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Extracellular Vesicles Regulate Sympatho-
Excitation by Nrt2 in Heart Failure

Changhai Tian®, Lie Gao®, Tara L. Rudebush, Li Yu, Irving H. Zucker

BACKGROUND: Chronic heart failure (CHF) is associated with redox imbalance. Downregulation of Nrf2 (nuclear factor
[erythroid-derived 2]-like 2) plays important roles in disrupting myocardial redox homeostasis and mediating sympathetic
nerve activity in the setting of CHF. However, it is unclear if circulating extracellular vesicles (EVs) elicit sympathetic
excitation in CHF by disrupting central redox homeostasis. We tested the hypothesis that cardiac-derived EVs circulate to the
presympathetic rostral ventrolateral medulla and contribute to oxidative stress and sympathetic excitation via EV-enriched
microRNA-mediated Nrf2 downregulation.

METHODS: Data were collected on rats with CHF post—myocardial infarction (MI) and on human subjects with ischemic CHF.
EVs were isolated from tissue and plasma, and we determined the miRNAs cargo that related to targeting Nrf2 translation.
We tracked the distribution of cardiac-derived EVs using in vitro labeled circulating EVs and cardiac-specific membrane GFP*
transgenic mice. Finally, we tested the impact of exogenously loading of antagomirs to specific Nrf2-related miRNAs on
CHF-EV=induced pathophysiological phenotypes in normal rats (eg, sympathetic and cardiac function).

RESULTS: Nrf2 downregulation in CHF rats was associated with an upregulation of Nrf2-targeting miRNAs, which were abundant
in cardiac-derived and circulating EVs from rats and humans. EVs isolated from the brain of CHF rats were also enriched
with Nrf2-targeting miRNAs and cardiac-specific miRNAs. Cardiac-derived EVs were taken up by neurons in the rostral
ventrolateral medulla. The administration of cardiac-derived and circulating EVs from CHF rats into the rostral ventrolateral
medulla of normal rats evoked an increase in renal sympathetic nerve activity and plasma norepinephrine compared with
Sham-operated rats, which were attenuated by exogenously preloading CHF-EVs with antagomirs to Nrf2-targeting miRNAs.

CONCLUSIONS: Cardiac microRNA-enriched EVs from animals with CHF can mediate crosstalk between the heart and the
brain in the regulation of sympathetic outflow by targeting the Nrf2/antioxidant signaling pathway. This new endocrine
signaling pathway regulating sympathetic outflow in CHF may be exploited for novel therapeutics.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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ing pathways contributes to the pathogenesis of the
post—myocardial infarction (M) state and to the pro-
gression to chronic heart failure (CHF)."® Nrf2 (nuclear
factor (erythroid-derived 2)-like 2) acts as a master
transcription factor responsible for the expression of
hundreds of antioxidant and anti-inflammatory proteins

An imbalance between pro- and antioxidant signal-

in response to oxidative stress. Previous studies have
demonstrated that both a global deficiency and selec-
tive deletion of Nrf2 in the rostral ventrolateral medulla
(RVLM) contribute to pressure overload—induced cardiac
hypertrophy and dysfunction and central sympatho-exci-
tation by disrupting redox balance, respectively.*® Con-
versely, selective overexpression of Nrf2 in the heart and
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EV-Mediated Heart Brain Communication in CHF

Novelty and Significance

What Is Known?

« Chronic heart failure (CHF) is associated with an
increase in sympathetic nerve activity.

* CHF models and human patients both exhibit high lev-
els of oxidative stress in the heart and brain.

What New Information Does This Article
Contribute?

« Nrf2 (nuclear factor-erythroid factor 2-related factor
2; a major transcription factor for antioxidant enzyme
expression) is reduced in the myocardium and sympa-
thetic regulatory area (rostral ventrolateral medulla) of
animals with CHF.

« Specific microRNAs (miRNAs) that target the 3 UTR
of Nrf2 are increased in the myocardium and plasma of
animals and patients with CHF, as well as extracellular
vesicles derived from both cardiac and brain tissues of
animals with CHF.

* Transfer of cardiac-derived and circulating extracellu-
lar vesicles from CHF rats to the rostral ventrolateral
medulla of normal rats resulted in increased sympatho-
excitation, which can be attenuated by preloading of
CHF-EVs with specific antagomirs.

This work demonstrates a unique communication
pathway between the injured heart and a specific auto-
nomic regulatory area in the central nervous system.
The regulation of pre-sympathetic neuronal discharge
in CHF is partly regulated by oxidative stress through
Nrf2 signaling. Notably, this regulation is mediated
by specific miRNAs contained within plasma and tis-
sue EVs, which are also found in the myocardium and
plasma of humans with CHF. Cardiac EVs were dem-
onstrated to be taken up by the central nervous sys-
tem causing the transference of EVs from CHF rats
into normal rats to recapitulate the autonomic pheno-
type. However, this phenomenon could be abrogated
by pre-loading EVs with antagomirs to these microR-
NAs. Overall, these data provide new targets for inter-
vening in the sympatho-excitation of heart failure and
potentially other hyper-sympathetic states.

Nonstandard Abbreviations and Acronyms
CHF chronic heart failure

Cco cardiac output

DH donor heart

EF ejection fraction

EV extracellular vesicle

HO-1 heme oxygenase-1

Keap1 Kelch-like ECH associating protein 1
LVAD left ventricular assist device

LVEDD left ventricular end-diastolic diameter
LVEDP left ventricular end-diastolic pressure
LVEDV left ventricular end-diastolic volume
LVESD left ventricular end-systolic diameter
LVESV left ventricular end-systolic volume

mi myocardial infarction

miRNA microRNA

mG membrane-targeted GFP protein

mT membrane-targeted tandem dimer Tomato
NC negative control

Nrf2 nuclear factor (erythroid-derived 2)-like 2
RSNA renal sympathetic nerve activity

RVLM rostral ventrolateral medulla

TAM tamoxifen
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in the RVLM suppresses pathological remodeling and
sympatho-excitation in mice with CHF by reducing oxi-
dative stress.®” These studies suggest that Nrf2 serves
as an important target for modulating cardiac function
and autonomic outflow in CHF.

Nrf2 is normally associated with its inhibitory pro-
tein Keap1 (Kelch-like ECH associating protein 1) in
the cytosol. Under conditions of low or normal oxidative
stress, Nrf2 is ubiquitinated and targeted for proteasomal
degradation.® During abnormally high oxidative stress or
in the presence of electrophiles, Nrf2 dissociates from
Keap1 and translocates to the nucleus where it binds to
antioxidant response elements (AREs) of many genes.
microRNAs (miRNAs) have emerged as regulators of
cell-cell communication and paracrine signaling media-
tors in physiological and pathological states by regulat-
ing the translation of proteins that are involved in redox
homeostasis in the heart and brain.®? miRNAs can
circulate, encapsulated in extracellular vesicles (EVs),
which are effective carriers and communicators of bio-
logical signals (proteins, lipids, and nucleic acids). EVs
play critical roles in pathophysiological processes in car-
diovascular diseases at local and remote sites (eg, the
brain).'®'% Previous studies have suggested that miR-
NAs, such as microRNA (miRNA)-27a, miRNA-28a
and miRNA-34a can suppress Nrf2 translation by bind-
ing to the 3" UTR of Nrf2 mRNA."®*"" A previous study
from this laboratory also showed that these 3 miRNAs
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targeting Nrf2 translation were selectively upregulated
in the noninfarcted areas of the left ventricle in the rat
MI-CHF model. In vitro studies further suggested that
these miRNAs can be upregulated in cardiac fibroblasts
in response to cardiac stress and subsequently incorpo-
rated into EVs and released into the extracellular space
where miRNA-enriched EVs directly mediate cardiac
myocyte dysfunction by repressing Nrf2 translation.®

Accumulating evidence suggests that a reduction
of antioxidant enzyme production contributes to oxida-
tive stress in the central nervous system of animals with
CHFR'?" particularly in the RVLM mediating sympatho-
excitation following dysregulation of Nrf2 protein.® While
this evidence suggests that circulating EVs play an
important role in the pathogenesis of the CHF state, it
remains unclear if cardiac-derived miRNA-enriched EVs
mediate a communication pathway between the heart
and the brain and contribute to oxidative stress-medi-
ated sympatho-excitation by targeting Nrf2 signaling in
the RVLM.

In the present study, we tested the hypothesis that
cardiac-derived EVs evoke sympatho-excitation in the
RVLM through EV-miRNAs targeting Nrf2 signaling in
CHF and that blockade of these miRNAs would reverse
this effect.

METHODS
Data Availability

All figures and data tables are available on www.figshare.com.
The data that support the findings of this study are available
from the authors upon reasonable request.

Rat Model of Chronic Heart Failure

Male Sprague-Dawley rats (180-200 g, 7-8 weeks old) were
used for the generation of CHF as previously described.'82222
Briefly, CHF rats underwent permanent left coronary artery
ligation, while the Sham rats received the same surgery except
for coronary artery ligation. Six weeks post-Ml|, rats were sub-
jected to echocardiographic analyses to assess cardiac func-
tion using the Vevo 3100 Imaging System (Visual Sonics, Inc,
Toronto, Canada). Animals that did not develop heart failure fol-
lowing coronary artery ligation were excluded from the heart
failure group based on echocardiography analyses. No Sham
animals were excluded. Animals with ejection fraction (EF, %)
<40% were considered to have systolic dysfunction and heart
failure. All experimental protocols were performed as recom-
mended in the NIH Guide for the Care and Use of Laboratory
Animals, and approved by the University of Nebraska Medical
Center Institutional Animal Care and Use Committee (JACUC).

Human Subjects

Plasma and myocardial samples from patients with heart fail-
ure that received left ventricular assist devices and hearts from
normal transplant donors (donor heart [DH]) were provided
by the Nebraska Cardiovascular BioBank Registry (NCBR).
In brief, patients undergoing an left ventricular assist device
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procedure consented before surgery under IRB protocol (133-
14-EP). Before surgery or any anticoagulation, venous blood
was collected into an EDTA lavender top tube (BD), and then
plasma was separated from the red blood cells at 200xg for
10 minutes at RT, and then centrifuged to separate plasma at
1000 to 2000xg for 10 minutes using a refrigerated centri-
fuge. The plasma samples were then centrifuged for 15 min-
utes at 5000x g to deplete platelets. The plasma was aliquoted
and the supernatant frozen at —80°C until use. The left ven-
tricular core was removed during surgery and was placed into
Allprotect Tissue Reagent (Qiagen, Hilden, Germany) and fro-
zen at —80°C as per manufacturer protocol.

RESULTS
Heart Failure in Rats

Mean echocardiographic measurements in Sham and
CHF rats used in this study are shown in Figure S1.
Significant differences were observed for left ventricu-
lar end diastolic diameter, left ventricular end systolic
diameter, left ventricular end systolic volume, cardiac
output, EF and fractional shortening. Echocardiographic
measurements in Sham and CHF rats were performed
at various time points (3 wks, 6 wks and 12 wks, post-
MI). The results indicate changes in typical heart failure
parameters including EF (Figure S6A), LVEDP (Figure
S6B), LVEDV (Figure S6C), and LVESV (Figure S6D) in
a time-dependent manner reaching a peak at 6-wk post-
MI. Thus, all tissue collections for Western Blotting and
gRT-PCR analyses were carried out at 6-wk post-Ml.

Nrf2 Protein Is Dysregulated in the RVLM of
Rats With Heart Failure

We measured Nrf2 protein by Western Blotting and gRT-
PCR analyses in the RVLM after the nuclei were excised
at 6-week post-MI. Data demonstrate that Nrf2 expres-
sion was reduced in the RVLM of CHF rats (Figure 1A
and 1B), consistent with previous observations.®?* At
the same time, there was a significant upregulation of
several miRNAs (Figure 1C) that have been shown to
target Nrf2 translation in the CHF group compared with
that in the Sham group. Consistently, Nrf2 downstream
targets such as HO-1 (heme oxygenase-1; Figure 1D)
and catalase (Figure 1E) were downregulated. Increased
DNA/RNA oxidation stained by 8-OHdG (8-hydroxy-
deoxyguanosine) antibody (Figure 1F and 1G) were also
observed in the RVLM of rats with CHF compared with
Sham rats, indicative of increased oxidative stress.

Cardiac-Derived EVs Are Enriched With miRNAs
That Target Nrf2 Translation

To determine if Nrf2-targeting miRNAs are packaged
into EVs and secreted into the extracellular space, we
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Figure 1. Nrf2 (nuclear factor-erythroid factor 2-related factor 2) is dysregulated in the rostral ventrolateral medulla (RVLM) of
animals with chronic heart failure (CHF).

Western blots showing Nrf2 expression (as indicated by the arrow) in the RVLM of Sham and CHF rats at 6-week post-MI or Sham surgery
(A). Mean data and individual values quantifying Nrf2 expression in Sham and CHF RVLM punches (B); mean and individual values of miRNAs
targeting 3-UTR of Nrf2 mRNA in the RVLM: miR-27a, miR-28a and miR-34a (C) (n=4, 2SEM); qRT-PCR results show Nrf2 downstream
targets, including HO-1 (heme oxygenase 1) mRNA level (D), and catalase mRNA level (E) in RVLM,; representative sections of immunostaining
with 8-OHdG antibody show DNA/RNA oxidation (F) in the RVLM of Sham (top panel) and CHF (bottom panel) rats, respectively. Summary of
the percentages of (G) 8-OHdG-positive cells in the RVLM of Sham (n=4) and CHF groups (n=4, £SEM). *Denotes £=0.0286 and all P were

derived using the Mann-Whitney test (nonparametric test). Scale bar is 20 pm.

isolated and characterized EVs derived from the myocar-
dium. An example of a transmission electron microscopic
image of EVs shows typical cup-shaped morphologies in
Figure 2A. The average size ranged from 50 nm to 160
nm (Figure 2B). These cardiac-derived EVs also express
typical markers commonly used for EV identification,
including CD81, CD9, HSC70, and TSG101 (Figure 2C).
Myocardial EVs from the CHF group exhibited signifi-
cantly higher levels of Nrf2-targeting miRNAs including
miRNA-27a (Figure 2D), miRNA-28a (Figure 2E), and
miRNA-34a (Figure 2F) compared with that in the Sham
group. In addition, cardiac-specific miRNAs including
miRNA-1, miRNA-499, and miRNA-208a (Figure 2G
through 21), which are cardiac-specific miRNAs in the
myocardium and are involved in cardiogenesis and car-
diac function,2572" were more abundant in myocardial EVs
from CHF rats compared with that from Sham rats. These
data suggest that cardiac-derived EVs are enriched with
miRNAs targeting Nrf2 translation in the CHF state.

Circulating EVs Are Elevated in CHF and

Are Abundant With miRNAs Targeting Nrf2
Translation

We isolated and characterized plasma-derived EVs from
Sham and CHF rats. Typical membrane-bound vesicles

were observed in the circulation as indicated by arrows in
Figure 3A. The concentration of circulating EVs in CHF
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rats were =~ 1.5-fold higher compared with Sham rats, while
there were no differences in size distribution (100-300 nm)
(Figure 3B). Further characterization of EVs were carried
out by demonstration of expression of EV marker genes,
including CD63, CD9, HSC70, and TSG101 (Figure 3C) in
both groups. The levels of miRNAs targeting Nrf2 transla-
tion, which included miRNA-27a (Figure 3D), miRNA-28a
(Figure 3E) and miRNA-34a (Figure 3F), were significantly
upregulated in CHF-derived circulating EVs compared with
that from Sham rats. Interestingly, cardiac-specific miRNAs
(miRNA-1, miRNA-208a, and miRNA-499) were also
highly enriched in plasma EVs of CHF rats and reached
a peak at 6 wks post-MI compared with that in Sham rats
(Figure S7). These data suggest that cardiac-derived Nrf2-
targeting miRNAs are packaged into EVs, secreted into the
extracellular space entering circulation.

To provide a translational component to these findings,
we analyzed the expression of Nrf2-targeting miRNAs
in myocardial and plasma samples from patients with
ischemic heart disease and heart failure who received
left ventricular assist devices (LVAD) and normal unused
transplant DH as show in Table S1. gRT-PCR data dem-
onstrated that the levels of Nrf2-targeting miRNAs
including miRNA-27a and miRNA-34a were significantly
enhanced in myocardial tissues and circulating EVs (Fig-
ure S3A, S3C, S3D, and S3F). Although there were no
significant alterations of miRNA-28a levels in myocar-
dial tissue and in the circulation between patients with

Circulation Research. 2022;131:687-700. DOI: 10.1161/CIRCRESAHA.122.320916
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Figure 2. Cardiac-derived extracellular vesicles (EVs) are abundant with miRNAs targeting Nrf2 (nuclear factor [erythroid-

derived 2]-like 2) translation in chronic heart failure (CHF).

TEM image shows typical morphology of cardiac EVs isolated from the LV of the rat heart (A); EV size was determined by measuring individual EV
diameter (nm), and statistical size distribution of LV EVs (B); representative Western blots for CD81, CD9, HSC70, and TSG101 in LV EVs (C); mean
and individual data showing miRNAs targeting 3-UTR of Nrf2 mRNA (miR-27a [D], miR-28a [E], and miR-34a [F)), and cardiac-specific miRNAs
(miR-1 [G], miR-499 [H], and miR-208 [I]) were analyzed by real-time qRT-PCR with specific primers, U6 snRNA was used as an internal control (n=6,
+SEM). Shapiro-Wilk and Kolmogorov-Smirnov test were used to evaluate normality, and P were derived using an unpaired ttest with Welch correction.

heart failure and normal DH, miRNA-28a levels showed
a tendency to increase in the samples from heart failure
patients compared with normal DH (Figure S3B and S3E).
Consistently, 3 cardiac miRNAs (miRNA-1, miRNA-208a
and miRNA-499) also showed a tendency to increase in
plasma EVs of patients with ischemic heart failure com-
pared with that in DH (Figure S3G through S3I).

Circulating EVs Can Pass the Blood-Brain
Barrier, Distribute in Brain Tissue and Are
Taken up by Neurons in the RVLM

To determine if circulating EVs can enter the brain and be
taken up by neurons in the RVLM, we isolated circulating

Circulation Research. 2022;131:687-700. DOI: 10.1161/CIRCRESAHA.122.320916

EVs and labeled them with PKH26 red fluorescent dye.
Four hours after intraperitoneal (IP) injection, the RVLM
was histologically examined as shown in Figure 4.
PKH26* EVs were colocalized with MAP2* neurons
(Figure 4B). The distribution of these EVs within neurons
appears to be close to the perinuclear region as seen in
higher magnification (Figure 4C). To further confirm the
brain distribution of cardiac-derived EVs, we isolated EVs
from brain tissues and characterized them by TEM and
Western Blotting analysis. The EVs isolated from brain tis-
sues also showed typical EV morphology in both fresh
and frozen samples (Figure BA) without size differences,
and size distribution ranged from 50 to 200 nm (Fig-
ure bB). EV markers including CD63, CD9, TSG101, and
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Figure 3. Plasma extracellular vesicles (EVs) of chronic heart failure (CHF) rats are abundant with Nrf2 (nuclear factor [erythroid-
derived 2]-like 2) targeting miRNAs. EVs isolated from rat plasma by differential centrifugation were subjected to TEM

(A), nanosight analysis (B), and Western blot with CD63, CD9, HSC70, and TSG101 antibodies (C); qRT-PCR results show miR-27a (D), miR-
28a (E), and miR-34a (F) levels in EVs (Sham: n=6; CHF: n=7; £SEM). Cel-mir-39 was used as a spike-in control. Shapiro-Wilk and Kolmogorov-
Smirnov test were used to evaluate normality. P were derived using an unpaired t test with Welch correction.

HSC70 were also observed in EVs isolated from brain
tissues (Figure 5C) indicative of EV stability. Interestingly,
we observed that EVs isolated from brain tissue from CHF
rats were not only enriched with Nrf2-targeting miRNAs
(Figure BD), but there was enhanced abundance of mus-
cle-enriched (miRNA-1) and cardiac-specific miRNAs
(MiRNA-208a and miRNA-499, encoded from introns of
the heavy chain myosin genes) compared with EVs from
Sham rat brains (Figure 5E). These data indicate brain
distribution of cardiac-derived EVs, while brain tissue-iso-
lated EVs also contain brain cell-secreted EVs.

To provide further evidence for cardiac derived EVs
in the brain, we generated a novel reporter mouse (car-
diac-specific membrane GFP* mouse) where a global
double-fluorescent Cre reporter mouse that expresses
membrane-targeted tandem dimer Tomato (mT) before
Cre-mediated excision and mG (membrane-targeted
GFP protein) was crossed with a myosin heavy chain
(Myh6-MerCreMer; tamoxifen (TAM) dependent) trans-
genic mouse as illustrated in Figure S2A. After TAM
administration, these mice underwent M| and Sham-
surgery. Six weeks post-Ml, there were clear infarcts
and fibrosis as seen on the free wall of the left ventricle
(indicated by dotted circle in Figure S2B). Echocardio-
graphic images demonstrated a decreased EF (19.4%)

692  September 30, 2022

and fractional shortening (8.8%) in the CHF mouse
compared with the Sham mouse (EF: 54.4% and frac-
tional shortening: 27.0%; Figure S2E). Fluorescent
images of different organs (eg, heart, lung, and brain) by
the IVIS imaging system showed that TAM administra-
tion specifically switched tdTomato* cardiomyocytes to
GFP* myocytes and GFP* signals were also observed
in other organs (eg, lung and brain; Figure S2D). GFP
signals in the CHF brain was more intense than that
in the Sham brain (Figure S2B and S2C), suggesting
that cardiomyocyte-derived GFP* EVs home to other
organs and suggest that Ml may cause cardiac GFP*
EV release and brain distribution. Frozen sections of
left ventricles further demonstrated that cardiac myo-
cytes are GFP positive, and nonmyocytes are tdTomato
positive in the left ventricles (Figure S2F, upper panel).
The population of GFP* cardiac myocytes was dramati-
cally decreased and tdTomato* signals became stron-
ger post-MI (Figure S2F, bottom panel). Furthermore,
we observed that cardiac-derived GFP* EVs were not
only taken up by neurons in the RVLM of both Sham
and CHF mice (Figure S2G) but were also perinuclearly
distributed in astrocytes in the cerebral cortex (Figure
S2H), further suggesting cross-talk between heart and
brain via cardiac-derived EVs.
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Figure 4. Circulating extracellular vesicles (EVs) are taken up by neurons in the rostral ventrolateral medulla (RVLM).

Circulating EVs from rat plasma were labeled with PKH26 Red Fluorescent Cell Linker and administrated to mice by IP injection. Four hours
post-injection, mice were perfused with ice-cold PBS and 4% PFA, and the brain stem was sectioned in the area shown in the midsagittal
section in A, and stained with anti-MAP2 antibody and nuclear stained with DAPI. The dashed red rectangular area incorporating the RVLM
was screened under confocal microscopy (B). Scale bar in B is 20 um; EV distribution in neurons in the RVLM are shown at high magnification

(C). Scale baris 10 pm.

Cardiac-Derived EVs From HF Rats Transferred
to the RVLM Is Associated With Sympatho-
excitation in Normal Rats by Dysregulating Nrf2

We have previously demonstrated a reduction of Nrf2
protein and downstream antioxidant enzymes in the
RVLM contributing to increased oxidative stress in the
central nervous system of animals with CHF.® This was
also observed in the present study (Figure 1A). To fur-
ther investigate if circulating EVs contribute to Nrf2
downregulation and subsequent oxidative stress in the
RVLM resulting in sympathetic excitation in CHF, we
performed bilateral microinjections of circulating EVs
exogenously packaged with synthesized miRNA inhib-
itors (antagomirs targeting miRNA-27a, miRNA-28a,
and miRNA-34a at a loading ratio of 1:1:1 into EVs)
and negative controls (NC), respectively, into the RVLM
of normal rats as schematically illustrated (Figure 6A).
Immunofluorescence staining demonstrated that EVs
derived from plasma of CHF rats (CHF-EVs) and then
transfected with NC decreased Nrf2 protein expres-
sion in PKH26%/MAP2+* RVLM neurons, whereas
CHF-EVs transfected with antagomirs before micro-
injection restored Nrf2 protein immunofluorescence
(Figure 6B), suggesting that antagomirs functionally
block the transcriptional inhibition of Nrf2-targeting
miRNAs in the RVLM. Moreover, immunofluorescence
indicates increased lipid peroxidation in BllI-tubulin*
neurons that take up PKH26* CHF-EVs transfected
with NC (CHF-EVs+NC) compared with those neurons

Circulation Research. 2022;131:687-700. DOI: 10.1161/CIRCRESAHA.122.320916

containing PKH26* CHF-EVs that were transfected
with antagomirs (CHF-EVs+antagomirs; Figure 6C).
Furthermore, gRT-PCR results suggest that microin-
jection of CHF-EV/NC EVs into the RVLM delivers
more mature miRNAs targeting Nrf2 translation rather
than their precursors (premiRNAs; Figure S11) than
Sham-EVs/NC whereas these miRNA levels in RVLM
were silenced after preloading with antagomirs (Figure
SHA through S5C). Consistently, Nrf2 downstream tar-
gets in the RVLM including HO-1 and catalase mRNA
were downregulated after CHF-EVs/NC microinjec-
tion, which were partially restored when CHF-EVs
were preloaded with antagomirs before injection (Fig-
ure SBD and S5E). These data suggest that CHF-EV-
induced oxidative stress in the RVLM was attributed
to EV-enriched miRNAs inhibiting the Nrf2 signaling
pathway. To specifically determine the effects of car-
diac-derived EVs on the expression of Nrf2-targeting
miRNAs, pre-miRNAs, and Nrf2 signaling, we iso-
lated myocardial EVs as schematically illustrated in
Figure SBA and performed the same procedures as
presented in Figure 6A. Subsequently, we observed
that cardiac-derived EVs from CHF rats deliver more
mature Nrf2-targeting miRNAs rather than premiR-
NAs into RVLM compared with EVs from Sham rats
(Figure S12A through S12C and S12G through S121),
contributing to the decrease of Nrf2 signaling, which
can be partially recovered by preloading of cardiac-
derived CHF-EVs with specific antagomirs (Figure
S12D through S12F).
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Figure 5. Cardiac-derived extracellular vesicles (EVs) abundant with miRNAs targeting Nrf2 (nuclear factor [erythroid-derived
2]-like 2) in chronic heart failure (CHF) are distributed to the brain stem.

The EVs isolated from rat brain by employing enzyme-based methods and differential centrifugation and subjected to TEM (A); EV size was
determined by measuring individual EV diameter (nm), and mean values for average size (B) and Western blot analysis with CD63, CD9,
TSG101, and HSC70 antibodies (C). gqRT-PCR results show the relative expression of miRNAs targeting Nrf2 mRNA (D, Sham: n=5; CHF: n=7;
+SEM); Cardiac-specific miRNAs in the EVs isolated from brain (E, Sham: n=5; CHF: n=6; £SEM), D, P were derived by the Mann-Whitney test

(nonparametric test) and adjusted using the Bonferroni correction.

In addition, we observed that plasma norepinephrine con-
centration was significantly increased in rats microinjected
with either circulating or cardiac-derived CHF-EVs/NC
compared with that in rats microinjected with Sham-EVs/
NC. However, the increased norepinephrine levels induced
by CHF-EVs were significantly attenuated by preloading of
CHF-EVs with antagomirs (Figure 6D; Figure S8B).

To further confirm the pathophysiological effects of
both circulating EVs and cardiac-derived EVs on car-
diovascular and sympathetic regulation, we performed
hemodynamic and renal sympathetic nerve activity
(RSNA) recordings and evaluated the arterial barore-
flex (acute phenylephrine injection) in anesthetized rats.
Original recordings including arterial pressure, heart rate,
and RSNA are presented in Figure 7A. There were no
significant differences in mean arterial blood pressure
(Figure 7B; Figure S8C) and heart rate (Figure 7C; Fig-
ure S8D) between groups. In addition, in the circulating
EV experimental groups, left-ventricular maximum rate of
pressure increases (dp/dt ) and decreases (dp/dt_ )
exhibited no significant differences between groups
(Figure 7D) while a slight decrease was observed in
CHF-EVs compared with the NC group. However, car-
diac-derived EVs from CHF rats significantly inhibited
the dp/dt and dp/dt . compared with that in rats
microinjected with cardiac-EVs of Sham rats, and the
effects were slightly restored when CHF-EVs were
preloaded with antagomirs (Figure S8E). Consistently,
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LVEDP showed significant increases after microinjec-
tion of CHF-EVs/NC from both origins compared with
Sham-EVs/NC, indicative of a decrease in myocardial
performance. However, exogenous preloading of CHF-
EVs with antagomirs from both origins significantly atten-
uated the CHF-EV-elicited LVEDP increase (Figure 7E;
Figure S8I). Myocardial EVs from CHF rats evoked a more
significant decrease in dp/dt__ and dp/dt  compared
with circulating EVs from CHF rats (Figure 7D; Figure
S8E). Preloading of myocardial EVs with antagomirs only
partly attenuated cardiac-derived EV-induced LVEDP
increase (Figure S8I) compared with the response from
circulating EVs (Figure 7E). Baseline RSNA (integrated
and normalized) were higher in the CHF-EVs/NC groups
compared with that in Sham-EVs/NC groups, whereas
the increased RSNA induced by CHF-EVs/NC were
significantly attenuated by preloading of these CHF-
EVs with antagomirs (Figure 7F; Figure S8F). Notably,
the composite arterial baroreflex curves and their first
derivative (ie, gain curves) were significantly decreased
in CHF-EVs/NC group compared with the Sham-EVs/
NC group, whereas preloading with antagomirs into
CHF-EVs shifted these physiological alterations toward
those of the Sham-EVs/NC group (Figure 7G and 7H;
Figure 8G and 8H), suggesting an impairment of baro-
reflex function in rats given Nrf2-targeting miRNA-
enriched EVs into the RVLM, which could be restored by
antagomirs silencing Nrf2-targeting miRNAs.
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Figure 6. HF-derived extracellular vesicles (EVs) contribute to Nrf2 (nuclear factor [erythroid-derived 2]-like 2) reduction and
oxidative stress in the rostral ventrolateral medulla (RVLM) resulting in sympatho-excitation.

Schematic diagram for plasma EV isolation, labeling with PKH26, transfection with miRNA negative control and inhibitors, and stereotaxic
bilateral microinjection into the RVLM of normal rats (A); 3 days post-injection, rats were euthanized and perfused with PBS and 4% PFA. The
brain stem was sectioned and subjected to immunostaining with Nrf2 and MAP2 (B), and BllI-tubulin and 4-HNE antibodies (C), respectively.
Representative images were used to demonstrate neurons with and without PKH26* EVs in the RVLM. Arrows indicate MAP2*/Nrf2+/
PKH26* neurons (B), and f IlI-Tubulin*/4-HNE*/PKH26* neurons (C). The nuclei were stained with DAPI. Scale bar is 20 um; plasma NE
concentration in 3 groups of rats is shown in D (n=5, 2SEM). Statistical analysis was performed using Kruskal-Wallis test, and P were derived

by the Dunn multiple comparisons test.

DISCUSSION

Heart failure is a complex systemic disease that affects
almost all tissues to varying degrees. Central nervous
system abnormalities are well established in the heart
failure syndrome.?® Previous studies from this laboratory
have demonstrated potent abnormalities in autonomic
regulation and redox homeostasis in heart failure.62'2°
However, the role of cardiac-derived EVs in the brain in
heart failure is not well understood.

In the current study, we demonstrated that Nrf2 down-
regulation in the RVLM of rats with CHF is associated
with an upregulation of Nrf2-targeting miRNAs, which
are highly enriched in myocardial and circulating EVs
(Figures 1 through 3). Our previous studies showed that
cardiac fibroblasts upregulate specific miRNAs target-
ing either Nrf2 signaling or cytoskeletal proteins, which
were encapsulated by EVs and secreted into the circula-
tion. Cardiac myocytes underwent oxidative stress and
cardiac hypertrophy following uptake of these EVs.'822
Although structural and functional alterations associ-
ated with CHF are observed primarily in cardiomyocytes
and cardiac fibroblasts, the heart has a high degree
of cellular and transcriptional diversity.3%®" Intercellular
communications have been well documented.®?%* This
evidence suggests that cardiac-derived EVs play an

Circulation Research. 2022;131:687-700. DOI: 10.1161/CIRCRESAHA.122.320916

important role in the pathogenesis of cell-cell communi-
cation in the case of CHF.

Abnormalities in the pathophysiology of the brain in
heart failure is also well documented.®*~%¢ Accumulating
evidence has shown that the heart can communicate with
the brain via neural and biochemical mechanisms.?%%°
Recently, EVs have emerged as paracrine and endo-
crine mediators contributing to intra- and inter-organ
communication324042  Secreted miRNAs, especially
those in EVs may mediate communication between dif-
ferent organs and thus modulate gene expression and
the function of distant cells and organs.*® The interac-
tions and communication pathways between the heart
and brain are reciprocal. On the one hand, brain injury,
such as stroke, can affect cardiac function through neu-
rohumoral mechanisms including circulation of miRNA-
enriched EVs.** On the other hand, cardiac injury, such
as Ml causes neuronal damage by increasing the abun-
dance of miRNA-1 in the hippocampus through EVs that
are transported from the infarcted heart to the brain.*
The current study not only further confirms heart-brain
crosstalk in CHF (Figures 4 through 5; Figure S2) but
also demonstrates a novel mechanism by which cardiac-
derived EVs contribute to sympathetic excitation medi-
ated, in part, by neurons in the RVLM (Figures 6 and 7,
Figures Sb, S8, and S12).
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Figure 7. Chronic heart failure (CHF)-derived extracellular vesicles (EVs) microinjected into the rostral ventrolateral medulla

(RVLM) elicit sympatho-excitation, and impair cardiac function.

Representative tracings showing baseline renal sympathetic nerve activity and induced arterial baroreflex sensitivity in anesthetized rats
in response to bilateral microinjection of circulating Sham-EVs/NC, CHF-EVs/NC and CHF-EVs/antagomirs, respectively (A); mean and

individual data showing mean arterial pressure (B, MAP), heart rate (C), and left ventricular end-diastolic pressure (D, LVEDP); dp/dt

max/min (G);

Baseline RSNA (E), and baroreflex sensitivity (F and H). Shapiro-Wilk and Kolmogorov-Smirnov tests were used for normal distribution, and P
were derived from unpaired t with Welch correction (F, left panel, n~=6-6, £SEM), and the Dunn multiple comparisons test (nonparametric test;

F, right panel; E and H).

A growing number of studies have demonstrated that
extracellular miRNAs not only mediate intercellular com-
munication contributing to pathological cardiac remod-
eling®23%41 but also enter the circulation and potentially
act as biomarkers for cardiovascular diseases.*®*” Clini-
cal studies have also suggested significant alterations
of circulating miRNAs in CHF patients,*84° potentially
serving as diagnostic and prognostic biomarkers for

696  September 30, 2022

heart failure. Interestingly, one of the Nrf2-targeting
miRNAs, miRNA-27a, was significantly increased in
the failing heart compared with the nonfailing heart
in humans.*® Consistently, in the current study, there
was also a significant increase of mature miRNA-27a,
mMiRNA-28a, and miRNA-34a observed in EVs derived
from the circulation, myocardium, and brain tissue (Fig-
ures 2 through 3 and b), pointing to the clinical and

Circulation Research. 2022;131:687-700. DOI: 10.1161/CIRCRESAHA.122.320916
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Figure 8. A schematic overview of a
heart-brain communication pathway that
modulates central Nrf2 (nuclear factor
[erythroid-derived 2]-like 2) and oxidative
stress in presympathetic neurons.
Cardiac-derived extracellular vesicles (EVs)
contribute to oxidative stress in the rostral
ventrolateral medulla (RVLM) via EV-miRNA-
mediated Nrf2 downregulation, resulting

in sympathetic excitation and potentially
contributing to further cardiac dysfunction. EV
loading with antagomirs targeting Nrf2-related
miRNAs into chronic heart failure (CHF)-
derived EVs attenuates these pathophysiological
phenotypes of CHF.

translational relevance of these findings. Using human
subject material obtained from the Nebraska Cardio-
vascular Biobank, we validated that there were also
increases in Nrf2-targeting miRNAs in myocardial sam-
ples and circulating EVs from patients with ischemic
heart failure (Figure S3). These observations are simi-
lar to the rat model used here and further support the
potential that Nrf2-targeting miRNAs serve as biomark-
ers and potential therapeutic targets for heart failure.
An important observation of the current study was the
transference of pathophysiological phenotypes of CHF by
direct RVLM microinjections of CHF-EVs in normal rats.
Here, we observed an increase in plasma norepinephrine,
an increase in RSNA, and an increase in cardiac LVEDP
(Figures 6 and 7; Figure S8), all potentially contributing
to cardiac dysfunction and baroreflex impairment. Inter-
estingly, preloading of CHF-EVs with antagomirs silenc-
ing Nrf2-targeting miRNAs attenuated these effects,
suggesting that Nrf2-targeting miRNAs may be poten-
tial therapeutic targets to ameliorate sympatho-excita-
tion in heart failure. Interestingly, circulating CHF-EVs/
Antagomirs caused a slight shift in the baroreflex curve
compared with Sham-EVs/NC (Figure 7@G). Furthermore,
HO-1 mRNA level was also slightly increased in the
CHF-EVs/Antagomir group (Figure SBD), supporting the
possibility that endogenous miRNAs in the RVLM may be
silenced by increasing exogenous antagomirs resulting
in additional upregulation of Nrf2 signaling, antioxidant

Circulation Research. 2022;131:687-700. DOI: 10.1161/CIRCRESAHA.122.320916

enzymes and decreased oxidative stress in presympa-
thetic neurons. These events contribute to an increase
in baroreflex sensitivity and indicate that signaling involv-
ing miRNAs and Nrf2 may function under normal condi-
tions in addition to CHF A limitation in this study is that
the effects of Sham-EVs/Antagomirs was not examined.
In this study, we not only observed that CHF increased
both the amount of miRNA loading in EVs and the num-
ber of circulating EVs (Figure 3), but also observed that
circulating EVs were predominantly distributed to the
brain (Figure S4), suggesting a potential mechanism for
enhanced delivery of miRNAs to the RVLM. However, the
mechanism by which circulating cardiac-derived EVs tar-
get sympatho-regulatory areas in the brain is unknown.
In this regard, it is well documented that integrins are
highly differentiated in the brain with regional- and cell
type-specific expression,*® and underlie the organotropic
metastasis in cancer by entrapping EVs. Consistently, EV
distribution to the brain was only observed after intracar-
diac injection,®'"%% suggesting that integrin patterns may
determine the organotropic distribution.

Although oxidative stress in the RVLM has been dem-
onstrated to be responsible for sympatho-excitation in
cardiovascular diseases, such as heart failure and hyper-
tension,®* neuroinflammation in the RVLM also enhances
sympathetic excitation and contributes to the pathogen-
esis of cardiovascular disease®® Increasing evidence
suggests that in addition to antioxidant activity, Nrf2 also
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plays an important role in anti-inflammatory processes
either through redox control or by directly suppressing
transcriptional upregulation of pro-inflammatory cytokine
genes.®®%" Cardiac-derived EV-mediated Nrf2 downreg-
ulation via enriched miRNAs may also contribute to neu-
roinflammation resulting in sympatho-excitation in the
progression of CHF. While not the focus of the present
study, this aspect of central redox imbalance remains to
be investigated.

CONCLUSIONS

In this study, male rats were only used to compare the
current data with our previous studies and most of the
literature. We acknowledge that it is important to evalu-
ate these responses in females in this study and plan
to do this in future work. In addition, some of the sta-
tistical analyses that should have been corrected for
multiple testing may have been overlooked and may
be considered a weakness of this study. Although this
study demonstrated that cardiac-derived EVs circulate
to the brain where they contribute to the dysregulation
of Nrf2 signaling, potentially by EV-enriched miRNAs,
we did not delineate the cellular origin of these EVs in
the progression of CHF in terms of cellular and tran-
scriptional diversity in the heart. In addition, this study
was not designed to determine the mechanism by which
circulating EVs enter the brain although we observed a
predominant brain distribution of exogenously labeled
circulating EVs (Figure S4). In this regard and as dis-
cussed above, integrins located on EVs may play an
important role in determining the organotropism of
EVs. This study only focused on Nrf2-regulated redox
homeostasis in the RVLM. We used direct microinjec-
tion of exogenous EVs into the RVLM to mimic the
autonomic phenotype seen in CHF and explored the
therapeutic potential of antagomirs to Nrf2-targeting
miRNAs. EVs engineered with either directly embed-
ded tissue-specific antibodies or homing peptides ex
vivo to enhance the delivery efficacy and tissue speci-
ficity will represent a promising therapeutic strategy for
CHF. Different effects of CHF-EVs/NC on dp/dt
- Were observed between cardiac-derived EVs and
circulating EVs, suggesting EV components other than
miRNAs may contribute to this difference and remains
to be determined. Last, although our human data sup-
port the clinical relevance of animal studies, additional
human tissue will have to be evaluated to validate the
potential of the Nrf2-targeting miRNAs used as bio-
markers and therapeutic targets.

In summary, our studies suggest that in post MI-
induced CHF, cardiac miRNA-enriched EVs can medi-
ate a heart-brain crosstalk in the regulation of oxidative
stress and sympathetic outflow by targeting the Nrf2/
antioxidant signaling pathway as schematically illustrated
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in Figure 8. These data also suggest a new endocrine
signaling pathway regulating sympathetic outflow in
CHF that can be exploited for novel therapeutics in sev-
eral sympatho-excitatory states.
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