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17(R)-Resolvin D1 protects against sickle cell-related
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Cardiovascular disease has been recognized as the main cause of death in adults with sickle
cell disease (SCD). Although the exact mechanism linking SCD to cardiomyopathy remains
elusive, a possible role of subclinical acute transient myocardial ischemia during acute sickle
cell-related vaso-occlusive crises (VOCs) has been suggested. We approached SCD car-
diomyopathy by integrated omics using humanized SS mice exposed to hypoxia/reoxyge-

® In SS mice, unresolved
inflammation initiates a
cardiac hypertrophic
neutrophil-driven
response. . . . o o e
nation (H/R; 10 hours hypoxia followed by 3 hours reoxygenation) stress, mimicking acute

® Treatment with 17R- VOCs. In sickle cell (SS) mice exposed to H/R, a neutrophil-driven cardiac hypertrophic

RvD1 prevents the H/R-
induced pathways

involved in maladaptive
heart remodeling in SS

response is initiated by cardiac proinflammatory pathways, intersecting proteins and micro
RNA involved in profibrotic signaling. This response may be facilitated by local unresolved
inflammation. We then examined the effect of 17(R)-resolvin D1 (17R-RvD1), a member of

mice. the specialized proresolving lipid mediator superfamily, administration on H/R-activated

J profibrotic and proangiogenic pathways. In SS mice, we found that 17R-RvD1 (1) modu-
lates miRNAome; (2) prevents the activation of NF-kB p65; (3) protects against the H/R-induced activation of both
platelet derived growth factor receptor and transforming growth factor (TGF)-$1/Smad2-3 canonical pathways; (4)
reduces the expression of hypoxia-inducible factor-dependent proangiogenic signaling; and (5) decreases the H/R-
induced proapoptotic cell signature. The protective role of 17R-RvD1 against H/R-induced maladaptive heart remod-
eling was supported by the reduction of galectin-3, procollagen C-proteinase enhancer-1, and endothelin-1 expression
and perivascular fibrosis in SS mice at 3 days after H/R stress compared with vehicle-treated SS animals. Collectively, our
data support the novel role of unresolved inflammation in pathologic heart remodeling in SCD mice in response to H/R
stress. Our study provides new evidence for protective effects of 17R-RvD1 against SCD-related cardiovascular disease.

angiogenesis, and lipid metabolism.® Furthermore, recent evi-

Introduction dence in both mouse models and patients with SCD links the

Sickle cell disease (SCD) is a severely debilitating hereditary red
cell disorder." Inflammatory vasculopathy and cardiopulmonary
complications largely affect the quality of life of patients with
SCD.?* In addition, cardiovascular disease has been recognized
as the main cause of death in adults with SCD.?** Previous studies
have shown the presence of subclinical acute transient myocar-
dial ischemia in both young adults and children with SCD during
acute vaso-occlusive crises (VOCs).*® In a mouse model for SCD
("Berk” mice), Baker et al reported an upregulation of cell
pathways involved in extracellular matrix remodeling,

proinflammatory cytokine interleukin-18 (IL-18) with heart
remodeling, fibrosis progression, and an increase risk of ven-
tricular arrythmias.””'® Of note, Niss et al reported a reduction of
myocardial fibrosis in patients with SCD early treated with either
chronic transfusion regimen or hydroxyurea,'" further supporting
the role of chronic inflammation in the pathogenesis of SCD
cardiac pathology. Although ischemic/reperfusion damage pro-
moting myocardial fibrosis has been suggested to contribute to
SCD-related cardiomyopathy, mechanisms of disease progres-
sion are still unclear.*'*"?
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Studies in different models of acute myocardial infarction have
shown the crucial role of unresolved inflammation in myocardial
damage and in progression toward heart fibrosis and heart
failure.”"” Resolution of inflammation is an active process
driven by unique specialized proresolving lipid mediators
(SPMs), including resolvins (Rvs). SPMs evoke multipronged
cellular and molecular responses that prevent injurious neutro-
phil tissue infiltration, countering inflammasome and proin-
flammatory mediators.'® Through their receptors, SPMs convey
acute actions to stop further inflammation and also to activate
long-range molecular circuits (eg, microRNAs), beneficial in
organ protection.'” Among specialized proresolving mediators,
17(R)-Rv D1 (17R-RvD1) has been shown to play important
protective actions in cardiovascular diseases.’®** Recently, we
highlighted the novel contribution of abnormal proresolving
events in response to ischemic/reperfusion stress in humanized
sickle cell (SS) mice. The failure of acute inflammatory resolution
sustains the amplified inflammatory response, making SS mice
more vulnerable to inflammatory vasculopathy.”® This may also
be important in SCD-related cardiovascular disease.

Materials and methods

Design of the study

Experiments were performed on 4- to 5-month-old sex-
matched (54.2% males and 45.8% females) healthy control
[Hbatm1(HBA)Tow Hbbtm3(HBG1, HBB)Tow] and sickle cell
[Hbatm1(HBA)Tow Hbbtm2(HBG1,HBB*)Tow] mice. The insti-
tutional animal experimental committee of University of Verona
and the ltalian Ministry of Health approved the experimental
protocols (56DC9.64). The sample size was estimated based on
previous studies using humanized SS mice.”*?® We chose to
use 4- to 5-month-old mice because, as we and others have
previously reported, the sickle cell-related organ damage at
this age is not severe enough to generate confounding factors
when evaluating the impact of hypoxia/reoxygenation (H/R)-
induced stress.”>?® Animals with either skin lesion or hemo-
globin levels <6 g/dL were excluded. A double-blind strategy
was implemented to minimize potential bias in data collection.
Animals were anesthetized with isoflurane and randomly
assigned to experimental groups. Whole blood was collected
via retro-orbital venipuncture by heparinized microcapillaries. In
anesthetized perfused animals, hearts were immediately
removed and divided into 2 and either immediately frozen in
liquid nitrogen or fixed in 4% paraformaldehyde (overnight at
4°C). Whenever indicated, vehicle (0.5% ethanol in tap water) or
17R-RvD1 (100 ng) were administrated by gavage 1 hour before
H/R, which was conducted as follow: 10 hours hypoxia (8%
oxygen) and then 3 or 48 hours reoxygenation (21% oxygen).**
To explore the possible effect of 7R-RvD1 on progression of
heart, we chose the window time of 3 days after H/R and 17R-
RvD1 administration, based on previous observations.””'
Detailed methods are reported in supplemental Materials,
available on the Blood website.

Results

Hypoxia/reoxygenation stress increases markers
of myocardial dysfunction and promotes the
activation of local proinflammatory pathways

The experimental strategy we used to explore the role of H/R in
the progression of sickle cell-related cardiomyopathy is based on
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the observations of transient ischemia associated with VOCs in
patients with SCD (Figure 1A).° Because a previous study in
another mouse model of SCD (Berk mice) excluded a role for
chronic anemia in the pathogenesis of SCD-related cardiomyop-
athy,® we decide to expose SS mice to H/R stress, an established
model for VOCs.?**? We first confirmed the presence of sickle
cell-related cardiomyopathy in a humanized mouse model of
SCD (“Townes” mouse strain).”*> We found cardiomegaly asso-
ciated with (1) diastolic dysfunction with preserved systolic func-
tion, as determined by echocardiography, confirming our
previous study in SS mice (supplemental Figure 1A-B;
supplemental Table 1. (2) increased cardiomyocyte cross-
sectional area (supplemental Figure 1C), supporting car-
diomyocyte hypertrophy; (3) activation of both transcriptional
factors NF-kB p65 and Nrf2, which are involved in proin-
flammatory and antioxidant responses, respectively (supplemental
Figure 2A)%%: and upregulation of VCAM-1 and ICAM-1, markers
of inflammatory vasculopathy, and Gpx1, a cytoprotective system
(supplemental Figure 2B), in the absence of heart iron accumu-
lation (supplemental Figure 3A). This was further corroborated by
higher collagen deposition in the hearts of SS mice than in the
hearts of healthy animals (supplemental Figure 3B). Of note, we
newly found activation of platelet-derived growth factor receptor
(PDGF-R), marked by increased phosphorylation of PDGF-R
(supplemental Figure 3C), which has been reported to be
involved in matrix remodeling and profibrotic events in other
models of hypertrophic cardiopathy (HC).***°

To understand the early and late impact of H/R stress on the
hearts of humanized SCD mice, we studied healthy and SS mice
at 3 hours and 48 hours after 10 hours of hypoxia.”**¢ We fol-
lowed the behaviors of plasma N-terminal pro B-type natriuretic
peptide (NT-pro-BNP), a known marker of cardiac dysfunction
and heart neutrophil infiltration, as a sign of local inflammation in
response to H/R stress. Plasma NT-pro-BNP significantly
increased in SCD mice at 3 hours of reoxygenation compared
with either SCD mice at 48 hours of reoxygenation or healthy
(AA) animals at 3 or 48 hours of reoxygenation (supplemental
Figure 4A). This was paralleled by a significant increase in
heart neutrophil infiltration, as determined by flow cytometry
analysis, in response to hypoxia in SCD mice (supplemental
Figure 4B). A higher circulating neutrophil count was also
observed in SS mice after 3 hours of reoxygenation than in
normoxic SS mice or healthy mice, in agreement with our pre-
vious reports®**? (supplemental Figure 5A). No major change in
splenic neutrophils was observed in SS exposed to H/R
compared with normoxic SS mice, with splenic neutrophils being
higher in SS mice than healthy animals at baseline (supplemental
Figure 5B). Because previous reports have linked NF-«B activa-
tion and inflammatory response in different target organs of
SCD, we evaluated NF-kB in the hearts of both healthy and SS
mice exposed to H/R stress.”> SS mice displayed activation of
NF-kB p65 in response to H/R stress at 3 and 48 hours after
hypoxia, compared with the hearts of either normoxic SS mice or
healthy animals (supplemental Figure 6A). This was associated in
SS mice with the upregulation of the expression of heart
endothelin-1 (ET-1) in response to H/R (supplemental Figure 6B).
Of note, the expression of ET-1 was persistently higher at 48
hours after H/R in the hearts of SS mice than AA animals
(supplemental Figure éB). This is of interest because ET-1 has
been shown to play a key role in (1) the progression of sickle

cell-related organ damage37'38; and (2) both heart vascular
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Figure 1. In sickle cell mice, heart proteomic analysis reveals that H/R stress activates proinflammatory and profibrotic pathways. (A) Schematic diagram of the
experimental plan used in this study. (B) Ingenuity pathway analysis (IPA) networks generated interrogating proteins identified as differentially expressed in SS hearts under H/
R stress compared with AA under H/R. The following pathways were identified as affected by H/R in the hearts of SS mice vs healthy animals: (1) fibrosis of the heart;
(2) hypertrophy of the heart; and (3) apoptosis of cardiomyocytes. (C) Immunoblot analysis using specific antibodies against phosphorylated Nrf2 (p-Nrf2) and Nrf2 in the hearts
of AA and SS mice in normoxia (N) and exposed to H/R: hypoxia (8% oxygen; 10 hours), followed by reoxygenation (21% oxygen; 3 hours). A total of 75 pg/pL of protein loaded
on an 8% T, 2.5% C polyacrylamide gel. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) serves as protein loading control. One representative gel from 4 with similar
results is shown. Densitometric analysis of immunoblots is shown (right). Data are presented as means + standard error of the mean (SEM; n = 4). §P < .05 (compared with AA
normoxia); *P < .05 (compared with normoxia by 1-way analysis of variance [ANOVA]). (D) Immunoblot analysis, using specific antibodies against phosphorylated FGF receptor
(p-FGF-R), FGF-R, p-PDGF-R-B, and PDGFR-B, in the hearts of AA and SS mice. A total of 75 pg/pL of protein loaded on an 8% T, 2.5% C polyacrylamide gel. GAPDH serves as
protein loading control. One representative gel from 4 with similar results is shown. Densitometric analysis of immunoblots is shown (right). Data are presented as mean + SEM
(n = 4). §P < .05 (compared with AA normoxia); *P < .05 (compared with normoxia by 1-way ANOVA). (E) Immunoprecipitation (IP) from the hearts of AA and SS mice, treated
similar to panel D, using specific anti-phospho-tyrosine (PY) antibodies (IP: PY), revealed with specific anti-TGF-B receptor (TGF-p-Rec) antibody (75 pg/pL of protein loaded on
an 8% T, 2.5% C polyacrylamide gel). GAPDH in whole cell lysate (WCL) is used as loading controls. One representative gel from 4 others with similar results is presented. Data
are presented as means = SEM (n = 4). *P < .05 (compared with normoxia by t test). TGF, transforming growth factor; Wb, Western blot.

endothelial dysfunction and remodeling.>”*? Noteworthy, in SS
mice exposed to hypoxia followed by 3 hours of reoxygenation,
we observed increased expression of NLRP3 inflammasome
(supplemental Figure 6C), which has been reported to partici-
pate in inflammasome activation in the progression of HC.*?

UNRESOLVED INFLAMMATION IN SCD CARDIOMYOPATHY

Taken together, these data indicate that SS mice develop a
more rapid and intense inflammatory response to H/R than
healthy mice, supporting a local and amplified systemic
inflammatory response to H/R stress, which is used to mimic
acute VOCs in humanized SS mice.
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Integrated heart proteomic and miRNA network
analysis reveals the molecular features of fibrosis
in pathogenesis of sickle cell-related
cardiomyopathy

To decode the complexity of the pathogenesis of SCD car-
diomyopathy, we sought to define a molecular signature
underlying the development of cardiovascular complications
with omics strategies. The semiquantitative proteomic analysis
of hearts from AA and SS mice exposed to H/R identified 139
changeable proteins. We found 62 upregulated (fold change >
1.41) and 77 downregulated (fold change < 0.71) proteins in the
hearts of SS mice compared with healthy animals. Proteomic
data were further analyzed using the Ingenuity Pathway Analysis
tool, allowing for the identification of the following pathways
affected by H/R in the hearts of SCD mice vs healthy animals: (1)
fibrosis of the heart; (2) hypertrophy of the heart; and (3)
apoptosis of cardiomyocytes (Figure 1B). We validated the
analysis by using an immunoblot approach to examine the
identified key hubs. In the hearts of SS mice exposed to H/R
stress, we found activation of Nrf2, a transcription factor
involved in acute phase response, compared with the hearts of
either normoxic SS mice or healthy animals exposed to H/R
(Figure 1C). This was associated with increased heart protein
oxidation evaluated by Oxyblot in H/R-exposed SS mice
(supplemental Figure 7A). In agreement, we found upregulation
of cytoprotective and antioxidant systems, such as heme
oxygenase-1 (HO-1), Gpx-1, Ngo1, peroxiredoxin-2 (Prx2), and
Prx3 (supplemental Figure 7B), in SS mice exposed to H/R stress
compared with the hearts of either normoxic SS mice or healthy
animals exposed to H/R stress. Examining the modulation of
profibrotic pathways, we found H/R-induced activation of
both FGF-B and of PDGF-B receptors, which have been
reported to play a crucial role in extracellular matrix remodeling
and in the development of hypertrophic cardiomyopathy®*2>4*
(Figure 1D). This was associated with the activation of trans-
forming growth factor (TGF)-p system in SS mice exposed to H/
R stress compared with healthy animals (Figure 1E).

Because the identified pathways intersected microRNAs
involved in cardiovascular diseases, such as miR-25-3p, miR-16-
5p, and miR-208a-3p,"® we first evaluated the expression of
these micro RNAs (miRNA)s in the hearts of SS and AA mice
exposed to H/R stress. As shown in Figure 3A, we found
increased expression of miR-25-3p and miR-16-5p in SS mice
under normoxia compared with AA normoxic animals. H/R
stress significantly increased miR-25-3p and miR-16-5p,
whereas it reduced miR-208a-3p expression in the hearts of
SS mice compared with healthy animals (Figure 3A). No major
differences were observed in miR-208a-3p expression between
these mouse strains under normoxia (Figure 2A). Thus, these
results indicate that SS mice had a different heart miRNA profile
compared with AA animals, and H/R stress modifies the
expression of microRNAs in the heart in a selective manner.
Based on these data, we extended the analysis to a panel of
>90 miRNAs. As shown in Figure 2B-C, the array analysis
revealed that miR-486-5p, 122-5p, 144-3p, 7a-5p,18a-5p, and
451a were significantly increased after H/R in SS mice
compared with AA animals. In contrast, miR-206-3p was the
only microRNA significantly downregulated in SS compared
with healthy mice. By superimposing proteins and miRNAs
identified from respective analyses, we found 17 dysregulated
proteins among the 673 targeted by differentially expressed
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miRNAs and the 139 defined by proteomic analysis (Figure 2D;
supplemental Figure 8A). These were found to be functionally
associated with pathways involved in cardiac fibrosis, cardiac
arrhythmia, and heart enlargement (Figure 2D; supplemental
Figure 8A),%¢°? suggesting that the pathogenesis of sickle cell
cardiomyopathy may not be related to a single pathway but to
the abnormalities of several pathways. Indeed, we observed
activation of vascular endothelial growth factor A (VEGF-A)
receptor in the hearts of SS mice exposed to H/R compared
with the hearts of either normoxic SS mice or H/R AA animals
(supplemental Figure 7B). This was associated with upregula-
tion of VEGF-A in SS mice vs AA mice exposed to H/R, whereas
the expression of angiopoietin-2 was higher in the hearts of
mouse strains exposed to H/R stress than in normoxic animals
(supplemental Figure 7B). No major changes in the heart
expression of angiopoietin-1 under different conditions were
observed (supplemental Figure 8B).

Collectively, these data indicate that, in SS mice, the H/R stress
contributes to a sustained activation of multiple NF-kB-depen-
dent pathways that include both miRNAs and proteins converging
in modulation of profibrotic and cardiac-remodeling pathways.

Treatment with 17R-RvD1 protects against the
progression of inflammatory-related
cardiovascular disease and modulates miRNA
targeting cardiac profibrotic pathways

In SCD, the observed relentless inflammatory damage might be
favored by the lack of cardiac proresolving mechanisms during
sickle cell-related acute events. Therefore, we set out to
determine whether treatment with 17R-RvD1 could reduce the
burden of SCD heart disease. 17-RvD1-treated SS mice
exhibited a significant smaller reduction in functional shortening
after H/R stress than vehicle-treated SS animals, suggesting a
role of 17R-RvD1 in maintaining cardiac contractility during H/R
stress (Figure 3A; supplemental Table 2). In addition, 17R-RvD1-
treated SS mice exposed to H/R displayed reduced (1) atrial
natriuretic peptide heart expression, a marker of myocardial
dysfunction; (2) serum and heart expression of galectin-3 (Gal-3),
involved in maladaptive cardiac remodeling®'>* (Figure 3B-C;
supplemental Figure 9A); and (3) heart neutrophil infiltration
(Figure 3D), compared with vehicle-treated animals. We also
noted increased proresolving CD206-polarized intracardiac
neutrophils, identified as Ly6G" CD206" cells, in 17R-RvD1 SS
mice exposed to H/R compared with vehicle-treated animals
(Figure 3E). This was associated with a reduction in H/R-induced
heart activation of NF-«xB pé5, which is supported by the
following: (1) a decrease in nuclear localization of phospho-NF-
kB pé5, as defined with DAPI (4',6-diamidino-2-phenylindole)
and the mean nuclear phospho-NF-kB pé5 fluorescence inten-
sity (Figure 4A; left panel, immunomicroscopy; supplemental
Figure 9B); and (2) a decrease in the amount of NF«B pé5
phospho-form, by immunoblot analysis (Figure 4A, right panel).
In agreement, we found downregulation of markers of inflam-
matory vasculopathy, such as P-selectin, thromboxane synthase,
and ET-1 (Figure 4B), as well as in NLRP3 in the hearts from
17R-RvD1-treated SS mice exposed to H/R compared with
vehicle-treated animals (Figure 4C). In agreement, we found a
reduction of NLRP3 inflammasome signaling, resulting in
decreased caspase-1 activation and downregulation of IL-Tb and
IL-18 gene expression in the hearts of 17R-RvD1-treated SS
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Figure 2. Hypoxia/reoxygenation stress modulates microRNAs in the hearts of sickle cell mice. (A) Relative expression of microRNAs from the hearts obtained from AA
or SS mice under normoxia or H/R conditions. Expression of miRNAs was determined with quantitative polymerase chain reaction and normalized using USSNRNA, RNU5G,
RNU1A1, and SNORDé1 as housekeeping small noncoding RNAs. Results are mean = SEM from 3 separate mice. *P < .05; **P < .01 (1-way ANOVA). (B-C) Heat map and
volcano plot showing fold change (FC) in the relative expression of miRNAs in the hearts of AA and SS mice under H/R compared with normoxia. Expression of microRNAs was
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Figure 3. In sickle cell mice, 17R-RvD1 preserves cardiac contractility and protects against H/R-induced neutrophil heart infiltration. (A) Fractional shortening (FS [%]) in
SS mice under normoxia and exposed to H/R stress and treated with either vehicle or 17R-RvD1 (n = 3-4); P < .05 (compared with vehicle-treated H/R SS mice). (B) Serum Gal-3
from AA and SS mice under normoxia and treated with vehicle or 17R-RvD1. Data are presented as mean + SEM (n = 5-9). ****P < 005 (by unpaired t test with Welch
correction). (C) Immunofluorescence expression of Gal-3 (red) in heart microsections from AA mice and SS mice exposed to H/R stress treated with either vehicle or 17R-RvD1.
Nuclei (blue) were stained with DAPI. Quantification of Gal-3 was performed on 3 to 4 samples per group (6 x 400 field per sample) with ZEN 2.3 Software. Data are presented
as mean = SEM (n = 3-4). *P < .05; ***P < .001 (by 1-way ANOVA). (D) Heart neutrophils infiltration identified, by flow cytometric analysis, as CD45Ly6G" cells from AA and SS
mice under normoxia and treated with vehicle or 17R-RvD1 (100 ng) and exposed to H/R: hypoxia (8% oxygen; 10 hours), followed by reoxygenation (21% oxygen; 3 hours).
Data are presented as mean + SEM (n = 4). *P < .05 (compared with normoxia); °P < .05 (compared with vehicle-treated H/R SS mice by 1-way ANOVA). (E) One representative
image by immunomicroscopy (left) and quantification (right) of proresolving CD206-polarized intracardiac neutrophils (per mm? heart tissue) identified by double immuno-
fluorescence for LyéG and CD206 in SS mice exposed to H/R and treated with vehicle or 17R-RvD1. Data are presented as mean + SEM (n = 3-4). °P < .05 (compared with
vehicle-treated H/R SS mice by t test; size scale bar, 40 pm). MFI, mean fluorescence intensity.

mice exposed to H/R compared with vehicle-treated animals the effects of 17R-RvD1 on the expression of miRNAs that we
(supplemental Figure 10A-B). found to be modified in SS hearts during H/R. As shown in
Figure 5D, 17R-RvD1 reduced miR-25-3p, 16-5p, and 144-3p,
We also explored the response of Nrf2 in the hearts of SS mice which were upregulated by H/R, whereas it increased miR-206-
exposed to H/R stress and treated with 17R-RvD1. As shown in 3p and further reduced 208-3p, which was suppressed by H/R.
Figure 5A, 17R-RvD1 prevented the activation of Nrf2 in the In contrast, miR-18a-5p, 122-5p, 451a, 486-5p, and 7a-5p were
hearts of SS mice compared with vehicle-treated animals. not modified by 17R-RvD1 (supplemental Figure 11A). To
Consistent with this observation, we found reduced oxidation of highlight 17R-RvD1-driven proresolving signaling and its bio-

proteins in the hearts of SS mice exposed to H/R stress logical significance, we determined the intersections between
(supplemental Figure 10D). This was associated with the 17R-RvD1-regulated miRNAs and their relative targets with
downregulation of Nrf2-dependent cytoprotective systems, the identified proteins, along with their associated pathophys-
such as HO-1 and Nqof1, as well as other antioxidants such as iological functions (supplemental Figure 11B). 17R-RvD1-
Prx2 and Prx3 (Figure 5B-C). regulated miRNAs targeted 418 proteins. Of them, 13 was

among the proteins identified by our proteomic analysis and
Because we and others previously reported that Rvs reduce NF- linked to cardiac dysfunctions, such as HC (supplemental

23,54

kB activation by modulation of microRNAs, we determined Figure 11B).#¢-50:55:5¢

Figure 2 (continued) determined (from n = 5 mice per condition). Dotted lines in the volcano plot represents cutoff values for significant (P < .05) differentially expressed
(-0.58 > log, FC > 0.58) in SS hearts under H/R compared with AA hearts under H/R. (D) IPA networks generated interrogating proteins targets of differentially expressed
miRNAs in SS hearts under H/R stress.
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Figure 4. 17R-RvD1 prevents the activation of NF-kB-dependent pathways and reduces NLRP3 inflammasome. (A) Activated phosphorylated NF-kB p65 (p-NF-kB p65)
in heart cells identified with immunofluorescence staining (size scale bar, 20 pm) in SS mice exposed to H/R stress and treated with either vehicle or 17R-RvD1 (left). Data are
presented as mean = SEM (n = 5). °P < .05 (compared with vehicle-treated H/R SS mice by t test). Quantification of total NF-kB in heart cells is shown in supplemental
Figure 8B. Immunoblot analysis (right), using specific antibodies against p-NF-kB p65 and NF-kB pé5, of heart from AA and SS mice under normoxia and treated with
vehicle or 17R-RvD1 (100 ng) and exposed to H/R: hypoxia (8% oxygen; 10 hours), followed by reoxygenation (21% oxygen; 3 hours). A total of 75 pg/pL of protein loaded on an
8% T, 2.5% C polyacrylamide gel. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) serves as protein loading control. One representative gel from 4 with similar results is
shown. Densitometric analysis of immunoblots is shown (right). Data are presented as means + SEM (n = 4). *P < .05 (compared with normoxia); °P < .05 (compared with
vehicle-treated mice by 1-way ANOVA). (B) Immunoblot analysis, using specific antibodies against P-selectin, ET-1, and thromboxane synthase (TBXS), in the hearts of AA and
SS mice treated. A total of 75 pg/pl of protein loaded on an 11% T, 2.5% C polyacrylamide gel. GAPDH serves as protein loading control. One representative gel from 4 with
similar results is shown. Densitometric analysis of immunoblots is shown (right). Data are presented as means + SEM (n = 4). *P < .05 (compared with normoxia); §P < .05
(compared with AA normoxia); °P < .05 (compared with vehicle-treated mice by 1-way ANOVA). (C) Immunoblot analysis, using specific antibodies against NLRP3, in the hearts
of AA and SS mice, treated similar to panel B. A total of 75 pg/pL of protein loaded on an 8% T, 2.5% C polyacrylamide gel. GAPDH serves as protein loading control. One
representative gel from 4 with similar results is shown. Densitometric analysis of immunoblots is shown (lower). Data are presented as means = SEM (n = 4). *P < .05 (compared
with normoxia); °P < .05 (compared with vehicle-treated mice). Wb, Western blot.

In sickle cell mice exposed to H/R stress, 17R-RvD1

downregulates fibronectin-1 gene expression (Supplementary
prevents the activation of pathways involved in

12Sb), which plays a key role profibrotic events after H/R

maladaptive heart remodeling

Previous studies in other models of heart diseases have
reported that Rvs protect against profibrotic stimuli.”®>” Here,
we show that 17R-RvD1 protects against the H/R-induced
activation of both fibroblast growth factor (FGF)-B and PDGF-
B receptors (Figure 6A; supplemental Figure 12A) and

UNRESOLVED INFLAMMATION IN SCD CARDIOMYOPATHY

stress.>® This was associated with a reduction in the activation of
TGF-B canonical pathway toward Smads®® (Figure 6B). Indeed,
we found reduced activation of Smad2/3 (as phospho-Smad2/3)
and downregulation of Smad4, associated with upregulation of
the feedback inhibitor Smad7, in the hearts of 17R-RvD1-
treated SS mice (Figure 6C; supplemental Figure 12C).
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Figure 5. 17R-RvD1 prevents H/R-induced activation of Nfr2 system and modulates miRNA related to proinflammatory and profibrotic pathways in the hearts of
sickle cell mice. (A) Immunoblot analysis using specific antibodies against p-Nrf2 and Nrf2 in the hearts of AA and SS mice under normoxia and treated with vehicle or 17R-
RvD1 (100 ng) and exposed to H/R: hypoxia (8% oxygen; 10 hours), followed by reoxygenation (21% oxygen; 3 hours); 75 pg/pL of protein loaded on an 8% T, 2.5% C
polyacrylamide gel. One representative gel from 4 gels with similar results is shown. Densitometric analysis of immunoblots is shown on the right. Data are presented as
means = SEM (n = 4). *P < .05 (compared with normoxia); §P < .05 (compared with AA normoxia); °P < .05 (compared with vehicle-treated mice). (B) Immunoblot analysis using
specific antibodies against HO-1 and Ngo1 in the hearts of AA and SS mice treated, similar to panel A; 75 pg/plL of protein loaded on an 11% T, 2.5% C polyacrylamide gel.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) serves as protein loading control. One representative gel from 4 with similar results is shown. Densitometric analysis of
immunoblots is shown (right). Data are presented as means = SEM (n = 4). *P < .05 (compared with normoxia); °P < .05 (compared with vehicle-treated mice by 1-way ANOVA).
(C) Immunoblot analysis, using specific antibodies against Prx2 and Prx3, in the hearts of AA and SS mice treated similar to panel A; 30 pg/pL of protein loaded on an 11% T,
2.5% C polyacrylamide gel. GAPDH serves as protein loading control. One representative gel from 4 with similar results is shown. Densitometric analysis of immunoblots is
shown (right). Data are presented as means = SEM (n = 4). *P < .05 (compared with normoxia); §P < .05 (compared with AA normoxia); °P < .05 (compared with vehicle-treated
mice by 1-way ANOVA). (D) miRNAs regulated by 17R-RvD1 in the hearts of SS mice undergoing H/R. MicroRNA expression was determined using RNU5G, RNU1A1, and

SNORD61 as housekeeping small noncoding RNAs. *P < .05; **P < .01 (1-way ANOVA). Wb, Western blot.

In SS mice exposed to H/R stress, we also observed a significant
decrease in H/R-induced upregulation of hypoxia-inducible
factor (HIF)1a and HIF2 (Figure 6D), reduced activation of
VEGF-R, and downregulation in heart VEGF-A and
angiopoietin-2 expression, compared with vehicle-treated mice
(Figure 6E; supplemental Figure 13A). This was also confirmed
by immune-microscopy, showing that 17R-RvD1 completely
abolished the H/R-induced upregulation of VEGF-R both in
small and large heart vessels (evaluated by CD31* staining for
vascular endothelial cells) in SS mice (Figure 6E, right panel;
supplemental Figure 13B). No change in angiopoietin-1
expression was observed within the different groups
(Figure 6E; supplemental Figure 13A). Overall, these studies
provide in vivo evidence that 17R-RvD1 treatment protects SS
mice against H/R-induced heart injury by suppressing key
mediators of neoangiogenesis and maladaptive cardiovascular
remodeling. The protective role of 17-RvD1 was also supported
by the following: (1) the reduction of both serum Gal-3 and
procollagen C-proteinase enhancer-1, a marker of collagen
maturation®>°7%; (2) the persistent downregulation of ET-1
expression; and (3) perivascular fibrosis (alpha smooth muscle

1922 € blood® 24 APRIL 2025 | VOLUME 145, NUMBER 17

actin [a-SMA] staining), associated with a trend toward reduc-
tion of collagen heart deposition in SS mice treated with 17-
RvD1, compared with vehicle-treated SS animals at 3 days
after H/R (Figure 7A-C; supplemental Figure 14A-B). Of note,
perivascular fibrosis initially characterizes heart reactive fibrosis
and has been linked to vascular endothelial dysfunction.>**"
ET-1, known to promote vascular dysfunction, is one of the
triggers of perivascular fibrosis.*%¢?¢

In sickle cell mice, 17R-RvD1 protects the heart

from hypoxia/reoxygenation-induced ER stress

Progression of cardiovascular diseases such as cardiac hypertro-
phy has been recently linked to sustained endoplasmic reticulum
(ER) stress, resulting in the activation of unfolded protein
response (UPR) sys‘tem.""é’69 In SCD mice exposed to H/R, 17R-
RvD1 prevented the activation of the UPR system, as supported
by the downregulation of activating transcription factor (ATF)6,
ATF4, and C/EBP homologous protein (CHOP) (Figure 7D). We
found a decrease of apoptotic markers, including not only CHOP
and GADD34 but also caspase-3, determined by both

FEDERTI et al
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Figure 6. 17R-RvD1 protects against the H/R activation of profibrotic pathways in sickle cell mice. (A) Immunoblot analysis using specific antibodies against p-FGF-R, FGF-R,
p-PDGF-R, and PDGF-R in the hearts of AA and SS mice under normoxia, treated with vehicle or 17R-RvD1 (100 ng), and exposed to H/R: hypoxia (8% oxygen; 10 hours), followed
by reoxygenation (21% oxygen; 3 hours). One representative gel from 4 gels with similar results is shown; 75 pg/plL of protein loaded on an 11% T, 2.5% C polyacrylamide gel.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) serves as protein loading control. Densitometric analysis immunoblots are shown in supplemental Figure 12A. (B) IP of the
hearts of AA and SS mice, treated similar to panel A, using specific IP: PY, revealed with specific anti-TGF-p Rec antibody (75 pg/pL of protein loaded on an 8% T, 2.5% C
polyacrylamide gel). GAPDH in WCL is used as loading controls. One representative gel from 4 others with similar results is presented. Densitometric analysis of immunoblots is
shown (lower panel). Data are presented as means = SEM (n = 4). *P < .05 (compared with normoxia); °P < .05 (compared with vehicle-treated mice by 1-way ANOVA). (C)
Immunoblot analysis using specific antibodies against phosphorylated Smad2 (p-Smad2), Smad2, p-Smad3, Smad3, Smad4, and Smad7 in the hearts of AA and SS mice under
normoxia, treated with vehicle or 17R-RvD1 (100 ng), and exposed to H/R: hypoxia (8% oxygen; 10 hours), followed by reoxygenation (21% oxygen; 3 hours). One representative gel
from 4 gels with similar results is shown. A total of 75 pg/pL of protein loaded on an 11% T, 2.5% C polyacrylamide gel. GAPDH serves as protein loading control. Densitometric
analysis immunoblots are shown in supplemental Figure 12C. (D) Immunoblot analysis using specific antibodies against HIF1a and HIF2 in the hearts of AA and SS mice treated
similar to panel C. One representative gel from 4 gels with similar results is shown; 50 pg/pL of protein loaded on an 8% T, 2.5% C polyacrylamide gel. GAPDH serves as protein
loading control. Densitometric analysis of immunoblots is shown in the lower panel. Data are presented as means = SEM (n = 4). *P < .05 (compared with normoxia); °P < .05
(compared with vehicle-treated mice by 1-way ANOVA). (E) Immunoblot analysis (left) using specific antibodies against phosphorylated VEGF receptor (p-VEGF-R), VEGF-R,
angiopoietin-1 (Ang 1), and Ang 2 in the hearts of AA and SS mice treated similar to panel C. One representative gel from 4 gels with similar results is shown; 75 pg/pL of protein
loaded on a 10% T, 2.5% C polyacrylamide gel. GAPDH serves as protein loading control. Densitometric analysis of immunoblots is shown in supplemental Figure 13A. Data are
presented as means + SEM (n = 4). *P < .05 (compared with normoxia). °P < .05 (compared with vehicle-treated mice by 1-way ANOVA). Representative merged immunofluo-
rescence staining of VEG-FR on small and large CD31" vascular endothelial cells in the hearts of SS mice undergoing H/R and treated with vehicle or 17R-RvD1 (right). Arrow
denotes a large blood vessel staining positive for VEGF-R. Nuclei were stained with DAPI. Separate staining is shown in supplemental Figure 13B. Wb, Western blot.

procaspase-to-cleaved caspase-3 ratio and caspase 3 staining in our study, the beneficial effects of 17R-RvD1 support the role of
the hearts of 17R-RvD1-treated SS mice exposed to H/R, impaired proresolving events in the pathogenesis of sickle cell-
compared with vehicle-treated animals (Figure 7E; supplemental related cardiomyopathy. Indeed, 17R-RvD1 maintains cardiac
Figure 14C). Collectively, these data indicate that 17R-RvD1 contractility and protects SS mice against H/R-induced heart
mitigates H/R-induced acute heart stress, resolves the related neutrophil infiltration and overactivation of NF-kB pathways,
amplified inflammation and vascular dysfunction, and prevents which intersect miR-25-3p, -16-5p, and -144-3p and the NLRP3
the activation of profibrotic mechanism. inflammasome. Of note, in SS mice, 17R-RvD1 treatment

increases the amount of heart CD206" neutrophils that assist
the resolution of inflammation and tissue repair after H/R

Discussion stress.”’¢7® The key role of RvD1 in skewing immune cell
Here, we show that acute inflammatory events triggered by H/R phenotype to promote the resolution of inflammation has been
stress remain unresolved in the hearts of SS mice, promoting the reported in models of heart failure.”’ In addition, the ability of Rv
activation of cardiac proinflammatory pathways that intersect to shift neutrophil plasticity is being recently uncovered in
proteins and miRNAs involved in profibrotic signaling.”®”* This is different diseases.’®’? Therefore, our results corroborate the
extremely interesting because growing evidence in different heart twofold actions of 17R-RvD1 on peripheral and local heart neu-
disorders supports the key contribution of unresolved inflamma- trophils (namely, prevention of excessive recruitment and pro-
tion in worsening myocardial repair events after H/R stress.”>"¢ In motion of a proresolving phenotype shift). This agrees with (1) the
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Figure 7. In sickle cell mice, 17R-RvD1 reduces proangiogenic signaling, prevents H/R-induced ER stress, and protects against proapoptotic H/R-induced signature. (A)
Serum Gal-3 (left) and procollagen C-proteinase enhancer-1 (PCPE1) in SS mice treated with either vehicle or 17R-RvD1 at 3 days after H/R stress. Data are presented as mean +
SEM (n = 3-4). *P < .05; ***P < .005 (by unpaired t test, with Welch correction). a-SMA (B) and Picrosirius Red (C) staining in cardiac slices from SS mice treated with either vehicle or
17R-RvD1 at 3 days after H/R stress. (D) Immunoblot analysis using specific antibodies against ATF6, GADD34, ATF4, and CHOP in the hearts of AA and SS mice under normoxia,
treated with vehicle or 17R-RvD1 (100 ng), and exposed to H/R: hypoxia (8% oxygen; 10 hours), followed by reoxygenation (21% oxygen; 3 hours). One representative gel from 4
gels with similar results is shown; 75 pg/uL of protein loaded on an 11% T, 2.5% C polyacrylamide gel. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) serves as protein
loading control. Densitometric analysis of immunoblots is shown (right). Data are presented as means + SEM (n = 4). *P < .05 (compared with normoxia); °P < .05 (compared with
vehicle-treated mice by 1-way ANOVA). (E) Immunoblot analysis using specific antibodies against caspase-3 in the hearts of AA and SS mice under normoxia, treated with vehicle or
17R-RvD1 (100 ng), and exposed to H/R: hypoxia (8% oxygen; 10 hours), followed by reoxygenation (21% oxygen; 3 hours). One representative gel from 4 gels with similar results is
shown; 75 pg/pL of protein loaded on an 11% T, 2.5% C polyacrylamide gel. GAPDH serves as protein loading control. Densitometric analysis of immunoblots is shown (lower).
Data are presented as means + SEM (n = 4). *P < .05 (compared with normoxia). °P < .05 (compared with vehicle-treated mice by 1-way ANOVA). Wb, Western blot.

suppression of miR-16, which regulates pathways involved in
apoptosis, inflammation, and cardiac damagego; and (2) the
downregulation of heart expression of proinflammatory and
profibrotic cytokines, such as IL-1b and IL-18, downstream of
inflammasome signaling in 17R-RvD1-treated SS mice exposed
to H/R. Although the molecular mechanisms underlying miRNA
regulation are still poorly defined, initial studies indicate that
some miRNAs can be upregulated or downregulated through
NF-«B signaling pathways by Rvs, including RvD1 and RvD2."%?
Along these lines, the miRNAs found here regulated by 17R-RvD1
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have been previously linked to the NF-kB and inflammasome
axis, such as miR-25-3p, miR-144-3p, r‘niR-206-3p,83'85 and miR-
208a-3p.%" Therefore, in SS mice exposed to H/R, our results
indicate that 17R-RvD1 regulates select miRNAs through NF-xB
and NLRP3 intracellular pathways.

A functional link between NLRP3 inflammasome and UPR sys-
tem throughout the activation of NF-xB has been recently
reported.?*®” In SS mice, the H/R stress induces a sustained
activation of UPR system that causes an accumulation of
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oxidized proteins. This might overcome the ability of the UPR
system to efficiently operate, switching cells destiny toward
apoptosis throughout caspase-3 signaling.?® Consistently, we
found caspase-3 activation in the hearts of SS mice exposed to
H/R stress, despite the possible protective effect exerted by
ATF6 activation, as reported in models of both HC and acute
myocardial infarction.® In SS mice exposed to H/R, 17R-RvD1
attenuates ER stress, reduces the activation of UPR system, and
rescues the proapoptotic pattern of cardiomyocytes. Our data
agree with previous reports in other models of heart diseases,
showing the cardio-protective effects of RvD1, which reduces
ER stress and, in turn, the overactivation of the UPR system.??%?
In HC and myocardial postinfarction events, the overactivation
of UPR system converges with the activation of FGF-R and
PDFGB-R pathways toward profibrotic myocardial remodel-
ing.”” These intersect miR-206 toward tissue inhibitor of met-
alloproteinase3 (TIMP3)”' and synergize with the TGF-p
signaling toward Smads, which is also fueled by Gal-3
(Figure 5C). In SS mice exposed to H/R, 17R-RvD1 shifts the
inflammatory response to proresolution pattern, preventing the
activation of profibrotic pathways and upregulating miR-206.
Importantly, 17R-RvD1 also restored normal levels of miR-25
and miR-144, key cardiac function modulators, whose inhibi-
tion has been reported to improve cardiac dysfunction in heart
failure.” The protective effect of 17R-RvD1 against H/R-
induced maladaptive remodeling was also supported by (1)
the downregulation of heart fibronectin-1 gene expression®®; (2)
the decrease of serum Gal-3 and procollagen C-proteinase
enhancer-1; and (3) the reduction of perivascular fibrosis asso-
ciated with persistent downregulation of ET-1 heart expression.
Because ET-1 has been recently reported to induce fibroblast
proliferation and to increase a-SMA expression in a dose-
dependent manner,®” we propose that the perivascular
fibrosis observed in the hearts of SCD mice after H/R might
involve ET-1. Of note, we previously reported that 17R-RvD1
treatment prevented H/R-induced ET-1 expression in different
target organs of SCD, showing effects on endothelial dysfunc-
tion similar to that of bosentan, an ET-1 receptor antagonist.””

In this scenario, the modulation of proangiogenic pathways may
be part of the maladaptive signaling in response to H/R stress.” In
SS mice, treatment with 17R-RvD1 restores miR-206-3p and pre-
vents the activation of HIF-related pro-neoangiogenic pathways,
such as VEGF-R phosphorylation and the downregulation of
VEGF-A and angiopoietin-2 expression. Thus, in SS mice exposed
to H/R, treatment with 17R-RvD1 prevents the activation of both
proangiogenic factors (eg, VEGF)”® and antiangiogenic factors
(eg, TGF-B1), breaking the vicious cycle that may contribute to the
progression of sickle cell-related cardiovascular disease.”

Finally, despite 17R-RvD1 treatment, we observed lack of an
effect on miR-18a-5p, 122-5p, 451a, 486-5p, 7a-5p, and 208-3p
in SS mice exposed to H/R stress, which might be related to the
stage of the mouse heart disease.>'*%°

Although our data shed new light on the pathogenesis of sickle
cell-related cardiomyopathy, our study has 2 limitations that
could be addressed in future studies. The first one is the
timeline of the experiments. Here, we focus on an acute setting
(H/R stress) with a single dose of 17R-RvD1.7*7¢?” The second
limitation concerns the functional measurements by echocar-
diography, which were performed 3 hours after hypoxia. In

UNRESOLVED INFLAMMATION IN SCD CARDIOMYOPATHY

future studies, we plan to test a long-term treatment with
metabolically resistant benzo-RvD1, which has a longer plasma
bioavailability than endogenous 17R-RvD1.7

In conclusion, we link, to our knowledge, for the first time, unre-
solved inflammation and the activation of proinflammatory and
profibrotic pathways in the hearts of humanized SS mice exposed
to H/R stress, mimicking acute VOCs. Collectively, our results
show the value of therapeutic targeting of proresolving events to
prevent and treat sickle cell-related cardiovascular disease.
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