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HIGHLIGHTS

o Administration of BML-111, a stable LXA4
analog, protects against cardiac dysfunc-
tion by avoiding Ca?* mishandling
induced by autoimmune myocarditis in a
mouse model.

¢ Beneficial effects of the SPMs on
intracellular Ca%* handling are mainly
caused by a regulation of SERCA2A by
NRF2.

o Cardiac tissue obtained from individuals
diagnosed with myocarditis, compared
with healthy myocardium tissues,
displayed depressed mRNA levels of
ATP2A2 (SERCA2A) and NF2L2 (NRF2).

https://doi.org/10.1016/j.jacbts.2022.01.009


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
https://doi.org/10.1016/j.jacbts.2022.01.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jacbts.2022.01.009&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 7, NO. 6, 2022
JUNE 2022:544-560

SUMMARY

Specialized proresolving mediators and, in particular, 5(S), (6)R, 7-trihydroxyheptanoic acid methyl ester (BML-
111) emerge as new therapeutic tools to prevent cardiac dysfunction and deleterious cardiac damage associated
with myocarditis progression. The cardioprotective role of BML-111 is mainly caused by the prevention of
increased oxidative stress and nuclear factor erythroid-derived 2-like 2 (NRF2) down-regulation induced by
myocarditis. At the molecular level, BML-111 activates NRF2 signaling, which prevents sarcoplasmic reticulum-
adenosine triphosphatase 2A down-regulation and Ca®* mishandling, and attenuates the cardiac dysfunction
and tissue damage induced by myocarditis. (J Am Coll Cardiol Basic Trans Science 2022;7:544-560) © 2022 The
Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

yocarditis is an inflammatory disease of by reuptake of Ca®>" into the SR by sarco-
plasmic reticulum-adenosine triphosphatase
2A (SERCA2A), and across the plasma mem-
ered a precursor of dilated cardiomyopathy.' Myocar- brane by the Na*/Ca?" exchanger. SERCA2A
ditis has recently been identified in severe forms of activation is highly regulated by the small
COVID-19 and can worsen the prognosis of patients protein phospholamban. Ca*>* mishandling is
infected with SARS-CoV-2.” closely associated with cardiac dysfunction

the myocardium caused by infectious
and noninfectious agents and is consid-

Myocarditis has a heterogeneous clinical course,
ranging from asymptomatic forms to acute coronary
syndromes, including new-onset heart failure, car-
diac arrhythmias, or chronic heart failure.> Many of
these features have been associated with mishandling
of intracellular Ca?*,* which is a key factor in the
regulation of excitation-contraction (EC)-coupling
controlling muscle contraction in the heart. EC-
coupling is initiated by an action potential in car-
diomyocytes that stimulates a small influx of Ca*>* via
sarcolemma L-type Ca®" channels. Entry of Ca*" into
the cytosol triggers a large release of Ca®>" from the
sarcoplasmic reticulum (SR) through ryanodine re-
ceptors (RyR2), resulting in increased intracellular
Ca®" concentrations that activate myofilaments,
prompting cell contraction.” Relaxation is achieved

and arrhythmias, but little is known about
EC-coupling in the physiopathology of
myocarditis.®

The different etiologies of myocarditis
together with challenges in diagnosis caused
by heterogeneity in clinical presentation limit
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ABBREVIATIONS
AND ACRONYMS

80OHdG = 8-hydroxy-2'-
deoxyguanosine

BML-111 = 5(S), (6)R, 7-
trihydroxyheptanoic acid
methyl ester

Ctrl = control
Cys = cysteine

EAM = experimental
autoimmune myocarditis

EC = excitation-contraction
Epi = 15-epi-lipoxin A4
Lut = luteolin

LXA4 = lipoxin A4

mRNA = messenger RNA

NRF2 = nuclear factor
erythroid-derived 2-like 2

SCR = spontaneous diastolic
Ca’* release

SERCAZ2A = sarcoplasmic
reticulum-adenosine
triphosphatase 2A

SPM = specialized proresolving
mediator

SR = sarcoplasmic reticulum

Veh = vehicle

the options for treatment. In many cases, patients
with acute myocarditis are treated for heart failure,
but they can also be treated with immunosuppres-
sants, antivirals (including interferon beta), nonste-
roidal anti-inflammatory drugs, or colchicine
depending on symptomatology.' Thus, efforts to
develop more specific therapeutic modalities are
required. Given that the pathologic phenotype of
myocarditis is typically related to cardiac inflamma-
tion, specific mediators that promote the resolution
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of inflammation, such as specialized proresolving
mediators (SPMs), are relevant candidates for
research.

SPMs were first elucidated by Serhan and Savill” as
eicosanoids that dominate the resolution phase of
inflammation and help to re-establish tissue homeo-
stasis.® The fatty acid arachidonic acid is the precur-
sor of some of the most studied SPMs, termed
lipoxins, that exert their actions principally through
engagement with the G protein-coupled receptor
FPR2/ALXR. Lipoxins are SPMs enzymatically formed
by transcellular biosynthesis via 3 different routes: 2
of which are endogenous pathways for lipoxin A4
(LXA4) and LXB4 biosynthesis, and a third pathway
that, in the presence of aspirin, generates epi-
derivatives of lipoxins known as 15-epi-lipoxin A,/
B,. These “aspirin-triggered lipoxins” retain the main
actions of native compounds but with significantly
increased potency. Because of their short half-life and
rapid inactivation in vivo, several synthetic de-
rivatives of native lipoxins have been developed such
as the LXA4 receptor agonist 5(S), (6)R, 7-
trihydroxyheptanoic acid methyl ester (BML-111)
(Supplemental Figure 1), which has improved stabil-
ity and potency in vivo.?

SPMs can prevent the development of chronic
inflammation and temper the formation of oxidative
stress, and many of their beneficial effects have been
attributed to the inhibition of the proinflammatory
nuclear factor-kB pathway and to the activation of the
antioxidant factor nuclear factor erythroid-derived 2-
like 2 (NRF2).?

NRF?2 is a transcription factor that can directly and
indirectly activate the expression of anti-
inflammatory genes and also induces the transcrip-
tional repression of some proinflammatory genes.'®
NRF2 may counteract inflammation indirectly by
modulating oxidative stress pathways, such as those
governed by NQO1 and heme oxygenase 1, leading to
an anti-inflammatory response. Although the car-
dioprotective role of NRF2 has been extensively
studied,'’ whether it is involved in the beneficial
SPM-mediated cardiac effects through the regulation
of intracellular Ca®" dynamics is unknown.

In the present study, we investigated whether
administration of BML-111 in an experimental auto-
immune myocarditis (EAM) model in mice prevents
cardiac dysfunction and intracellular Ca®>" mishan-
dling via NRF2 activation.

METHODS

ANIMALS. The present study was conducted
following the guidelines of the Spanish Animal Care
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and Use Committee according to the European Union
(2010/63/EU) and conformed to the Guide for the Care
and Use of Laboratory Animals Published by the U.S.
National Institute of Health (NIH Publication No 85-
23, revised 1996). The study was approved by the
Bioethics Committee of the Community of Madrid
(PROEX 144/17).

HUMAN SAMPLES. Endomyocardial biopsies were
obtained from patients who developed myocarditis
(defined according to the American College of Cardi-
ology and American Heart Association clinical
guidelines). All samples were obtained from excess
tissue initially extracted for clinical diagnosis. Bi-
opsies were obtained from healthy donors’ hearts
from Biobanco A Corufla (Cod.0000796). The 8 pa-
tients with myocarditis (6 male and 2 female) had a
median age of 31 years. The 5 healthy myocardium
donors (4 male and 1 female) had a median age of 56
years. The study was conducted according to Spanish
Law for Biomedical Research (Law 14/2007-3 of July)
and was compliant with the Declaration of Helsinki.
The study and the use of samples were approved by
the Research Ethics Committee of Galicia (Ref 2017/
541). Written informed consent was obtained from
all patients.

STATISTICS. The values shown in graphs correspond
to the mean + SD. Differences between group mean
values were estimated with the 2-tailed Student’s ¢-
test for unpaired observations, and more than 2
groups were compared using 1-way analysis of vari-
ance followed by Tukey’s post hoc test for multiple
comparisons, as indicated. In the proteomics anal-
ysis, outliers at the peptide and protein levels were
detected at 1% false discovery rate and results of
modified cysteine (Cys)-containing peptide abun-
dance changes were tested for significance using the
Kolmogorov-Smirnov test. A value of P = 0.05 was
considered statistically significant. All analyses were
performed using GraphPad Prism Software.

Expanded Methods are provided in the
Supplemental Appendix.

RESULTS

STRUCTURAL  AND FUNCTIONAL  CARDIAC
CHARACTERIZATION OF MICE WITH INDUCED EAM
AND THE EFFECTS OF BML-111. Infiltrated immune
cells are commonly found in the myocardium of pa-
tients with myocarditis. Hematoxylin-eosin staining
demonstrated that mice treated with a-myosin heavy
chain and vehicle (EAM+Veh) had more immune cell
infiltration in the myocardium than vehicle-treated
control mice (Ctrl+Veh) did (Figure 1B), as expected
in EAM model. Cardiac expression of the
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FIGURE 1 BML-111 Administration Prevents Cardiac Dysfunction and Systolic Ca?>* Dysregulation in EAM-induced Mice
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(A) Experimental design. (B) Representative hematoxylin and eosin-stained slides of hearts from control + vehicle, (Ctrl+Veh), control + 5(S),
(6)R, 7-trihydroxyheptanoic acid methyl ester (BML-111) (Crtl+ BML), experimental autoimmune myocarditis (EAM) + vehicle (EAM+Veh),
and EAM + BML-111 (EAM+BML)-treated mice. Original magnification x20. (C) Individual and mean values of ejection fraction (EF) in
Ctrl+Veh (N = 7), Ctrl+BML (N = 8), EAM+Veh (N = 9), and EAM+BML (N = 10) mice. (D, left) Representative traces of calcium influx
through L-type channels (Ic,.) obtained from —60 to +60 mV acquired in a cardiomyocyte from a vehicle-treated mouse. (Right) Mean
density values of I, recorded at all voltages tested in cardiomyocytes from Ctrl+Veh (N = 16, N = 4), Ctrl+BML (N = 18, N = 3), EAM+Veh
(N =12, N =5), and EAM+BML (N = 18, N = 4) groups. (E) Representative line-scan confocal images and the corresponding profiles of Ca*
transients from 1 cell in each experimental group. (F) Individual and mean values of peak fluorescence Ca®* transients (left), the decay time
constant (Tau) (center), and cell shortening (right) obtained in cardiomyocytes from Ctrl+Veh (N = 21, N = 5), Ctrl4+-BML (N = 28, N = 4),
EAM+Veh (N = 26, N = 4), and EAM+BML (N = 26, N = 4) mice. Data show individual values and mean + SD. *P < 0.05, **P < 0.01, and
***p < 0.001 versus Ctrl+Veh; and ##P < 0.01 and ###P < 0.001 versus EAM+Veh.
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TABLE 1 Cardiac Expr of Proinfl ory Cytokines and Indicators of Cardiac Hypertrophy

1l1b (F1) Tnfa (F1) HW/TL Ratio Cell Surface (umz) Nppa (F1) HR (beats/min) N
Ctrl+Veh 0.79 £ 0.1 0.81+0.3 7.2+ 0.9 2,556 + 283.9 0.82 £ 0.3 305.1+ 49.3 6
Ctrl+BML 0.75 + 0.2 1.09 + 0.3 75+ 0.8 2,412 + 464.9 0.64 £ 0.2 300.5 + 37.9 6
EAM+Veh 1.93 +£ 0.7¢ 2.03 + 0.6° 1.0 + 2.7° 4,293 + 586.9° 1.44 + 0.3° 303.3 + 20.7 6
EAM+BML 0.99 £ 0.2° 1.05 + 0.4° 8.1+12° 2,600 + 824.7° 0.64 + 0.2° 301.0 £ 21.2 6

weight/tibia length; Veh = vehicle.

Data show mean values + SD. Nppa codes for atrial natriuretic peptide. P < 0.001 versus Ctrl+Veh. °P < 0.001. °P < 0.01 versus EAM-+Veh.
BML = 5(S), (6)R, 7-trihydroxyheptanoic acid methyl ester; Ctrl = control; EAM = experimental autoimmune myocarditis; FI = fold induction; HR = heart rate; HW/TL = heart

inflammatory cytokines Ilib and Tnfa was also
significantly higher in EAM+Veh mice than in
Ctrl+Veh mice (Table 1), corroborating the proin-
flammatory cardiac environment. By contrast, EAM
mice treated with BML-111 (EAM+BML) did not
exhibit immune cell infiltration or elevated cardiac
inflammatory biomarkers (Figure 1B, Table 1), and the
mean values of all the parameters were similar to
those in control mice treated with BML-
111 (Ctrl+BML).

As myocarditis is commonly associated with car-
diac dysfunction and hypertrophy, we used trans-
thoracic echocardiography to assess whether BML-111
treatment could improve these outcomes in EAM-
induced mice. As expected, mean ejection fraction
and fractional shortening were both significantly
lower without changes to heart rate in EAM+Veh mice
than in Ctrl+Veh mice (Figure 1C, Table 1,
Supplemental Figure 2), and these functional changes
were accompanied by cardiac and cellular hypertro-
phy, as illustrated by an increase in the heart weight-
tibia length ratio, cardiomyocyte surface area, and
cardiac Nppa messenger RNA (mRNA) levels in
EAM+Veh mice (Table 1). By contrast, treatment with
BML-111 prevented cardiac dysfunction (Figure 1C,
Supplemental Figure 2) and cardiac and cellular hy-
pertrophy development (Table 1) in EAM-induced
mice, with similar mean values of all parameters in
Ctrl+BML and EAM+BML groups. Additionally, BML-
111 administration prevented both the increase in
collagen deposition and the higher expression of
Tgfbi, Coliai, and Col3ai induced by EAM
(Supplemental Figure 3, Supplemental Table 1).
Furthermore, plasma levels of LXA4 were determined
in all experimental groups. Supplemental Figure 4
shows increased values in EAM-Veh and EAM-BML
groups compared with in the Ctrl-Veh group.
Finally, cardiac expression of key enzymes of the
biosynthesis of the LXA4 pathway was determined in
all groups. Results indicated no significant changes in
mRNA levels of Fpr2/Alx, Aloxs, Aloxi2, and Aloxis
between groups (Supplemental Figure 5). Overall,
these data demonstrate that BML-111 prevents cardiac

inflammation and functional and structural heart
remodeling induced by EAM.

BML-111 COUNTERACTS THE IMPAIRMENT IN SYSTOLIC,
DIASTOLIC Ca®>* RELEASE AND SR-Ca?* LOAD INDUCED
BY EAM. Because cardiac dysfunction is closely
related to Ca®>" mishandling,"” we next analyzed EC-
coupling in isolated cardiomyocytes. We first ques-
tioned whether the Ca®" influx into cardiomyocytes
through L-type Ca®" channels was altered by EAM,
finding that the mean value of the current-voltage
density curves for influx into cardiomyocytes
through L-type Ca®" channels was similar among the
4 experimental groups (Figure 1D). We next recorded
systolic Ca®" release by measuring Ca®" transients
elicited in 2 Hz-paced cardiomyocytes. Representa-
tive images of the Ca®*' transient recordings and the
corresponding profile of each experimental group are
shown in Figure 1E. Results showed that BML-111
administration significantly attenuated the decrease
in amplitude (Figure 1F, left panel) and the
slower time decay of Ca?* transients (Figure 1F, center
panel) induced by EAM, and improved the cell
shortening (Figure 1F, right panel). We hypothesized
that the slower kinetics of Ca®" transients in the
EAM+Veh group may be caused by an impairment of
SERCA2A pump function. Indeed, the rate of Ca*"
uptake was significantly higher in the EAM+Veh
group than in the Ctrl+Veh group, whereas values in
the EAM+BML and Ctrl+BML groups were similar and
lower than the values in the EAM+Veh group
(Supplemental Figure 6). We examined whether the
functional alterations in SR-Ca®*" uptake were asso-
ciated with changes in the expression of SERCA2A.
Cardiac mRNA levels of SERCA2A (Atp2a2) were
significantly lower in the EAM+Veh group than in the
Ctrl+Veh group, but they were similar between the
EAM+BML and Ctrl+Veh groups (Figure 2A, left),
indicating that BML-111 blunted the down-regulation
of Atp2a2 expression in EAM-induced mice. Proteo-
mic analysis corroborated the gene expression results
(Figure 2A, right). By contrast, no changes
between groups were observed in the phosphoryla-
tion state of the key regulator of SERCA2A,
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FIGURE 2 BML-111 Treatment Normalizes SR-Ca>* Load, Atp2a2 Down-Regulation, and Diastolic Ca®>" Release in EAM-Induced Mice
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(A, left) Individual and mean values of cardiac levels of Atp2a2 from Ctrl+Veh (N = 11), Ctrl+ BML (N = 7), EAM+Veh (N = 8), and EAM+BML
(N = 10) mice. (Right) Relative quantification of sarcoplasmic reticulum-adenosine triphosphatase 2A (SERCA2A) by proteomics; Zq values
are log, ratios expressed in SD units (see methods). (B, left) Representative line-scan images of caffeine-induced Ca®* transients from all
experimental groups. (Right) Individual and mean values of the amplitude of caffeine-induced Ca®* transients (F/FO) in cardiomyocytes from
Ctrl+Veh (N =13, N = 5), Ctrl4+BML (N = 22, N = 4), EAM+Veh (N = 23, N = 3), and EAM+BML (N = 18, N = 3) mice. (C, left) Repre-
sentative 3-dimensional line-scan confocal images of spontaneous diastolic Ca>* release (SCR) recordings (spontaneous Ca®* transients
release [upper] and Ca** waves [lower]) from EAM+Veh cardiomyocytes. (Right) SCR occurrence in cardiomyocytes from Ctrl+Veh (N = 14,
N = 5), Ctrl+BML (N =19, N = 5), EAM+Veh (N = 21, N = 3), and EAM+BML (N = 24, N = 4) mice. Data show individual values and mean +
SD. *P < 0.05 and ***P < 0.001 versus EAM+Veh; and #P < 0.05 and ##P < 0.01 versus EAM+Veh. Abbreviations as in Figure 1.

phospholamban, neither in Ser 16 nor in Thr 17 sites
(Supplemental Figure 7).
Because the observed impairment in systolic Ca*

release and SERCA2A could also be related to in the left panel of Figure 2B. Results indicated

changes in the SR-Ca®" load, we estimated the total
SR-Ca®>" load as caffeine-evoked Ca?" transients.
Representative images of these recordings are shown

that
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FIGURE 3 Comparative Proteomics Analysis Reveals Coordinated Protein Abundance Changes in the Heart Proteome of EAM-Induced Mice After

BML-111 Treatment
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FIGURE 4 Luteolin Administration Blunts the Cardiac Antioxidative Effects and NRF2 Activation Produced by BML-111 in EAM-Induced
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(A) Experimental design. (B) Representative cardiac 8-hydroxy-2'-deoxyguanosine immunofluorescence staining in all experimental groups.
(©) Individual and mean values of fluorescence expressed in arbitrary units (AUs) from Ctrl+Veh (N = 8), Ctrl4+-BML (N = 5), EAM+Veh

(N = 9), and EAM+BML (N = 8) mice in the absence of luteolin and from Ctrl+Veh (N = 9), Ctrl+BML (N = 7), EAM+Veh (N = 8), and
EAM+BML (N = 10) mice cotreated with luteolin. (D, upper) Representative Western blots of SERCA2A and laminin in nuclear heart lysates
from all experimental groups. (Lower) Scatter plots summarizing the data in Ctrl+Veh (N = 4), Ctrl+BML (N = 6), EAM+Veh (N = 5), and
EAM+BML (N = 5) cardiac samples from mice without luteolin or in Ctrl+Veh (N = 5), Ctrl+BML (N = 4), EAM+Veh (N = 6), and EAM+BML
(N = 5) cardiac samples from mice cotreated with luteolin. Data show individual values and mean =+ SD. *P < 0.05, **P < 0.01, and ***P <
0.001 versus Ctrl+Veh; and $P < 0.05 and $$P < 0.01 versus EAM+Veh without luteolin. Abbreviations as in Figure 1.

the amplitude of caffeine-evoked Ca®" transients
was significantly lower in cardiomyocytes from
EAM+Veh mice than from Ctrl+Veh mice (Figure 2B,
right). By contrast, the amplitude of caffeine-evoked
Ca®" transients was similar between cardiomyocytes

from EAM+BML mice and Ctrl-BML mice and com-
parable to those from Ctrl+Veh mice.

Changes in SR-Ca®" load are often related to aber-
rant diastolic Ca®>" release. To question this possibil-
ity, we analyzed the frequency of small Ca®" leakage
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FIGURE 5 Luteolin Blocks the Improvement in Cardiac Function and Ca?" Dynamics Produced by BML-111 in EAM-Induced Mice
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(A) Experimental design. (B) Plots illustrate individual and mean values of EF in Ctrl+Veh (N = 10), Ctrl+ BML (N = 10), EAM+Veh (N = 7),
and EAM+BML (N = 10) mice treated with luteolin. (C-E) Individual and mean values of peak fluorescence Ca®* transients (C), decay time
constant (D), and cell shortening (E) in cardiomyocytes from Ctrl+Veh (N = 36, N = 4), Ctrl+BML (N = 25, N = 4), EAM+Veh (N =26, N = 4),
and EAM+BML (N = 37, N = 4) from luteolin-treated mice. Data show individual values and mean + SD. (F) Individual and mean values of the
amplitude of caffeine-induced Ca®* transients (F/FO) in cardiomyocytes from Ctrl+Veh (N = 10, N = 4), Ctrl+BML (N =12, N = 4),
EAM+Veh (N =16, N = 4), and EAM+BML (N = 24, N = 4) mice treated with luteolin. (G) Graph shows SCR occurrence in cardiomyocytes
from Ctrl+Veh (N =10, N = 4), Ctrl+BML (N =12, N = 4), EAM+Veh (N =16, N = 4), and EAM+BML (N = 24, N = 4) mice treated with
luteolin. Data show individual values and mean + SD. *P < 0.05, **P < 0.01, and ***P < 0.001 versus Ctrl+Veh; and $P < 0.05, $$P < 0.01,
and $$$P < 0.001 versus Ctrl+BML. SR = sarcoplasmic reticulum; other abbreviations as in Figures 1 and 2.
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in the form of Ca®" sparks in quiescent cells. We
found no changes in the number of these events
among the 4 experimental groups (Supplemental
Figure 8); however, other proarrhythmogenic forms
of spontaneous diastolic Ca®>" release (SCR), such as
Ca®" waves and spontaneous Ca®" transients, were
significantly higher in the EAM+Veh group than in
the Ctrl+Veh group (Figure 2C). Notably, the per-
centage of SCR in EAM-+BML mice (4%) was signifi-
cantly lower than that in EAM+Veh mice (12%; P <
0.001) (Figure 2C, right), supporting the notion that
BML-111 prevents the increased diastolic Ca®** leak
induced by EAM. The effects of BML-111 on diastolic
Ca®" release may contribute to preserve the SR-Ca*"
load at physiological levels, prompting regular sys-
tolic Ca®>" release in EAM+4BML cotreated mice by
maintaining SERCA2A physiological levels. These
beneficial effects can explain the normal cell
contractility and thus cardiac function in EAM mice
treated with BML-111.

BML-111 ADMINISTRATION INDUCES A PROTECTIVE
EFFECT AGAINST OXIDATIVE STRESS THROUGH
NRF2 MODULATION. We performed high-throughput
multiplexed quantitative proteomics analysis to
determine whether the beneficial effects of BML-111
on EAM were related to changes in the cardiac pro-
tein profile. Analysis of tissue protein extracts (4 an-
imals per group) allowed the quantification of 2,332
proteins with a false discovery rate of 1%
(Supplemental Table 2). Application of the Systems
Biology Triangle algorithm revealed significant
abundance changes in functional categories (false
discovery rate <0.05) in EAM+Veh, EAM+BML, and
Ctrl+BML mice compared with in Ctrl+Veh mice
(Supplemental Table 3). To improve the biological
interpretation, we manually grouped the categories
into 6 functional clusters (Figure 3A). Muscle
contraction and some mitochondrial processes such
as tricarboxylic acid cycle, respiratory electron
transport, and amino acid metabolism were signifi-
cantly lower in the EAM+Veh group than in the
Ctrl+Veh group. Contrastingly, these functional cat-
egories, as well as other mitochondrial processes such
as adenosine triphosphate, glyoxylate, pyruvate
metabolism, and fatty acid p-oxidation were signifi-
cantly higher in the Ctrl+BML and EAM+BML groups.
In addition, proteins involved in the regulation of
muscle contraction through the Ca®" signaling
pathway were more abundant in the Ctrl+BML and
EAM+BML groups. Of note, the immune response
cluster was significantly elevated in EAM+Veh mice,
but it was diminished in EAM+BML mice and was
lower still in Ctrl+BML mice. Taken together, these
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results suggest that BML-111 can recover myocardial
contraction by attenuating the mitochondrial
dysfunction induced by EAM and by limiting the
exacerbated autoimmune response.

Myocarditis is associated with increased oxidative
stress. To further explore the protective function of
BML-111 against oxidative stress, we focused on the
“response to oxidative stress” functional category,
which was significantly lower in EAM+Veh mice than
in Ctrl+Veh mice (Figure 3A). Proteins implicated in
cellular reactive oxygen species removal such as Sodi,
Txn1, Cat, and Prdx5 were increased in abundance in
both EAM+BML and Ctrl+BML mice (Figure 3B), sug-
gesting that BML-111 stimulates the activity of these
detoxifying enzymes. In addition, we analyzed the
heart tissue “redoxome” by quantitating the revers-
ible Cys oxidation levels in the 4 experimental groups
using the filter-aided stable isotope labeling of
oxidized Cys method. We observed a significantly
higher abundance of oxidized Cys-containing pep-
tides in EAM+Veh mice than in Ctrl+Veh mice. The
levels of reversible Cys oxidation were significantly
lower in BML-111-treated animals (Figure 3C), high-
lighting the protective role of BML-111 against
oxidative damage in the heart.

Next we explore in-depth the elevated oxidative
stress environment in the EAM model. We deter-
mined cardiac oxidative stress by staining for the
oxidative DNA damage biomarker 8-hydroxy-2’-
deoxyguanosine (8-OHdG), finding that 8-OHdG car-
diac staining was significantly greater in EAM+Veh
mice than in Ctrl+Veh mice (Figures 4A-4C). As
anticipated, 8-OHdG staining in the myocardium was
significantly lower in EAM+BML mice than in
EAM+Veh mice (Figures 4B and 4C). As many of the
beneficial antioxidant actions of lipoxins are medi-
ated through NRF2 activation, we determined its
activation by analyzing its nuclear accumulation in
heart. We found that nuclear levels of NRF2 were
significantly higher in myocardium of BML-111-
treated mice (in both Ctrl and EAM-induced mice)
than in nontreated mice (Figure 4D), supporting the
notion that BML-111 prevents myocarditis-induced
oxidative stress by activating NRF2. We also per-
formed a series of experiments in EAM-induced mice
coadministered with luteolin, a compound that can
induce oxidative stress through inhibition of the
NRF2 pathway (schema in Figure 4A)."”> Luteolin
coadministration blunted the protective effects of
BML-111 on oxidative stress, as shown by a significant
increase in 8-OHAG staining in the myocardium of
Ctrl and EAM-induced mice treated with BML-111
(Figures 4B and 4C). Additionally, luteolin
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counteracted the increase in cardiac nuclear NRF2
levels induced by BML-111 administration in both Ctrl
and EAM groups (Figure 4D). Overall, these data
indicate that luteolin blocks BML-111-induced acti-
vation of NRF2 in the myocardium, thus preventing
the protective action of BML-111 against cardiac
oxidative stress. These results point to luteolin as a
useful tool to determine the role of NRF2 in Ca**
mishandling showed in our EAM model.

LUTEOLIN ADMINISTRATION BLUNTS THE PROTECTIVE
EFFECTS OF BML-111 ON CARDIAC FUNCTION AND
INTRACELLULAR Ca?’* DYNAMICS IN EAM-INDUCED
MICE. We next questioned whether luteolin lessens
the protective effects of BML-111 on cardiac function
and intracellular Ca®* handling in EAM-induced mice
(schema in Figure 5A). The values for ejection fraction
and fractional shortening in EAM-induced mice
cotreated with BML-111 and luteolin (EAM+Lut+BML)
were similar to those found in EAM+Lut mice and
were significantly lower than those of Ctrl mice
(Figure 5B, Supplemental Figure 9).

At the cellular level, luteolin coadministration
dampened the protective effect of BML-111 on systolic
Ca’" release and SR-Ca’' load in cardiomyocytes.
Indeed, the depressed amplitude of Ca>* transients
and cell shortening, as well as the low SR-Ca®" load,
in the EAM+Lut group was maintained in the
EAM+Lut+BML group (Figures 5C to 5F). Of note, the
administration of luteolin sustained the slower Ca*"
transient kinetics (Figure 5D), indicating that SER-
CA2A impairment was maintained in EAM+Lut+BML
mice. Supporting these findings, we found higher
values for Ca?" uptake rate in cells from EAM-Lut
group compared with the Ctrl group, and the coad-
ministration of BML-111 was unable to reverse this
increase (Supplemental Figure 10). Finally, the
increased SCR in EAM-+Lut mice (19%) was also
evident in EAM+Lut+BML mice (18%) (Figure 5G).
Overall, these results suggest that NRF2 might be a
key player in the protective effects of BML-111 on
cardiac dysfunction and intracellular Ca®>* mishan-
dling induced by EAM.

GENETIC DELETION OF NRF2 AVERTS THE IMPROVEMENT
IN Ca?* HANDLING INDUCED BY LIPOXINS. To defini-
tively determine whether NRF2 mediates the effects
of SPMs on Ca®>" dynamics and to evaluate the direct
effect of lipoxins in isolated cardiomyocytes, we
conducted a series of experiments using car-
diomyocytes isolated from wild-type (Wt) and Nrf2
knockout (Nrf2~/~) mice. Cells were incubated for 1
hour with Veh or with 250 nmol/L 15-epi-lipoxin A4
(Epi), an LXA4 derivative widely used in in vitro
experiments, and systolic Ca®>* release and SR-Ca®"
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load/uptake were determined. Representative Ca®"
transients obtained in each condition are shown in
Figure 6A. Results showed that acute administration
of Epi improved systolic Ca®" release in Wt car-
diomyocytes, mainly by increasing the amplitude of
Ca®* transients (Figure 6B, left panel) and acceler-
ating their kinetics (Figure 6B, central panel). Also,
SR-Ca®" uptake by SERCA2A was improved by Epi
treatment (Figure 6B, right panel), which can also
contribute to increase SR-Ca®' load in Wt cells
(Figure 6C). By contrast, Epi administration to car-
diomyocytes from Nrf2~/~ mice had no effect on
systolic Ca®>* release or on SR-Ca’®" uptake and load
(Figures 6A to 6C). These results support the notion
that NRF2 is a key mediator that improves systolic
Ca®" release and SR-Ca®" uptake and load in isolated
cardiomyocytes and point to SERCA2A as a target of
NRF2 action. Interestingly, the effects induced by
Epi on Ca?’' handling were blunted in car-
diomyocytes cotreated with the selective inhibitor of
NRF2, ML-385 (Supplemental Figure 11). Consistent
with this idea, we found that cardiac tissue from Wt
mice previously treated with BML-111 showed
elevated protein levels of SERCA2A (Figure 6D). To
determine whether the observed effects of Epi on
Ca?" handling were mediated by FPR2/ALX receptor,
cardiomyocytes were cotreated with Epi and the
FPR2/ALX antagonist, WRW4, and both systolic Ca**
release and SR-Ca’" load were analyzed.
Supplemental Figure 12 shows that WRW4 adminis-
tration avoided the effects induced by Epi on Ca®"
transient amplitude and kinetics and also prevented
the modulation of Epi on SR-Ca®" load, suggesting
that Epi induces its acute effects on intracellular
Ca?" release through FPR2/ALXR. Overall, these re-
sults highlight SERCA2A and NRF2 as key modula-
tors of the beneficial effects of SPMs on
Ca®" handling.

TRANSCRIPTIONAL ACTIVITY OF NRF2 DETERMINES
SERCA2A EXPRESSION IN HUMAN VENTRICULAR
CARDIOMYOCYTES. Having shown that BML-111
modulates murine cardiac SERCA2A expression and
that NRF2 appears to be the main contributor of its
effects on Ca®" dynamics, we next investigated
whether the molecular regulation of NFE2L2 (NRF2
coding gene) determines SERCA2A expression. We
evaluated SERCA2A expression in a human ventric-
ular cardiomyocyte cell line (AC16) silenced for
NFE2L2 expression or overexpressing NFE2L2. Re-
sults showed that the down-regulation of NFE2L2 in
AC16 cells impaired the expression of its canonical
targets (HMOX1 and NQO1) and also decreased the
expression of SERCA2A (Figure 7A). Conversely, the
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FIGURE 6 Genetic Deletion of Nrf2 Tempers the Elevated Systolic Ca?> Release and SR-Ca®* Load and Uptake Induced by Epi in Isolated
Cardiomyocytes
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Cardiomyocytes from wild-type (WT) and Nrf2 knockout (Nrf2~/~) mice were incubated for 1 hour with Veh or 250 nmol/L 15-epi-lipoxin A4
(Epi). (A) Representative line-scan confocal images and the corresponding profiles of Ca?* transients from 1 cell in each experimental group.
(B) Individual and mean values of peak fluorescence Ca** transients (left), decay time constant (Tau) (center), and the rate of Ca>* uptake
(right) in WT+Veh (N = 25, N = 4); WT+Epi (N = 36, N = 4), Nrf2/~+Veh (N = 22, N = 3) and Nrf2~/~+Epi (N = 24, N = 3) cardiomyocytes.
(€) Individual and mean values of the amplitude of the caffeine-induced Ca®" transients (F/FO) obtained in WT+Veh (N = 26, N = 4),
WT-+Epi (N = 36, N = 4), Nrf2/~+Veh (N = 15, N = 3), and Nrf2~/~+Epi (N = 15, N = 3) cells. Data show individual values and mean + SD.
**P < 0.01 versus WT+Veh. (D, upper) Representative Western blots of SERCA2A and vinculin from cytosolic heart lysates from WT mice
treated with Veh (Ctrl) or BML-111 (BML) for 6 hours. (Lower) Scatter plots summarizing the data in Ctrl (N = 4) and BML-111-treated (N = 5)
mice expressed as arbitrary units. Data show individual values and mean + SD. *P < 0.01 versus Ctrl. Abbreviations as in Figures 1, 2, and 5.
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FIGURE 7 Correlation Between NRF2 and SERCA2A2 Expression in Human Ventricular Cells and in Myocardium From Patients With

Myocarditis
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(A) AC16 cells were transduced with a lentivirus carrying a short hairpin RNA (shRNA) against a scramble sequence (shCTRL) or against NRF2
(shNRF2). (Left) Representative Western blots of the indicated proteins were determined 7 days post-transduction. Vinculin was used as loading
control. (Right) Densitometry quantification of SERCA2A protein levels normalized to vinculin levels. Data are mean + SD (N = 4). ***P < 0.001
versus shCTRL transduced cells. (B) AC16 cells were transduced with a lentivirus expressing green fluorescent protein (GFP) or a constitutive
active version of NRF2 (NRF2-AETGE). (Left) Representative images showing efficient transduction 4 days post-lentivirus delivery. (Center)
Representative Western blots of the indicated proteins (NRF2, HMOX1, NQOT1, GFP, and SERCA2A) were determined 4 days post-transduction.
Vinculin was used as a loading control. (Right) Densitometry quantification of SERCA2A protein levels normalized to vinculin levels. Data are
mean + SD (N = 4). *P < 0.05 and ***P < 0.001 versus GFP transduced cells. (C, left) Representative hematoxylin and eosin-stained slides of
healthy myocardium (N = 5) and myocardium from patients with myocarditis (N = 8). Original magnification x10 (right) and x20 (left). (D, E)
Individual and mean values of messenger RNA levels of NFE2L2 (D) and ATP2A2 (E) normalized to human 36B4. (F) Pearson correlation analysis
of ATP2A2 and NFE2L2 messenger RNA levels in human samples. A linear regression of the data is shown. Data show individual values and mean
+ SD.*P < 0.01 and **P < 0.01 versus healthy group. FI = fold induction; other abbreviations as in Figures 1 and 2.
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overexpression of NRF2 increased SERCA2A protein
levels (Figure 7B). These results strongly suggest that
the modulation of NFE2L2 determines SERCA2A
expression in human ventricular cardiomyocytes.

HUMAN MYOCARDIUM FROM PATIENTS WITH
MYOCARDITIS HAS LOW NFE2L2 AND ATP2A2
EXPRESSION. To translate the main results to the
human heart, we examined human myocardium from
patients with myocarditis. Samples of healthy and
myocarditis-positive myocardium were characterized
by immunostaining. Representative examples of
hematoxylin-eosin staining of healthy cardiac tissue
and tissue from patients with a clinical diagnosis of
myocarditis are shown in Figure 7C, with evident
immune cell infiltration and tissue damage in the
latter (Supplemental Figure 13). Analysis of NFE2L2
expression revealed significantly lower myocardial
levels in patients with myocarditis than in healthy
samples (Figure 7D).

As Ca’* mishandling in the EAM model was closely
related to impairment in SERCA2A, we also analyzed
ATP2A2 mRNA levels in human myocardium tissue.
Results showed that ATP2A2 expression was signifi-
cantly lower in myocarditis-positive myocardium
than in healthy cardiac tissue (Figure 7E).

Finally, correlation analysis revealed a strong and
direct association between NFE2L2 and ATP2A2
expression (Figure 7F). These results support our
findings in the EAM model, showing a significant
impairment of NRF2 and SERCA2A expression and
reveal an interconnection between them. By contrast,
no changes were found in the expression of FPR2/
ALX or in the key enzymes of the biosynthesis of the
LXA4 pathway between groups (Supplemental
Figure 14). Overall, our findings identify NRF2 and
SERCA2A as novel partners in the functional cardiac
remodeling linked to myocarditis.

DISCUSSION

Myocarditis is a complex inflammatory disease
affecting the myocardium that is triggered by both
infectious and noninfectious agents and leads, in
many cases, to dilated cardiomyopathy, with a 1-year
mortality rate of 15%-20%.'* The lack of specific
treatments for myocarditis adds to the challenges of
managing patients with this disease and highlights
the need to identify new targets and mechanisms to
develop future treatments.

SPMs are potential therapeutic tools for treating
cardiovascular diseases with a clear inflammatory
component, such as myocarditis, as they can drive the
resolution of inflammation to recover a healthy
state. Administration of SPMs in various
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experimental models exerts protective cardiac ef-
fects, including halting inflammatory responses, cell
death, oxidative stress, and fibrosis development,
ultimately improving cardiac function in myocarditis
and other cardiovascular diseases.®""

The potential utility of lipoxins is limited by their
short half-life, which has prompted the development
of new synthetic drugs such as BML-111, an LXA4
receptor agonist with improved stability and potency.
BML-111 has proved effective against different in-
flammatory diseases, but relatively little is known
about its specific cardiac effects. Our study demon-
strates that BML-111 administration prevents both
structural and functional cardiac remodeling associ-
ated with myocarditis in a model of EAM, with func-
tional amelioration closely related to the protection
against cardiomyocyte Ca®’" mishandling. Specif-
ically, BML-111 treatment prevented the reduced
systolic Ca®" release and diminished SR-Ca®" uptake
induced by EAM. One of the main protective mecha-
nisms elicited by BML-111 involved the preservation
of SERCA2A protein levels, preventing its down-
regulation on EAM induction. The maintenance of
physiological levels of SERCA2A was pivotal to sus-
tain an adequate SR-Ca®* load, thus contributing to
preserve cell contractility and cardiac function in
EAM mice treated with BML-111.

Disruptions in EC-coupling can also involve dia-
stolic Ca®>* leak through ryanodine receptors in many
cardiovascular diseases.'® Diastolic Ca®* leak in the
form of SCR was evident in cardiomyocytes from
EAM-induced mice, and these aberrant proar-
rhythmogenic events were averted by administered
BML-111. The beneficial effects of BML-111 on diastolic
Ca®" release together with the maintenance of SER-
CA2A activity contribute to preserve the SR-Ca®" load
at physiological levels, prompting regular systolic
Ca®" release and cell contractility in EAM+BML-
treated mice. All of these functional results were
corroborated by the proteomics analysis, which indi-
cated that the beneficial effects of BML-111 on cardiac
function and structure were associated with the pre-
vention of EAM-induced changes in proteins involved
in contraction, energy regulation, and Ca*>* dynamics.
Interestingly, the administration of BML-111 did not
modify cardiac expression of FPR2/ALXx receptor or
key enzymes of the lipoxin pathway. In contrast,
in vitro experiments demonstrated that the treatment
of cardiomyocytes with an antagonist of FPR2/ALXR
significantly blunted the beneficial effects induced by
Epi in systolic Ca®>" release and SR-Ca’" load, sug-
gesting that the functional effect of SPMs requires
FPR2/ALXR to modulate intracellular Ca®>" handling.
In this line, an interesting study carried out by Petri
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et al'” pointed to FPR2/ALXR as a main player in the
murine atherosclerosis progression.

Our results indicate that SERCA2A is fundamental
for BML-111-induced prevention of Ca>* mishandling,
pointing to this SR-adenosine triphosphatase as an
excellent candidate to develop new therapies that
improve cardiac function in patients with myocar-
ditis. Indeed, SERCA2A gene therapy has been eval-
uated in clinical trials for heart failure'®'° and in
preclinical experimental small and large animal
models, which show improvements in myocardial
contractility.”®*" However, discrepancies regarding
the beneficial role of targeting SERCA2A were found
in the CUPID (Calcium Upregulation by Percutaneous
Administration of Gene Therapy in Cardiac Disease)
trials,'®*> which might be explained by the possible
low efficiency of gene transduction or possibly by
post-translational regulatory factors of SERCA2A in
human heart failure. In this regard, our results un-
cover NRF2 as a key modulator of the expression of
SERCA2A in human cardiac cells, supporting an
emergent field for clinical research in myocarditis or
other cardiovascular diseases such as heart failure
that are associated with a clear down-regulation of
the SR-adenosine triphosphatase.

NRF2 is a master antioxidant factor that has
recently gained much interest in cardiac disease
research®®?® because of its antioxidant and anti-
inflammatory effects. Our results show that the
protective effect of BML-111 on cardiac function and
Ca?" handling is related to the promotion of NRF2
activation. Functional Ca®?' analysis revealed that
pharmacologic blockade of NRF2 in EAM-induced
mice blunted the improvement in the intracellular
Ca?" handling induced by the SPM, with evident
harmful effects on cardiac function, and these find-
ings were mirrored in in vitro studies on car-
diomyocytes from Nrf2~/~mice and cells treated with
a selective inhibitor of NRF2. Supporting our data,
other studies have reported that genetic deletion or
pharmacologic blockade of NRF2 contributes to
harmful structural and functional cardiac remodel-
ing by augmenting oxidative stress and the inflam-
matory response.’®?®

Regarding the specific role of NRF2 in the regula-
tion of Ca®* handling, we found that NRF2 activation
by BML-111 in mice or its overexpression in human
ventricular cells increased SERCA2A expression,
suggesting that the SR-Ca®>* pump is a direct or indi-
rect downstream target of NRF2. Indeed, in pre-
liminary results we have searched the ENCODE
database for NRF2-binding enhancer, antioxidant
response element (called ARE). Although this data-
base does not report information about NRF2
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chromatin immunoprecipitations, other ARE-binding
proteins such as MAFF, MAFK, and BACH1 were
found to bind the ATP2A2 gene at 16 sites located at
H3K27Ac and DNAse sensitive sites, consistent with
promoter regulatory regions (Supplemental
Figure 15).

Supporting our hypothesis was the finding that
down-regulation of NFE2L2 in human cells was
associated with a decrease in SERCA2A. BML-111-
activated NRF2 triggers the maintenance of SERCA2A
levels in a physiological range, improving SR-Ca**
uptake and promoting systolic Ca®>* release and car-
diomyocyte contraction. All of these beneficial effects
of BML-111 contributed to prevent the cardiac
dysfunction in EAM-induced mice. In line with our
results, Erkens et al>® demonstrated that Nrf2~~mice
present cardiac dysfunction associated with a
down-regulation of SERCA2A. Concerning the in-
flammatory environment and cardiac NRF2 and
SERCA2A regulation, Bai et al*® described that the
administration of a strong proinflammatory stimulus
(lipopolysaccharide) to mice promoted both cardiac
SERCA2A and NRF2 down-regulation, and both
processes were attenuated in the presence of the
antioxidant resveratrol.

Validating the main findings of our experimental
model, we found a down-regulation of both NFEL2F
and ATP2A2 expression in human myocarditis-
positive myocardium, and a significant correlation
between the expression of both molecules, pointing to
an interconnection between them in human myocar-
ditis. In relation to possible translation of findings to
human pathology, it is important to mention that
myocarditis has also recently been described as a po-
tential complication of COVID-19,3° and cardiac dam-
age and dysfunction induced by myocarditis have
been observed in patients both in hospital and over
the long term.®' Interestingly, a recent lipidomic
analysis showed that patients with severe COVID-19
had significantly lower levels of SPMs (resolvins E3)
than did peers with moderate disease,>” indicating
that the loss of SPMs might be associated with the
more severe form of COVID-19. Our data may provide
a new research direction focused on NRF2-SERCA2A
interventions for the development of specific treat-
ments for myocarditis in general and for cardiac
complications in patients with COVID-19.

CONCLUSIONS

Our findings point to SPMs as a new therapeutic
alternative for treating myocarditis. Our study un-
covers that SPMs induce cardioprotection by regu-
lating cardiac function and intracellular Ca*"
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dynamics though the modulation of NRF2 and SER-
CA2A activation. Our results are particularly relevant
for patients with myocarditis in general and also for
individuals with COVID-19 and myocarditis, because
the employment of specific compounds to promote
the resolution phase of the inflammatory response
may help to manage the cytokine storm and the
consequent tissue damage. Additionally, SPMs can
contribute to improve cardiac dysfunction by the
amelioration of intracellular Ca®" mishandling,
expanding the therapeutic spectrum of these
compounds.
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PERSPECTIVES

covers SPMs as new therapeutic tools that target the NRF2-

COMPETENCY IN MEDICAL KNOWLEDGE: This study un-

SERCA2A axis with a potential clinical application in the treat-
ment of myocarditis. These results are of special clinical rele-
vance, because SERCA2A gene therapy has failed in clinical trials
and SPMs support a new system to improve cardiac function by
preventing the increased oxidative stress associated not only
with myocarditis disease, but also with other cardiac pathologies
linked to an increased inflammatory response, such as heart
failure.

TRANSLATIONAL OUTLOOK: SPMs emerge as new thera-
peutic tools with a potential clinical application in the treatment
of myocarditis and supporting a new strategy to improve cardiac
function in proinflammatory cardiac pathologies.
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