, MetS+RAS+EVs and MetS

+EVs in renal vein (RV) (B) and the systemic circulation (C). (D) Respective net release by 

the stenotic kidney. n=5-6/group. *p<0.05 vs. Lean, †p<0.05 vs. MetS, ‡p<0.05 vs. MetS

+RAS.
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Figure 3. 
Extracellular vesicles (EVs) alleviated myocardial remodeling and fibrosis. (A) Left-

ventricular sections stained with wheat germ agglutinin (WGA) and quantification of 

myocyte cross-sectional area. (B) Representative staining and quantification of Masson’s 

Trichrome. n=6/group. (C) Representative LV sections stained with hematoxylin and eosin, 

showing capillaries (green arrowheads) and density quantification. (D) Western blotting of 

vascular endothelial growth-factor (VEGF) in LV. n=6/group. *p<0.05 vs. Lean, †p<0.05 vs. 

MetS, ‡p<0.05 vs. MetS+RAS. Scale bar=50μm.
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Figure 4. 
Extracellular vesicles (EVs) ameliorated myocardial cellular senescence-like phenotype and 

attenuated myocardial inflammation. (A) Representative immunohistochemical left-

ventricular (LV) staining with p16INK4 and quantification. (B) LV sections stained with 

senescence-associated beta-galactosidase (SA-ß-gal, [blue]) and eosin (red) at pH 6, and 

quantification. n=6/group. (C) Western blotting of LV monocyte-chemoattractant protein 

(MCP)-1, tumor necrosis-factor (TNF)-a, interleukin (IL)-6, and IL-1ß and quantification. 

n=6/group. *p<0.05 vs. Lean, †p<0.05 vs. MetS, ‡p<0.05 vs. MetS+RAS. Scale bar=50μm.
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Figure 5. 
Schematic illustrating proposed mechanisms by which intrarenal extracellular vesicles 

attenuate remote myocardial injury in experimental metabolic renovascular disease.
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Table 1.

Systemic characteristics, single renal and cardiac function in study groups at 16 weeks

Parameter Lean
n=6

MetS
n=6

MetS+RAS
n=6

MetS+RAS+EVs
n=6

MetS+EVs
n=4

Weight (kg) 61.83±3.25 81.67±6.12* 86.17±9.00* 88.83±5.27* 85.67±3.79*

MAP (mmHg) 97.33±9.82 101.17±8.18 116.44±14.48*† 118.94±8.20*† 116.89±6.17*†

Degree of stenosis (%) 0 0 77.50±12.14*† 70.00±12.65*† 0

Serum creatinine (mg/dl) 1.57±0.34 1.86±0.30 1.94±0.05* 1.73±0.20‡ 1.88±0.23

Heart rate (bpm) 82.33±17.13 76.17±16.46 91.17±18.35 77.83±17.94 72.67±23.50

EDV(ml) 114.59±26.61 130.72±26.01 135.80±24.23 141.28±14.83 142.39±20.37

ESV(ml) 56.57±14.91 66.23±11.86 61.64±14.53 65.68±9.04 65.37±13.06

Stroke volume (ml) 58.02±13.85 64.48±15.44 74.16±14.18 75.59±7.41* 77.02±7.42

Ejection fraction (%) 50.85±5.89 49.05±3.66 54.72±5.70 53.60±2.97 54.36±2.92

Cardiac output(L/min) 4.76±1.47 4.87±1.60 6.56±0.71*† 5.80±1.02 5.48±1.28

Cardiac index(L/min/kg) 0.08±0.02 0.06±0.02 0.08±0.01† 0.07±0.01* 0.06±0.01

SVR (mmHg.min.ml−1) 1.76±0.52 1.77±0.44 1.44±0.27 1.68±0.31 1.77±0.41

LVMM(g) 123.59±19.31 142.49±14.72 171.99±14.46*† 149.12±17.09*‡ 135.01±10.75‡

E/A ratio 1.23±0.27 1.25±0.30 0.76±0.33*† 1.14±0.17‡ 1.21±0.16

Myocardial perfusion(ml/min/g)

Baseline 0.85±0.19 0.73±0.17 0.79±0.15 0.86±0.17 0.84±0.17

Response to adenosine (Δ%) 62.15±35.05 16.78±13.84* 17.01±3.56* 38.93±8.40†‡ 34.90±8.21‡

RBF (ml/min) 526.44±38.72 829.67±169.91 * 538.22±127.64† 922.88±253.00*‡ 724.41±337.11

GFR (ml/min) 72.75±13.91 126.31±27.85* 83.40±9.55† 135.49±33.99*‡ 101.46±33.98

E/A, early and late left ventricular filling; EDV, end diastolic volume; ESV, end systolic volume; EVs, extracellular vesicles; GFR, glomerular 
filtration rate; HR, heart rate; LVMM, left ventricular muscle mass; MAP, mean arterial pressure; MetS, metabolic syndrome; RAS, renal artery 
stenosis; RBF, renal blood flow; SVR, systemic vascular resistance;

*
p <0.05 versus Lean

†
p <0.05 versus MetS

‡
p <0.05 versus MetS+RAS.
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