Hindawi

Stem Cells International

Volume 2020, Article ID 8845635, 15 pages
https://doi.org/10.1155/2020/8845635

Research Article

Metabolic Syndrome Alters the Cargo of Mitochondria-Related
microRNAs in Swine Mesenchymal Stem Cell-Derived
Extracellular Vesicles, Impairing Their Capacity to Repair the

Stenotic Kidney

Rahele A. Farahani,’ Xiang-Yang Zhu,'! Hui Tang,l Kyra L. Jordan,! Amir Lerman,>

Lilach O. Lerman,' and Alfonso Eirin

"Department of Internal Medicine, Division of Nephrology and Hypertension, Mayo Clinic, Rochester, MN, USA
°Department of Cardiovascular Diseases, Mayo Clinic, Rochester, MN, USA

Correspondence should be addressed to Alfonso Eirin; eirinmassat.alfonso@mayo.edu

Received 22 June 2020; Revised 27 October 2020; Accepted 29 October 2020; Published 17 November 2020

Academic Editor: Mahmood S. Choudhery

1. Introduction

Copyright © 2020 Rahele A. Farahani et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Background. Coexisting metabolic syndrome (MetS) and renal artery stenosis (RAS) are linked to poor renal outcomes.
Mesenchymal stem/stromal cell- (MSC-) derived extracellular vesicles (EVs) from lean animals show superior ability to repair
the experimental MetS+RAS kidney compared to EVs from MetS pig MSCs. We hypothesized that MetS leads to selective
packaging in porcine EVs of microRNAs capable of targeting mitochondrial genes, interfering with their capacity to repair the
MetS+RAS kidney. Methods. Five groups of pigs (n =7 each) were studied after 16 weeks of diet-induced MetS and RAS (MetS
+RAS) and MetS+RAS 4 weeks after a single intrarenal delivery of EVs harvested from allogeneic adipose tissue-derived MSCs
isolated from Lean or MetS pigs, and Lean or MetS sham controls. Single-kidney blood flow (RBF) and glomerular filtration rate
(GFR) were assessed in vivo with multidetector CT, whereas EV microRNA cargo, renal tubular mitochondrial structure and
bioenergetics, and renal injury pathways were assessed ex vivo. Results. microRNA sequencing revealed 19 dysregulated
microRNAs capable of targeting several mitochondrial genes in MetS-EVs versus Lean-EVs. Lean- and MetS-EV's were detected
in the stenotic kidney 4 weeks after administration. However, only MetS-EVs failed to improve renal mitochondrial density,
structure, and function or attenuate oxidative stress, tubular injury, and fibrosis. Furthermore, Lean-EVs but not MetS-EV's
restored RBF and GFR in MetS+RAS. Conclusion. MetS alters the cargo of mitochondria-related microRNAs in swine MSC-
derived EVs, which might impair their capacity to repair the poststenotic kidney in MetS+RAS. These observations may
contribute to develop approaches to improve the efficacy of MSC-EVss for patients with MetS.

scoring the need to identify more effective strategies to
preserve the structure and function of the stenotic kidney.
Over the last decade, there has been a growing interest in

Renal artery stenosis (RAS) is becoming more frequently
identified in patients with chronic kidney disease and may
affect almost 7% of adults older than 65 [1] and more than
50% of patients with diffuse atherosclerosis [2]. Patients with
RAS tend to develop renovascular hypertension, which is
associated with several cardiovascular complications and
favor its progression to end-stage renal disease [3], under-

application of cell-based regenerative therapies for renal disease.
In particular, adipose tissue-derived mesenchymal stem/stro-
mal cells (MSCs) have demonstrated important regenerative
properties in both experimental [4, 5] and clinical [6, 7] RAS.
These cells produce substantial amounts of extracellular vesicles
(EVs), which carry genetic and protein material capable of
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activating a reparative program in recipient cells [8]. We have
shown in swine RAS that a single intrarenal administration
of MSC-derived EVs attenuates renal inflammation and
microvascular damage and improves hemodynamics and func-
tion beyond a stenotic lesion [9, 10], positioning MSC-derived
EVs as an effective noncellular approach for preserving the
stenotic kidney.

A significant proportion of patients with RAS presents
with metabolic syndrome (MetS), and their coexistence
reduces renal clinical benefits and increases progression to
dialysis after renal revascularization [11]. MetS can also exert
deleterious effects on MSCs and their daughter EVs, altering
their cargo and in vitro reparative potency [12-14]. More-
over, we have recently found that delivery of EVs released
by MSCs isolated from MetS pigs failed to repair the injured
kidney [15]. However, the mechanisms by which MetS
impairs the ability of MSCs to repair the damaged kidney
remain unknown.

Emerging experimental evidence suggests that mitochon-
drial abnormalities and dysfunction may be implicated in the
pathogenesis of several forms of renal disease, including
MetS [16, 17], RAS [18, 19], and their coexistence [20].
MicroRNAs (miRNAs) are important regulators of the mito-
chondrial function that modulate the expression of
mitochondria-related genes [21]. We have shown that MetS
alters the miRNA cargo of EV's derived from porcine adipose
tissue MSCs, which could impair the efficacy and limit the
therapeutic use of autologous MSCs in subjects with MetS
[22]. Therefore, in the current study, we hypothesized that
MetS alters the cargo of porcine EVs, leading to selective
packaging of miRNAs capable of targeting mitochondrial
genes, interfering with the capacity of MetS-EVs to repair
the MetS+RAS kidney.

2. Materials and Methods

We followed the methods of Eirin et al. 2020 [23]. The Mayo
Clinic Institutional Animal Care and Use Committee approved
all animal experiments. We studied 5 groups of pigs for a total
of 16 weeks. Experimental groups included Lean controls, pigs
with diet-induced MetS, pigs with MetS plus surgically induced
RAS (MetS+RAS), MetS+RAS treated 4 weeks earlier with a
Lean-EVs, and MetS+RAS treated with MetS-EVs (n = 7 each,
Figure 1). At the end of the study, we assessed the single-kidney
function in vivo and renal tubular mitochondrial structure and
bioenergetics and renal injury pathways ex vivo. In addition, we
studied the miRNA cargo of Lean- and MetS-EVs using
miRNA sequencing (miRNA-seq).

2.1. MSC and EV Isolation, Characterization, and Culture.
We isolated EVs from MSCs, which were previously collected
from the omental fat tissue from 14 female domestic pigs at
the end of the study. Seven pigs (MetS group) were fed a
MetS diet consisting of high fat and high fructose (Purina
Test Diet, Richmond, IN) [24], whereas 7 Lean pigs (Lean
group) were fed regular pig chow (Purina Animal Nutrition).
We cultured MSCs in advanced minimal essential medium
(Gibco/Invitrogen) with platelet lysate (Mill Creek Life
Sciences, LLC, Rochester, MN) [4, 5, 8, 25] and kept them
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in cell recovery medium. All MSCs expressed MSC markers
(CD44+, CD90+, and CD105+ [4, 8] and differentiated into
3 cell linages (adipocytes, osteocytes, and chondrocytes), as
we have previously described [4, 5, 8, 25].

We isolated EVs from supernatants of MSCs (10 x 10°)
by ultracentrifugation, as we have described before [8]. EVs
were characterized, and the expression of EV (CD40+, 81+,
CD9+, and CD81+) and MSC (MHC-class-I+ and CD44+)
markers confirmed [8, 22, 26]. EVs were then stored at
-80°C to study their miRNA, mRNA, and protein cargo, as
described below. In addition, Lean- and MetS-EVs were
subsequently labeled with PKH26, a red fluorescence dye
(Sigma), and injected into MetS+RAS kidneys.

2.2. EV microRNA Cargo. We studied the miRNA content of
Lean- and MetS-MSC-derived EVs and their parent MSCs
using high-throughput miRNA-seq, as we have previously
described [8]. We analyzed the miRNA-seq data using the
CAP-miRSeq-v workflow [27], a platform that generates
aligned BAMs and excel files containing both raw and nor-
malized mature miRNA expression counts. We then utilized
the EdgeR to perform differential expression analysis [28, 29]
in order to identify miRNAs upregulated (fold change > 1.4
and p <0.05) and downregulated (fold change < 0.7 and p
<0.05) in MetS-EVs compared to Lean-EVs. Similarly, miR-
NAs enriched (fold change > 1.4 and p < 0.05) in MetS-EV's
compared to MetS-MSCs were identified. For validation pur-
poses, we randomly selected 4 miRNAs (2 upregulated and 2
downregulated in MetS-EVs versus Lean-EVs) and measured
their expression by quantitative polymerase chain reaction
(qPCR) using RNA U6 small nuclear 6 pseudogene (RNU6B)
as normalization/internal control, a common reference gene
in miRNA expression studies [30]. We then used TargetScan
to identified genes target by these miRNAs and filtered these
genes by MitoCarta [31] to identify mitochondria-related
genes. Mitochondrial genes were classified using Protein
Analysis Through Evolutionary Relationships (PANTHER)
[32], a software that classifies genes/proteins by their molec-
ular function, cellular localization, and biological process.
Mitochondrial target genes specifically involved in energy
pathways were further classified by their primary function
by GeneCards® (http://www.genecards.org/), a searchable,
integrative database that contains detailed information for
all annotated genes.

2.3. EVmRNA and Protein Cargo. We explored the gene and
protein cargo of Lean- and MetS-MSC-derived EVs with
high-throughput mRNA sequencing (mRNA-seq) and liquid
chromatography-mass spectrometry (LC-MS/MS) proteo-
mic analysis, as we have previously described [13, 33]. We
prepared mRNA-seq libraries using a TruSeq RNA Sample
Prep Kit and MSCs sequenced (Illumina). For data analysis,
we used the MAPRSeq system, TopHat [34, 35], and feature-
Counts [36]. mRNA data was normalized and expressed as
reads per kilobasepair per million mapped reads. For LC-
MS/MS proteomic analysis, EV pellets were solubilized and
lysed, and protein samples were denatured. Aliquots were
then resolubilized, and samples electrophoresed in gel
sections were digested with trypsin [37]. Then, peptides were
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FIGURE 1: Schematic of the experimental protocol. MetS: metabolic syndrome, RAS: renal artery stenosis, EVs: mesenchymal stem/stromal
cell-derived extracellular vesicles, MDCT: multidetector computed tomography. Pigs were studied after 16 weeks of diet-induced MetS
and RAS (MetS+RAS), untreated or 4 weeks after intrarenal delivery of EVs isolated from adipose tissue-derived Lean- or MetS-MSCs

(n =7 each). Lean and MetS sham served as controls.

extracted and transferred onto a PicoFrit and subsequently
self-packed with the Dionex UltiMate system (Thermo-
Fisher). Following peptide separation and elution, we analyzed
them with a mass spectrometer (QExactive, Thermo-Fisher).
Differentially expressed proteins (Lean-EVs versus MetS-
EVs) were identified, quality confirmed with MaxQuant
[38], and differential p values adjusted [39]. Mitochondria-
related target mRNAs and proteins were identified with
MitoCarta [31] and classified by their primary function using
Gene Sets Enrichment Analysis (GSEA, https://www.gsea-
msigdb.org/gsea/index.jsp).

2.4. In Vivo Studies. Additional pigs were placed on a MetS
diet for 16 weeks (n=21). Six weeks after diet initiation,
animals were anesthetized using intramuscular tiletamine
hydrochloride and zolazepam hydrochloride and xylazine
(Telazol®, 0.25g and 0.5g, respectively). Ketamine
(0.2 mg/kg/min IV) and xylazine (0.03 mg/kg/min) were the
drugs of choice to maintained anesthesia. Unilateral RAS
was induced in all animals by placing a balloon catheter in
the right renal artery with the help of fluoroscopy. This
catheter was wrapped with an irritant coil that generated
gradual narrowing of the renal artery, as well as hypertension
in 1-2 weeks [40]. A sham renal angiography was performed
in Lean and MetS pigs.

Six weeks following RAS induction, pigs were anesthetized
in a similar manner with Telazol®. We then performed a renal
angiography to confirm that a significant degree of stenosis
was achieved in RAS pigs. Then, we treated MetS+RAS pigs
with a single infusion of allogeneic Lean- or MetS-EVs
(1 x 10", approximately 100 ug of protein) [9, 41], or vehicle,
into the stenotic kidney. EV delivery occurred over 5min
using a 5F catheter positioned in an area of the renal artery

proximal to the stenosis (n = 7 each). The dose of EVs is based
on previous studies from our group in swine MetS+RAS
which showed that systemic delivery of EV's was not associated
with any side effects or complications and exerted important
renoprotective effects [9, 23, 41]. Lean and MetS pigs (n =7
each) underwent only sham procedures (renal angiography
plus saline infusion).

Four weeks after treatment with Lean- or MetS-EVs, we
collected blood samples from the inferior vena cava to
measure total and low-density lipoprotein (LDL) cholesterol,
triglyceride, fasting glucose, and insulin levels. To calculate
insulin resistance, we utilized the homeostasis model assess-
ment of insulin resistance (HOMA-IR) [24]. Then, renal
volume, renal blood flow (RBF), and glomerular filtration rate
(GREF) in the single kidney were determined by multidetector
computed tomography (MDCT). During MDCT studies, we
monitored blood pressure with an intraarterial catheter.

One or two days after later, we euthanized all pigs with
intravenous sodium pentobarbital (100 mg/kg, Sleepaway,
Fort Dodge) [42]. The kidneys were removed and dissected,
and sections were preserved in liquid nitrogen and
maintained at -80°C for ex vivo studies, whereas few kidney
sections were preserved in formalin or Trump’s fixative for
staining and electron microscopy studies, respectively.

2.5. Renal Function. Renal hemodynamics and function in
the single kidney were assessed with a Somatom Sensation-
128 MDCT scanner (Siemens Medical Solution, Forchheim,
Germany), as we have previously described [43-47]. We
injected a central venous bolus of iopamidol (0.5ml/kg)
and performed 140 consecutive scans (330 ms each). Using
the Analyze™ (Biomedical Imaging Resource, Mayo Clinic,
Rochester, MN) imaging software, we traced regions of
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interest in the cortex and medulla, which were used to
calculate single-kidney regional perfusion (MATLAB, Math-
Works). Single-kidney volume (planimetric methods), RBF,
and GFR were calculated as we have previously described
[48].

2.6. EV Tracking. To explore EV retention and localization,
we stained stenotic kidney sections with the tubular marker
cytokeratin (Abcam, cat# ab7753), as previously described
[9, 41]. Labeled (PKH26) EVs in renal sections were counted
manually under fluorescence microscopy. The total area of
each cross-section was calculated with an image-analysis
program (ZEN®, Carl ZEISS SMT; Oberkochen, Germany).
The number of EVs/square millimeter was averaged and
multiplied by the section thickness and then by the total renal
volume (obtained by MDCT). This value (total number of
EVs/kidney) was then divided by the number of injected
EVs to estimate the retention rate.

2.7. Renal Mitochondrial Structure and Function. Immunoflu-
orescence staining with the mitochondrial outer membrane
marker preprotein translocases of the outer membrane
(TOM)-20 (Santa-Cruz, catalog#: sc-11415, Dallas, TX) was
performed to assess the renal mitochondrial density. We took
15-20 images from random fields and quantified them using
ZEN®. The renal mitochondrial structure was assessed using
a digital electron microscopy (Phillips CM10) at the Mayo
Clinic Electron Microscopy Core. Stenotic kidney sections
were preserved in Trump’s fixative, mounted on mesh grids,
and stained with aqueous uranyl acetate and lead citrate. Ten
representative tubular cells from 10 different tubules were
randomly selected for analysis. The tubular cell mitochondrial
area and matrix density were measured in 10 representative
mitochondria in these cells using the National Institutes of
Health software Image] (Version 1.5) [49].

The mitochondrial function was assessed in isolated mito-
chondria (MITO-ISO kit, ScienCell, cat#: 8268, Carlsbad, CA)
[50]. Hydrogen-peroxide (H,0,) production, cytochrome-c
oxidase (COX)-IV activity, and ATP/ADP levels were calcu-
lated by colorimetric methods (OxisResearch, BIOXYTECH®
H,0,-560™ Assay, cat# 21024, and abcam, cat# ab83355,
Cambridge, United Kingdom, respectively) [51].

2.8. Renal Injury Pathways. Production of superoxide anion
was assessed in stenotic kidneys by immunofluorescence
microscopy using dihydroethidium (DHE) [52]. Tubular
injury was assessed in renal cross-sections stained with periodic
acid-Schiff (PAS) and scored from 1-5, as previously described
[18]. Tubulointerstitial fibrosis was assessed in Masson’s
trichrome-stained slides and quantified using ZEN® [52].

2.9. Statistical Methods. Statistical analysis was performed
using JMP 14.1 (SAS, Cary, NC). We used the Shapiro-Wilk
test to detect deviations from normality. Results were
expressed as mean + SD for normally distributed data, but
as median (interquartile range) for nonnormally distributed
data. We used parametric (ANOVA/Student’s t-test with
Tukey’s post hoc test) and nonparametric (Wilcoxon/Krus-
kal-Wallis with Steel-Dwass post hoc test) tests as appropri-
ate. Regressions were calculated by the least-squares fit to
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compare renal mitochondrial damage and poststenotic
injury. All tests were two-tailed, and p < 0.05 was considered
statistically significant.

3. Results

The systemic characteristics of all pigs at 16 weeks are
presented in Table 1. As expected, body weight and blood
pressure were comparably higher in all MetS groups
compared to Lean. MetS+RAS, MetS+RAS+Lean-EVs, and
MetS+RAS+MetS-EVs showed moderate, but significant
and comparable stenoses (p > 0.05, ANOVA). MetS pigs also
developed hyperlipidemia, reflected in increased total and
LDL cholesterol, and triglyceride levels. Although fasting glu-
cose levels were similar among the groups, fasting insulin and
HOMA-IR levels were comparably higher in all MetS groups,
indicating early prediabetic MetS [24].

3.1. MetS Altered the miRNA Cargo of EVs. We compared the
miRNA content of Lean- and MetS-EVs using miRNA
sequencing analysis, which identified 11 miRNAs upregu-
lated and 8 miRNAs downregulated in MetS-EVs versus
Lean-EVs (Figure 2(a)). qPCR analysis revealed that the
expression of randomly selected differentially expressed can-
didate miRNAs agreed with miRNA-seq analysis, with miR-
196a and miR-132 upregulated and miR-192 and miR-320
downregulated in MetS-EVs (Figure 2(b)). Importantly, 15
out of 19 (92.1%) miRNAs differentially expressed in MetS-
EVs versus Lean-EVs were enriched in MetS-EVs compared
to MetS-MSCs (Figure 2(c)).

3.2. miRNAs Dysregulated in MetS-EV Target Mitochondria-
Related Genes. We then performed target analysis of miR-
NAs differentially expressed in MetS-EVs and found that
these miRNAs are capable of targeting a total of 433
mitochondria-related genes (Table S1) primarily located in
the mitochondrial matrix and inner mitochondrial
membrane (Figure 3(a)). Mitochondrial proteins encoded by
these genes have catalytic activity (16.2%), followed by
transporter, ribosome, oxidoreductase, transport protein
activity, and among others (Figure 3(b)). Importantly, miRNAs
dysregulated in MetS-EVs can target genes primarily implicated
in mitochondrial energy pathways (37.7%), followed by protein
metabolism, transport, cell communication, signal transduction,
and others (Figure 3(c)). Specifically, mitochondria-related gene
targets implicated in energy pathways included the tricarboxylic
acid (TCA) cycle, as well as the electron transport chain (ETC)
complexes I-V (Figure 3(d)).

3.3. MetS Altered the Expression of Mitochondria-Related
Genes and Proteins of EVs. In addition, we compared the
gene and protein cargo of Lean- and MetS-EVs using
mRNA-seq and LC-MS/MS proteomic analysis. mRNA-seq
identified a total of 738 mitochondria-related genes, of which
43 were upregulated and 29 downregulated in MetS-EVs
versus Lean-EVs (Figure 4(a)). Proteomic analysis identified
663 mitochondrial proteins, of which 14 were upregulated
and 10 downregulated in MetS-EVs versus Lean-EVs
(Figure 4(b)). Functional analysis of genes and proteins
dysregulated in MetS-EVs revealed that they are implicated
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TaBLE 1: Systemic characteristics and single-kidney function in study groups at 16 weeks.

Lean MetS MetS+RAS MetS+RAS+ LeanEVs MetS+RAS+ MetS-EVs
Body weight (kg) 72.4+7.2 92.0+6.7" 92.4+5.7" 90.4 +8.6" 88.4+7.1"
MAP (mmHg) 93.6+4.9 124.2+7.2° 125.1 +6.6" 120.6 + 13.0" 120.6 + 8.4"
Degree of stenosis (%) 0 0 60.0 £ 13.9*F 65.0+7.6"1 67.5+6.0"F
Total cholesterol (mg/dl) 84.5 (78.0-90.1) 328.0 (315.1-481.1)* 345.2 (321.2-406.2)*  345.2 (323.7-413.1)* 316.5 (310.5-329.5)"
LDL cholesterol (mg/dl) 32.7+£5.6 338.5+96.8" 363.8 £49.0" 339.8 +35.6" 352.4+39.3"
Triglycerides (mg/dl) 7.6 (5.9-8.7) 17.3 (13.0-22.5)* 15.1 (14.2-16.1)* 16.7 (12.9-17.3)* 14.8 (12.4-17.0)*
Fasting glucose (mg/dl) 121.7+5.4 113.5+15.3 115.5+14.1 117.8+18.4 121.8+17.2
Fasting insulin (¢U/ml) 0.4 (0.4-0.5) 0.8 (0.7-0.8)* 0.8 (0.7-0.8)* 0.8 (0.7-0.8)* 0.7 (0.7-0.8)*
HOMA-IR score 0.6 (0.5-0.7) 1.9 (1.5-1.9)* 1.8 (1.7-1.8)* 1.7 (1.7-1.8)* 1.8 (1.5-1.9)*
Renal volume (ml) 131.9+13.7 217.3+11.8" 185.0 + 19.0" 229.5+47.3%% 168.5 £ 25.1"#
RBF (ml/min) 502.0 £69.3 811.6 +78.9" 615.4 +74.4" 840.3 +£241.6™ % 660.3 + 67.6" t#
GFR (ml/min) 74.8+9.7 138.9+21.2" 97.2+11.9%+ 128.0 +33.3 % 93.8 +13.8*#

MAP: mean arterial pressure; LDL: low-density lipoprotein; HOMA-IR: homeostasis model assessment of insulin resistance; RBF: renal blood flow; GFR:
glomerular filtration rate. *p < 0.05 vs. Lean; Tp < 0.05 vs. MetS; $p < 0.05 vs. MetS + RAS; #p < 0.05 vs. MetS+RAS+Lean-EVs.

in important mitochondrial functions, such as organization,
transport, and oxidation reduction processes (Figure 4(c)).

3.4. EVs Were Retained in the Stenotic Kidney. To explore
whether MetS impaired the reparative capacity of EVs, we
treated MetS+RAS pigs with a single injection of Lean- and
MetS-EVs. Four weeks after the intraarterial administration,
2-3% of injected both Lean- and MetS EVs were retained in
the stenotic kidney. Immunofluorescence cytokeratin stain-
ing similarly identified EV clusters in the tubulointerstitium
of Lean-EV and MetS-EV-treated kidneys, some of which
colocalized with renal tubular cells (Figure 5).

3.5. MetS-EVs Failed to the Improve Renal Mitochondrial
Structure and Function. Ex vivo studies of EV-treated
kidneys showed that the mitochondrial density that
decreased in MetS+RAS versus Lean and MetS and increased
in MetS+RAS+Lean-EVs failed to improve in MetS+RAS
pigs treated with MetS-EVs (Figures 6(a) and 6(b)). Trans-
mission electron microscopy revealed that the renal tubular
mitochondrial area increased in MetS+RAS compared to
Lean and MetS and was restored to normal levels in MetS
+RAS+Lean-EVs, but not in MetS+RAS+MetS-EVs. Con-
trarily, the mitochondrial matrix density decreased in MetS
+RAS versus Lean and MetS, increased in MetS+RAS
+Lean-EVs, but not in MetS-EV-treated pigs.

Mitochondrial structural abnormalities were associated
with functional changes. Production of H,0, in isolated
mitochondria that was elevated in MetS compared to Lean
and further increased in MetS+RAS decreased in MetS
+RAS animals treated with Lean-EVs, but not in those
treated with MetS-EVs (Figure 7(a)). Mitochondrial energy
production, assessed by the COX-IV activity and ATP gener-
ation, decreased in MetS compared to Lean, further
decreased in MetS+RAS, and increased in MetS+RAS
+Lean-EVs. However, MetS-EVs failed to improve either
the COX-IV activity or ATP generation.

3.6. MetS-EVs Did Not Attenuate Renal Injury and
Dysfunction. Unlike Lean-EVs, MetS-EVs failed to amelio-
rate injury and dysfunction in the poststenotic kidney. Renal
superoxide anion production and tubular injury observed in
MetS compared to Lean further increased in MetS+RAS,
decreased in MetS+RAS+Lean-EVs, but failed to decrease
in MetS+RAS+MetS-EVs (Figures 8(a) and 8(b)). Likewise,
tubulointerstitial fibrosis was markedly higher in MetS
+RAS versus Lean and MetS, decreased in MetS+RAS
+Lean-EVs, but not in MetS+RAS+MetS-EVs. Notably,
single-kidney volume, RBF, and GFR, which were higher in
MetS compared to Lean pigs and decreased in MetS+RAS,
increased in MetS+RAS+Lean-EVs, but not in MetS+RAS
+MetS-EVs (Table 1).

3.7. Renal Mitochondrial Damage Correlated with Renal
Injury. Interestingly, we found that the renal mitochondrial
density correlated inversely with poststenotic tubular injury
(Figure 9(a)). Likewise, the mitochondrial matrix density cor-
related inversely with tubulointerstitial fibrosis (Figure 9(b)),
and mitochondrial ATP generation correlated inversely with
renal oxidative stress (Figure 9(c)). Contrarily, mitochondrial
H,0, production correlated directly with tubulointerstitial
fibrosis.

4. Discussion

The current study shows that MetS alters the cargo of
mitochondria-related miRNAs in swine MSC-derived EVs,
which may partly contribute to impair their capacity to repair
the poststenotic kidney in MetS+RAS. We interrogated the
miRNA expression of porcine Lean- and MetS-EVs using
miRNA-seq and found that MetS altered the expression of
19 miRNAs capable of targeting several mitochondrial genes.
Intrarenal delivery of Lean-EVs improved renal mitochon-
drial density, structure, and function and restored the
poststenotic kidney function in swine MetS+RAS, whereas
MetS-EVs failed to repair them. Importantly, several
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FIGURE 2: MetS alters the miRNA cargo of MSC-derived EVs. (a) heat map of 11 miRNAs upregulated and 8 miRNAs downregulated in
MetS-EVs versus Lean-EVs. (b) Expression of selected differentially expressed candidate miRNAs demonstrated agreement with the
miRNA-sequencing analysis, where miR-196a and miR-132 were upregulated and miR-192 and miR-320 downregulated in MetS-EVs. (c)
Heat map of 15 out of 19 miRNAs differentially expressed in MetS-EV's versus Lean-EVs that were enriched in MetS-EVs compared to
MetS-MSCs. *p < 0.05 vs. Lean-EVs.
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FIGURE 3: miRNAs dysregulated in MetS-EVs are capable of targeting mitochondria-related genes. Predicted mitochondria target genes of
differentially expressed miRNAs were identified (MitoCarta2.0) and classified by their cellular component (a), molecular function (b), and
biological process (c). miRNAs dysregulated in MetS-EVs are capable of targeting several genes implicated in mitochondrial energy
pathways, including the electron transport chain complexes I, II, III, IV, and V and the tricarboxylic acid (TCA) cycle.
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FIGURE 5: MSC-derived EV's were retained in the poststenotic kidney. Fragments of red immunofluorescent stained EVs (PKH26, arrows;
original magnification x40) were detected in the stenotic kidney of MetS+RAS+Lean-EVs and MetS+RAS+MetS-EVs 4 weeks after
administration, but not in untreated MetS+RAS stenotic kidneys. Immunofluorescent costaining with cytokeratin identified EV fragments
in the vicinity of renal tubular cells, whereas some of them colocalized with renal tubular cells.

elements of renal mitochondrial damage correlated well with
renal tubulointerstitial injury, suggesting that MetS-induced
posttranscriptional modification of mitochondria-related
genes may have partly contributed to diminish the potential
of MetS-EVs to preserve the stenotic kidney in MetS+RAS.
Therefore, our observations may assist in developing novel
approaches to improve the therapeutic efficacy of MSC-
derived EVs for patients with MetS.

RAS is commonly identified in the elderly population,
and its coexistence with MetS hampers benefits of renal
revascularization [11]. Recently, MSC-derived EVs emerged
as an effective noncellular approach for preserving the post-
stenotic kidney [53, 54]. The physiological relevance of deliv-
ering EVs is supported by previous studies in murine models
of kidney injury suggesting that administration of MSC-
derived EVs recapitulate the beneficial effect in kidney repair
of their parent MSCs [55, 56] and were considered superior
to MSCs in some respects [57], suggesting that EV's may con-
fer additional renoprotective effects. We have previously
shown that intrarenal delivery of EVs released from adipose
tissue-derived MSCs of lean pigs attenuated renal injury in
chronic experimental MetS+RAS [12-14], whereas MSC-
derived EVs isolated from pigs with MetS failed to decrease
stenotic kidney fibrosis or improve GFR [15]. We have also
shown that MetS modifies the miRNA cargo of porcine
MSC-derived EVs, limiting their efficacy to repair renal tubu-
lar cells in vitro [22]. Therefore, we speculated that MetS-

induced changes in the miRNA content of EVs might inter-
fere with their ability to repair the ischemic kidney in MetS
+RAS.

Renal tubular cells have high content of mitochondria
that drive active transport to support the renal tubular func-
tion [58] and regulate important cellular functions, including
redox status, survival, proliferation, and death. Mitochon-
drial abnormalities and dysfunction are implicated in the
pathogenesis of RAS, as mitoprotection restores the renal
function [19] and improves revascularization outcomes in
experimental [18] and clinical [59] RAS. In the current study,
Lean-EVs exerted important mitoprotective properties in the
stenotic kidney. The renal mitochondrial density that was
reduced in MetS+RAS improved 4 weeks after intrarenal
delivery of Lean-EVs. The renal mitochondrial area increased
in MetS+RAS, likely reflecting mitochondrial swelling, but
was restored in Lean-EV-treated pigs. Likely because mito-
chondrial swelling disrupts cristae shape [60], the mitochon-
drial matrix density that decreased in MetS+RAS was
normalized in MetS+RAS pigs treated with Lean-EVs.

Mitochondrial cristae membranes with embedded ETC
enzymes contribute to energy production by providing a
large surface area for chemical reactions [61]. Thus, an
increase in the cristae surface area promotes mitochondrial
respiration. In agreement, we found that Lean-EV's not only
improved the mitochondrial structure but also increased
the activity of COX-IV, the final stage of the ETC that
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decreased in MetS+RAS compared to Lean and MetS, improved in MetS+RAS+Lean-EVs, but failed to improve in MetS+RAS+MetS-EVs,
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FIGURE 7: MetS-EVs did not improve the renal mitochondrial function in MetS+RAS. (a) Mitochondrial hydrogen peroxide (H,0,) that
increased in MetS compared to Lean and further increased in MetS+RAS, decreased in MetS+RAS+Lean-EVs, but not in MetS+RAS
+MetS-EVs. (b) The cytochrome-c oxidase (COX)-IV activity and ATPADP ratio that decreased in MetS compared to Lean and further
decreased in MetS+RAS, increased in MetS+RAS+Lean-EVs, but not in MetS+RAS+MetS-EVs. *p <0.05 vs. Lean; Tp < 0.05 vs. MetS;
$p <0.05 vs. MetS+RAS; #p < 0.05 vs. MetS+RAS+Lean-EVs.
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catalyzes transfer of electrons from cytochrome-c to molecu-
lar oxygen [62]. Similarly, ATP generation that was blunted
in MetS+RAS increased in Lean-EV-treated pigs, indicating
improved mitochondrial energy production.

Mitochondrial structural damage and dysfunction are
often accompanied by increased oxidative stress, mainly due
to production of superoxide from complexes I and III [63],
and in turn, H,0,, which damages several mitochondrial
constituents, creating a vicious cycle of mitochondrial injury
and oxidative stress [64]. Indeed, superoxide anion (DHE
staining) and H,0, production in isolated mitochondria
increased in MetS+RAS, but decreased to MetS levels in
MetS+RAS+Lean-EVs. Notably, delivery of Lean-EVs also
attenuated tubulointerstitial injury and fibrosis and improved
stenotic kidney volume, RBF, and GFR. Interestingly, renal
mitochondrial damage (density, matrix density, and H,0,
generation) correlated with renal tubulointerstitial injury
(injury score and fibrosis), whereas mitochondrial energy
production (ATP generation) correlated inversely with renal
oxidative stress (DHE staining). Therefore, our observations

support the premise that renal mitochondrial injury is impli-
cated in the pathogenesis of MetS+RAS and underscore the
potential of Lean-EVs to preserve the poststenotic kidney.
Contrarily, MetS-EV:s failed to preserve mitochondria or
improve the stenotic kidney function. Unlike Lean-EVs,
MetS-EVs did not improve the renal mitochondrial density,
area, or matrix density, did not decrease mitochondrial
H,0, generation, or increase COX-IV activity and ATP
production. Moreover, MetS-EVs did not attenuate renal
oxidative stress, tubular injury, or tubulointerstitial fibrosis,
or improve RBF or GFR, indicating that MetS limited the
capacity of MSC-derived EVs to repair the stenotic kidney.
To explore mechanisms by which MetS failed to improve
the mitochondrial structure and function in MetS-EV-
treated pigs, we characterized the EV cargo of miRNA, which
are important regulators of the mitochondrial function that
modulate the expression of mitochondria-related genes
[21]. We identified 19 miRNAs dysregulated in MetS-EVs,
in agreement with our previous findings [22]. Our results
should be interpreted with caution given that differential
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FIGURE 9: Renal mitochondrial damage correlated with renal injury. (a) The renal mitochondrial density correlated inversely with
poststenotic tubular injury. (b) The mitochondrial matrix density correlated inversely with tubulointerstitial fibrosis. (c) Mitochondrial
ATP generation correlated inversely with renal production of superoxide anion (DHE). (d) Mitochondrial H,0, production correlated

directly with tubulointerstitial fibrosis.

expressed miRNAs are not among the most abundant in EVs.
Nevertheless, most miRNAs differentially expressed in MetS-
EVs versus Lean-EVs were enriched in MetS-EVs compared
to their parent MSCs, suggesting that a significant proportion
of these miRNAs was selectively packed in MSC-derived
EVs. Classification of their mitochondrial targets revealed
that these proteins are primarily located in the mitochondrial
matrix and inner membranes, where principal components
of aerobic respiration take place. Subsequent functional anal-
ysis showed that they are primarily implicated in energy
pathways, including the TCA cycle and ETC. Therefore,
MetS-induced changes in the miRNA profile of EVs might
have exerted important posttranscriptional changes in
mitochondria-related genes in recipient cells, which might
have contributed to mitochondrial injury and in turn,
impaired the capacity of MetS-EVs to repair the stenotic
kidney. Importantly, our findings are in agreement with our
recent observation that MetS alters the miRNA cargo of
human MSC-derived EVs [65], suggesting that MetS-
induced changes in the content of EVs are conserved in
human subjects. Therefore, miRNAs packed in MSC-
derived EVs may have important implications for the use of
autologous EVs as a therapeutic regenerative strategy.
Remarkably, we found that diet-induced MetS also
altered the expression of mitochondria-related genes and
proteins in swine MSC-derived EVs, which were involved
in important mitochondrial functions, such as organization,

transport, and oxidation reduction processes. Therefore,
MetS-induced changes in the mRNA, miRNA, and protein
cargo of EVs could have interfered with the capacity of EVs
to preserve renal mitochondria and repair the poststenotic
kidney in MetS+RAS.

Our study is limited by the short duration of the disease
and the use of relatively young pigs. However, our model
recapitulates the synergistic interaction between human
RAS and MetS, and 16 weeks of high-fat/fructose diet suf-
ficed to alter the miRNA cargo of MSC-derived EVs. The
cargo of cultured MSC-derived EVs might differ from the
content of EVs secreted by MSCs in vivo. Isolation and
culture conditions may affect the behavior of MSCs and their
daughter EV's, making their in vivo activity difficult to predict
[66]. Our previous studies have shown that retention of EV's
in the stenotic kidney peaked at 2 days and decreased there-
after, remaining at 2-3% by 4 weeks after injection [9, 41]. In
agreement, we found that four weeks after intrarenal deliv-
ery, Lean- and MetS-EV's were similarly detected within the
stenotic kidney tubulointerstitium, and some clusters coloca-
lized with tubular cells. Yet, we cannot rule out differences in
uptake and cytoplasmic distribution of Lean- and MetS-EVs
in recipient cells, which could have modulated their repara-
tive potency. Longer follow-up studies are needed to establish
the causal relationship between the miRNA content and
reno- and mitoprotective properties of Lean-EV's and explore
the extent to which these are conserved across species.
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5. Conclusions

In summary, our study shows that MetS modifies the miRNA
cargo of swine MSC-derived EVs. miRNA targets include sev-
eral mitochondrial genes encoding for proteins implicated in
mitochondrial energy pathways. Delivery of MetS-EVs failed
to improve the renal mitochondrial or poststenotic kidney
structure and function in MetS+RAS. Renal mitochondrial
damage correlated with renal injury, implying that MetS-
induced posttranscriptional regulation of mitochondria-
related genes could have partly contributed to impair the
in vivo reparative capacity of MetS-EVs. Additional studies
are needed to test the therapeutic efficacy of Lean- and
MetS-MSC-derived EVs in patients with MetS and RAS.
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