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Abstract

Sickle cell disease (SCD) is a globally distributed hereditary red cell disorder with still
high mortality. Growing evidence indicates that sickle cell related cardiovascular disease
contributes to the early death of adults with SCD. Here, we show that humanized SCD mice
developed an age-dependent cardiomyopathy characterized by (i) increased circulating
Th17 lymphocytes, Th17 heart infiltration associated with increased plasma IL-17; (ii) col-
lagen deposition and activation of both platelet derived growth factor-B (PDGF-B) and
transforming growth factor-β1 (TGF-β1) canonical pathways; (iii) overactivation of heart
NF-κB associated with up-regulation of NLRP3 and of inflammatory vasculopathy markers.
We then used colchicine (CLC) that acts as anti-inflammatory drug with immunomodula-
tory effects. In humanized SCD mice, we demonstrated the protective role of low-dose CLC
treatment against chronic inflammation and preserving myocardial performance. Of note,
we found CLC also attenuating sickle cell related lung damage, suggesting a multiorgan
effect of CLC in SCD mice. Our data generate the rationale to further explore CLC as new
therapeutic tool to treat early stages of sickle cell cardiomyopathy.

Keywords: sickle cell disease; cardiomyopathy; inflammasome; Th17; IL17

1. Introduction
Sickle cell disease (SCD) is a worldwide distributed hereditary red cell disorder with

still high mortality and limited therapeutic options. Inflammatory vasculopathy and sickle
cell related cardiovascular disease has been shown to negatively impact patients’ quality of
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life and to contribute to early death of adults with SCD [1,2]. Studies in both human and
mouse models for SCD suggest the crucial role of chronic mild inflammation or unresolved
inflammation combined with local acute ischemic/reperfusion stress in pathologic heart
remodeling and cardiac fibrosis [2–5]. Recently, in humanized mouse model of SCD, we
showed the key role of cardiac neutrophil-driven response to ischemic/reperfusion stress
in triggering the local overactivation of NF-kB and TGF-β canonical pathway in heart
pathologic remodeling [4]. Although the mechanisms involved in the pathogenesis of sickle
cell related cardiomyopathy have been explored, much still remains to be investigated on
the natural history of sickle cell related cardiomyopathy. Using the “Berk” sickle cell mice,
Bakeer et al. showed the important role of chronic mild inflammation in sustaining the acti-
vation of pathways involved in matrix deposition, neo-angiogenesis and lipid metabolism,
highlighting the limited contribution of chronic anemia in the pathogenesis of sickle cell
related cardiomyopathy [5]. Indeed, increased pro-inflammatory and pro-fibrotic IL18
characterized both human and mice with SCD further linking chronic mild inflammation
as sterile inflammation and maladaptive heart remodeling [6,7]. The biologic importance
of chronic mild inflammation in the pathogenesis of sickle cell related cardiomyopathy
is also supported by the observation that early treatment with either hydroxyurea or red
cell transfusion delay the development of heart fibrosis in patients with SCD [8]. Studies
in different models of cardiac fibrosis highlight the novel role of T-lymphocyte heart re-
cruitment in pathological heart remodeling [9]. Among T-lymphocytes, Th17 subgroup
has been recently shown to participate to cardiac fibrosis by sustaining local inflammation
and activation of extracellular pathologic heart remodeling [10–12]. Indeed, the Th17 cells
secrete pro-inflammatory cytokines as IL17, which is also expressed by cardiomyocytes.
IL17 promotes local communication between heart neutrophil and lymphocyte infiltrates,
contributing to the activation of NF-kB and TGF- b pathways ending with the progression
of heart fibrosis [10,11]. Notably, increased IL17 has been associated with cardiac dys-
function and maladaptive heart remodeling, suggesting IL17 as marker for cardiovascular
disease progression [11]. In patients with SCD, increase Th17 and plasma IL17 have been
reported [13–15]. This is associated with markers of inflammatory vasculopathy, pain
sensitization and higher risk of early death [13–15]. Of note, both Th17 and plasma IL17
are not modulated by acute VOCs [15]. Colchicine (CLC) is a long-used therapeutic agent
with anti-inflammatory profile, mainly used to treat gout or Mediterranean fever [16]. CLC
has been recently tested in different human and mouse models of cardiomyopathy (e.g.,:
acute/chronic coronary disease, atrial fibrillation and pericardial disease), reducing the risk
of ischemic events when used in secondary prevention [16]. Indeed, CLC has been reported
to protect against ischemic/reperfusion damage, to modulate innate immunity adaptive
mechanisms and heart inflammatory cell infiltrates (e.g.,: neutrophil, lymphocytes, Th17).
CLC mainly targets NF-kB activation and inflammasome, modulating also the Nrf2 related
pathways [17–19].

Here, we studied the natural history of sickle cell cardiomyopathy in humanized
SS mice. In aging SCD mice, we found that mild persistent inflammation promotes the
activation of pro-fibrotic pathways associated with increased plasma IL17 and heart Th17
infiltration in the absence of major changes in neutrophil heart infiltration. CLC protects
against sickle cell related cardiomyopathy more efficiently than hydroxyurea (HU), sug-
gesting CLC as interesting novel therapeutic option to delay/interfere with the progression
of sickle cell related cardiomyopathy.
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2. Materials and Methods
2.1. Design of the Study

Experiments were carried out using 3 (young adult) and 8 (old-adult) months-old sex
and aged matched healthy [Hbatm1(HBA)Tow Hbbtm3(HBG1, HBB)Tow] (AA) and sickle
cell [Hbatm1(HBA)Tow Hbbtm2(HBG1,HBB*)Tow] (SS) mice [4]. Here, we focus on 3 and
8 months old healthy and sickle cell mice based on Bakeer et al. and on our experiments
showing age-related activation of heart NF-kB pathways in 8-months old healthy animals
(see Section 3.2). The Institutional Animal-Experimental-Committee of University of Verona
and the Italian Ministry of Health approved the experimental protocols (56DC9.64). The
sample size was estimated based on previous studies using humanized SS mice [4]. A
double-blind-strategy was implemented to minimize the potential bias in data collection.
Animals with either skin lesion or Hb levels < 5 g/dL were excluded. Mice were anes-
thetized with isoflurane and randomly assigned to experimental groups. Whole blood
was collected via retro-orbital venipuncture by heparinized microcapillaries [20]. In anes-
thetized perfused animals, hearts were rapidly removed and divided into two and either
immediately frozen in liquid nitrogen or fixed in 4% paraformaldehyde (O/N at 4 ◦C). CLC
(0.1 mg/kg daily) or vehicle (water) were administrated for 4 months by gavage, starting at
3-4 months of age [21]. The dosage of CLC was based on the review of the literature and the
reported beneficial effect of low dose CLC in cardiovascular disease [22–24]. A subgroup
of animals treated with hydroxyurea (HU) at the dosage of 50 mg/Kg/d for 3 months was
also evaluated [25]. Hemoglobin (Hb), liver enzymes (aspartate aminotransferase, AST;
alanine aminotransferase, ALT) were determined as previously described [26,27]. Plasma
cytokines were carried out using ELLA (Bio-Techne, Minneapolis, MN, USA); plasma
pro-BNP was measured by NT-pro-BNP ELISA kit (Nordic BioSite AB, Täby, Sweden).
Details on echocardiography, heart histological analysis, flow cytometric analysis of Th17
cells, Th17 heart, spleen infiltrate, heart immunoblot analysis, immunoprecipitation assay,
heart molecular analysis are reported in Supplementary Data [3,4,28–31].

2.2. Statistics

Data were presented mean ± standard error of the mean (SEM). Comparison among
groups were performed using parametric or non-parametric tests according to normal-
ity of distributions assessed using the Shapiro–Wilk test. In the case of two groups, a
two-tailed unpaired t-test with Welch’s correction or Mann–Whitney U test was used,
whereas comparisons involving more than two groups were performed using one-way
ANOVA/Weilch’s ANOVA test, followed by multiple comparisons test (Tukey’s or Dun-
net’s), or Kruskal–Wallis test followed by Dunn’s multiple comparisons test. Differences
with p < 0.05 were considered statistically significant. Statistical analyses were performed
using GraphPad Prism 10.2. All data are stored in the Nas-Synology-DS216se-Hard-Disk,
located at the University of Verona and will be available on request.

3. Results
3.1. Sickle Cell Mice Display an Age-Dependent Effect on Cardiac Fibrosis Associated with
Overactivation of Pro-Fibrotic Pathways

Bakeer et al. showed a limited effect of anemia on the pathogenesis of sickle cell
related cardiomyopathy [5]. In 3- and 8-months of age, SS mice, we found similar de-
gree of anemia, but significantly lower Hb level when compared to healthy animals
(Supplementary Figure S1a). 3- and 8-months old SS mice displayed hypertrophic car-
diomyopathy, which phenotype was confirmed at both the organ and cellular levels, as
evidenced by (i) increased heart weight–to–body weight (HW/BW) ratios; (ii) enlarged
cardiomyocyte cross-sectional area; (iii) an age dependent increased in pro-BNP; used as a
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marker of cardiac dysfunction; (iv) an age dependent increased collagen deposition in heart
from 8-months old SS mice when compared to 3-months old SS mice or healthy animals
(Figure 1a–c, Supplementary Figure S1b). This was associated with the increased degra-
dation of SERCA2A, sarcoplasmic reticulum calcium ATPase cardiac isoform, a calcium
transporter important in myocardial performance in the absence of heart iron accumula-
tion (Supplementary Figure S1c,d). In addition, we found an age dependent activation of
PDGF-B receptor and TGF-β receptor, while the FGF-receptor was similarly activated in 3-
and 8-months old SS mice when compared to healthy animals (Figure 1d,e).

 

Figure 1. Sickle cell mice develop an age dependent cardiomyopathy with over-activation of
pro-fibrotic pathways and heart fibrosis. (a) Heart weight to body weight ratio in healthy AA mice
and sickle cell (SS) mice at 3 and 8 months of age. (b) Plasmatic NT-pro-BNP level in healthy (AA)
and sickle (SS) mice at 3 and 8 months of age. (c) Left panel: Picrosirius Red staining in cardiac
slices from AA and SS mice at 3 and 8 months of age. Right panel: Quantification of heart fibrosis.
(d) Immunoblot analysis, using specific antibodies against phosphorylated p-PDGFR-B, PDGFR-B,
(p)-FGFR, and FGFR, in heart from AA and SS mice as in a. 75 µg/µL of protein loaded on an 8%
T, 2.5% C polyacrylamide gel. GAPDH serves as protein loading control. One representative gel
from 6 with similar results is shown. Densitometric analysis of immunoblots is shown on the right.
(e) Immunoprecipitation from heart from AA and SS mice as in (d), using specific anti-phospho-
Tyrosine antibodies (IP: PY), revealed with specific anti-TGF β receptor (Rec) antibody (75 µg/µL of
protein loaded on an 8% T, 2.5%C polyacrylamide gel). GAPDH in whole cell lysate (WCL) is used as
loading controls. Data in the column charts are presented as individual data points with mean ± SEM.
Significance codes: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; not significant comparisons
were not reported. Adjusted p-values were used when multiple comparisons were involved.

Taken together these data indicate an age dependent progression of sickle cell-related
cardiomyopathy due to overactivation of pro-fibrotic pathways and progressive worsening
of cardiac fibrosis.
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3.2. In Heart from Aging Sickle Cell Mice, the Persistent Pro-Inflammatory Response Is Associated
with Heart Recruitment of Lymphocytes Th17 and Increased Plasma IL17

Since we previously showed that NF-kB plays a crucial role in the pathogenesis of
cardiac fibrosis in sickle cell mice exposed to hypoxia/reoxygenation stress, we evaluated
NF-kB related pathways in hearts from aging animals of both mouse strains [4]. As shown
in Figure 2, we found an age dependent activation of NF-kB in hearts from sickle cell mice
(Figure 2a, Supplementary Figure S2a).

Figure 2. Sickle cell mice display age dependent heart activation of NF-kB dependent pro-
inflammatory pathways. (a) Immunoblot analysis, using specific antibodies against phosphorylated
(p)NF-κB p65 and NF-κB p65, of heart from healthy (AA) and sickle cell (SS) mice at 3 and 8 months
of age. 75 µg/µL of protein loaded on an 8% T, 2.5%C polyacrylamide gel. GAPDH serves as
protein loading control. One representative gel from 6 with similar results is shown. Densitometric
analysis of immunoblots is shown in Supplementary Figure S2a. (b) Immunoblot analysis, using
specific antibodies against endothelin-1 (ET-1), thromboxane synthase (TBXS) and P-Selectin in heart
from AA and SS mice as in a. 75 µg/µL of protein loaded on an 11% T, 2.5%C polyacrylamide gel.
GAPDH serves as protein loading control. One representative gel from 6 with similar results is shown.
Densitometric analysis of immunoblots is shown in Supplementary Figure S2b. (c) Plasma chemokine
(C-C Motif) Ligand 2 (CCL2) in AA and SS mice as in a. Data in the column charts are presented
as individual data points with mean ± SEM. Significance codes: * p < 0.05; ** p < 0.01; *** p < 0.001;
**** p < 0.0001; not significant comparisons were not reported. Adjusted p-values were used when
multiple comparisons were involved.

This was associated with age-dependent up-regulation of markers of inflammatory
vasculopathy such as endothelin-1 (ET-1) and thromboxane synthase 1 (TBX1) in heart
from SCD mice when compared to healthy animals (Figure 2b, Supplementary Figure S2b).
Heart P-selectin expression was stably higher in hearts from both 3- and 8- months old SS
mice when compared to healthy mice (Figure 2b). Of note, we observed age-dependent
activation of NF-kB pathways also in healthy mice but to a lower degree when compared
to hearts from SCD animals (Figure 2a,b; Supplementary Figure S2a,b). Taking together
these data suggest a local chronic mild inflammation or unresolved inflammation persist-
ing throughout ageing. This was also supported by the persistent increase throughout
aging of soluble CCL2 (MCP-1), a pro-inflammatory cytokine identified as risk factor for
cardiovascular mortality (Figure 2c) [32,33]. Previous studies highlight the role of CCL2
in heart inflammatory neutrophil/lymphocyte recruitment [34]. In SCD, we previously
showed a delay heart neutrophile clearance in SS mice exposed to H/R stress. Thus, we
asked whether heart immune infiltration might participate to age-dependent sickle cell
related cardiomyopathy. As shown in Figure 3a, we observed increased neutrophil heart
infiltration in 8-months old SS mice when compared to either 3-months old SS animals or
healthy mice.
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Figure 3. Sickle cell mice showed neutrophil and lymphocyte Th17 heart infiltration. (a) Rep-
resentative myeloperoxidase (MPO) immunohistochemical staining of cardiac sections from AA
and SS mice at 3 and 8 months of age. MPO quantification is shown in the lower panel. Circles
highlight MPO-positive cells. (b) Left panel: Gating strategy for Th17 heart infiltrates. Right panel:
Heart IL-17 infiltration identified by flow cytometric analysis in AA and SS mice at 8 months of age.
(c) Representative IL-17 immunohistochemical staining of cardiac sections from AA and SS mice
at 3 and 8 months of age. IL-17 quantification is shown in Supplementary Figure S3a. (d) Plasma
IL-17 in AA and SS mice as in a. Data in the column charts are presented as individual data points
with mean ± SEM. Significance codes: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; not
significant comparisons were not reported. Adjusted p-values were used when multiple comparisons
were involved.

We then asked whether other immune cell types might locally crosstalk with heart
neutrophils. Indeed, we observed increased Th17 heart infiltration associated with increase
heart IL17 expression and soluble IL17 levels when compared to healthy animals (Figure 3b,
Supplementary Figure S3). This is interesting since CCL2 might be induced by IL17, a potent
pro-inflammatory and pro-fibrotic cytokine involved in heart maladaptive remodeling [34].
In SCD mice, we observed increased circulating and spleen Th17 lymphocytes in SS mice
when compared to healthy animals (Supplementary Figure S4).

Collectively, our data indicate that during aging chronic mild inflammation contributes
to the development of cardiac fibrosis by the continuum infiltration of neutrophil and Th17
lymphocytes promoted by local IL17 [10,35]. This synergizes with ET-1, a known pro-
inflammatory and pro-fibrotic cytokine, which we previously showed to play a key role in
the pathogenesis of sickle cell related heart fibrosis [4].

3.3. In Sickle Cell Mice, CLC Preserves Myocardial Performance and Protects Against the
Activation of Profibrotic Pathways

In different models of cardiovascular diseases, CLC has been described to act on
multiple targets going from activation of NF-kB pathways and NLRP3 inflammasome to
inhibition of TGF- b system [18,36–39]. Since mild chronic inflammation and overactivation
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of profibrotic pathways together with local immune cell recruitment characterizes the devel-
opment of sickle cell related cardiomyopathy, we decided to investigate the impact of CLC
on the natural history of sickle cell related cardiomyopathy. In SS mice, CLC was well toler-
ated. No change in mouse weight, no diarrhea, no change in liver function was observed in
CLC treated SS mice compared to vehicle treated animals (Supplementary Figure S5a,b).
CLC treatment prevented the diastolic dysfunction previously characterized in SS mice [4].
Indeed, echocardiographic analysis demonstrated improvement of established diastolic
function indices, including isovolumetric relaxation time (IVRT) and mitral valve deceler-
ation time (MVDT), as well as restoration of right ventricular cardiac output (RVCO) to
levels comparable to those observed in AA mice (Figure 4a; Supplementary Table S1).

 

Figure 4. In sickle cell mice, CLC protects against age-dependent heart fibrosis, preventing the ac-
tivation of pro-fibrotic pathways. (a) Isovolumetric relaxation time (IVRT), mitral valve deceleration
time (MVDT), and right ventricular cardiac output (RVCO) assessed by echocardiography in SS mice
treated with either vehicle or CLC. Dashed lines indicate the corresponding values observed in AA
mice, as we previously reported [4]. (b) Picrosirius Red staining in cardiac slices from SS mice treated
with either vehicle or CLC. Right panel: Quantification of heart fibrosis. (c) Immunoblot analysis,
using specific antibodies against PDGFB, phosphorylated p-PDGFR-B and PDGFR-B in heart from
healthy (AA) and SS mice treated as in a. 75 µg/µL of protein loaded on an 8% T, 2.5%C polyacry-
lamide gel. GAPDH serves as protein loading control. One representative gel from 5 with similar
results is shown. Densitometric analysis of immunoblots is shown on the bottom. (d) Immunopre-
cipitation from heart healthy (AA) and SS mice treated as in a, using specific anti-phospho-Tyrosine
antibodies (IP: PY), revealed with specific anti-TGF β receptor (Rec) antibody (75 µg/µL of protein
loaded on an 8% T, 2.5%C polyacrylamide gel). GAPDH in whole cell lysate (WCL) is used as
loading controls. Densitometric analysis of immunoblots is shown on the bottom. (e) Immunoblot
analysis using specific antibodies against phosphorylated (p-) Smad 2, Smad 2, p-Smad3, Smad 3,
Smad 4 and Smad 7 in heart from in heart from healthy (AA) and SS mice treated as in a. One
representative gel from 6 gels with similar results is shown. 75 µg/µL of protein loaded on an 11%
T, 2.5%C polyacrylamide gel. GAPDH serves as protein loading control. Densitometric analysis of
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immunoblots is shown in the right and bottom panels. Data in the column charts are presented as
individual data points with mean ± SEM. Significance codes: * p < 0.05; ** p < 0.01; *** p < 0.001;
**** p < 0.0001; not significant comparisons were not reported. Adjusted p-values were used when
multiple comparisons were involved.

In agreement with the functional recovery, CLC treated 8-months old SS mice dis-
played a significant reduction in collagen heart deposition when compared to vehicle
treated animals (Figure 4b). This was associated with the reduction in PDFGF-B ex-
pression and in the activation of pro-fibrotic signaling pathways involving PDFG-B and
FGF receptors (Figure 4c). As expected, we found reduced activation of TGF-b recep-
tor and of its canonical pathway involving SMADS system (Figure 4d,e). We compared
the effects of CLC on sickle cell cardiomyopathy with those of HU. In HU treated an-
imals, we observed a significant increase in Hb when compared to vehicle treated SS
mice (Supplementary Figure S6a). HU treated sickle cell mice displayed downregulation
of PDGF-B expression associated with slight reduction in PDGF-B receptor activation
and persistent activation of FGF-receptor when compared to vehicle treated animals
(Supplementary Figure S6b). We also observed a slight but not significant reduction in
TGF-b receptor activation in HU treated SS mice compared to vehicle treated animals
(Supplementary Figure S6c). Collectively, our data support the protective effect of CLC,
and its superiority compared to HU treatment against the age dependent progression of
heart fibrosis in SCD mice.

3.4. In SS Mice, CLC Attenuates Inflammatory Cell Infiltrates and Positively Modulates the Local
NF-kB Related Pro-Inflammatory Response

In 8-month-old SS, CLC significantly reduced heart neutrophil infiltration and IL17A
heart staining when compared to either vehicle or HU treated animals (Figure 5a,b).

Figure 5. CLC but not hydroxyurea attenuates heart inflammatory cell recruitment and prevents
the activation of heart NF-kB. (a) Representative myeloperoxidase (MPO) immunohistochemical
staining of cardiac slices from SS mice treated with either vehicle, CLC or hydroxyurea (HU). MPO
quantification is shown on the right. Data are presented as mean ± SEM (n = 3). ** p < 0.005 by t-test.
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Circles highlight MPO-positive cells. (b) Representative IL-17 immunohistochemical staining in
cardiac slices from SS mice treated with either vehicle, CLC or hydroxyurea (HU). IL-17 quantification
is shown on the right. (c) Immunoblot analysis, using specific antibodies against phosphorylated
(p)NF-κB p65 and NF-κB p65, of heart from healthy (AA) and SS mice treated as in a. 75 µg/µL of
protein loaded on an 8% T, 2.5%C polyacrylamide gel. GAPDH serves as protein loading control.
One representative gel from 6 with similar results is shown. Densitometric analysis of immunoblots
is shown on the right. (d) Immunoblot analysis, using specific antibodies against phosphorylated
(p)NF-κB p65 and NF-κB p65, of heart from healthy (AA) and SS mice treated with either vehicle or
HU. 75 µg/µL of protein loaded on an 8% T, 2.5%C polyacrylamide gel. GAPDH serves as protein
loading control. One representative gel from 6 with similar results is shown. Densitometric analysis
of immunoblots is shown on the right. Data in the column charts are presented as individual data
points with mean ± SEM. Significance codes: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; not
significant comparisons were not reported. Adjusted p-values were used when multiple comparisons
were involved.

This was associated with a significant reduction in plasma IL17 and in heart recruited
Th17 cells (Supplementary Figure S7a,b). Notably, CLC also reduced peripheral and spleen
Th17 when compared to vehicle treated animals (Supplementary Figure S7c). Similarly,
in CLC treated SS mice, we found a significant reduction in the activation of heart NF-kB,
whereas no major change in NF-kB activation was observed in heart from HU treated SS
mice when compared to vehicle treated animals (Figure 5c,d). Indeed, in heart from SS mice,
CLC significantly down-regulated the expression of inflammatory vasculopathy (VCAM-1,
E-Selectin, ET-1) and of IL-6 when compared to vehicle treated mice (Figure 6a,b).

Figure 6. CLC protects against inflammatory vasculopathy and the activation of NLRP3 inflamma-
some, resulting in improved autophagy. (a) Immunoblot analysis, using specific antibodies against
vascular cell adhesion molecule-1 (VCAM-1), E Selectin and endothelin-1 (ET-1) in heart from AA
and SS mice treated with either vehicle or CLC. 75 µg/µL of protein loaded on an 11% T, 2.5%C poly-
acrylamide gel. Actin serves as protein loading control. One representative gel from 6 with similar
results is shown. Densitometric analysis of immunoblots is shown on the right. (b) Immunoblot
analysis, using specific antibodies against IL-6 in heart from AA and SS mice treated with either
vehicle or CLC. 75 µg/µL of protein loaded on an 11% T, 2.5%C polyacrylamide gel. Actin serves
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as protein loading control. One representative gel from 6 with similar results is shown. Densitometric
analysis of immunoblots is shown on the right. (c) Immunoblot analysis, using specific antibodies
against NLRP3, Caspase 1 (CASP1) and Caspase 3 (CASP3) in heart from AA and SS mice treated as
in a. 75 µg/µL of protein loaded on an 8% T, 2.5%C polyacrylamide gel. GAPDH serves as protein
loading control. One representative gel from 6 with similar results is shown. Densitometric analysis of
immunoblots is shown in the right panel. (d) Immunoblot analysis, using specific antibodies against
LC3I/II, ATG5, 7 and P62 in heart from AA and SS mice treated as in a. 75 µg/µL of protein loaded
on an 8% T, 2.5%C polyacrylamide gel. GAPDH serves as protein loading control. One representative
gel from 6 with similar results is shown. Densitometric analysis of immunoblots is shown in the
right panel. Data in the column charts are presented as individual data points with mean ± SEM.
Significance codes: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; not significant comparisons
were not reported. Adjusted p-values were used when multiple comparisons were involved.

This was associated with reduced activation of NLRP3 inflammasome and its related
pro-apoptotic pathway involving caspase-1 and caspase-3 (Figure 6c). We found a sig-
nificant reduction in the expression of both mature caspase-1 and -3 in heart from CLC
treated mice when compared to vehicle treated animals. Of note, no change in heart NLRP3
activation was observed in SS mice treated with HU when compared to vehicle treated
animals (Supplementary Figure S8a). We then investigated whether CLC’s cardioprotective
effects might be mediated by the activation of molecular pro-resolving circuits. Building
on our recent discovery of a miRNA module regulated by 17R-resolvin D1 (17R-RvD1)
in SCD cardiomyopathy, we assessed the expression of NF-KB related miRNA targets in
CLC-treated SS mice. CLC treatment significantly downregulated miR-16, miR-25, and
miR-208-3p (Supplementary Figure S8b). Given their established roles in cardiac fibrosis,
arrhythmia, and cardiomegaly, these data suggest that CLC confers protection by activating
miRNA-driven pro-resolving pathways in the heart from SCD mice. Previous studies
have shown a link between the activation of NLRP3 and impaired autophagy promoting
cardiomyocyte disfunction [40,41]. In CLC treatment reduced LC3II and prevented the
accumulation of autophagy related proteins such as ATG5 and 7 as well as p62, involving
the terminal phase of autophagy when compared to vehicle treated animals (Figure 6d).

Collectively, our data indicate that CLC reduced systemic and local inflammation,
prevented aging induced activation of heart NF-kB pro-inflammatory pathways and NLRP3,
associated with an improvement of autophagy.

Since heart and lung systems are functionally interconnected [42] and lung is one of
the target organs of SCD, we asked whether CLC treatment might be protective against
sickle cell related lung disease. This is also supported by previous studies showing that
CLC attenuates acute and chronic lung damage [43,44].

3.5. In SCD Mice, CLC Has Beneficial Effects Beyond the Heart, Resulting in Protection of the
Lung and, Potentially, Systemic Inflammatory Vasculopathy

As shown in Figure 7a, CLC treated SCD mice displayed lower inflammatory cell
infiltrates than vehicle treated animals.

This was associated with reduction in the activation of NF-kB (Figure 7b). In agreement,
we observed down-regulation of (i) markers of inflammatory vasculopathy such as VCAM-
1, TBX1 and ET1; (ii) IL-6 and NLRP3 inflammasome (Figure 7c,d). We also found reduced
activation of Nrf2, a transcriptional factor modulating the expression of antioxidant and
cytoprotective systems (Figure 7e). In agreement, we found down-regulation of HO-1
expression (Figure 7e). Given the beneficial effects of CLC in models of inflammatory
vasculopathy such as atherosclerosis, we tested the impact of CLC treatment in 8-months
old mice. As shown in Figure 7f, in 8-months old SCD mice, CLC down-regulated the aorta
expression of markers of inflammatory vasculopathy such as VCAM-1, E-selectin and ET-1
when compared to vehicle treated SS animals and reaching values similar to those observed
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in aged matched healthy mice (Supplementary Figure S9). Taken together, our data indicate
that the beneficial effect of CLC might go beyond heart, resulting a protection of the axis
between lung and heart, protecting against systemic inflammatory vasculopathy.

Figure 7. CLC reduces lung inflammatory cell infiltrates, preventing the activation of NF-KB and
NRF2, and protects against inflammatory vasculopathy in lung and isolated aorta. (a) Representa-
tive micro-picture of hematoxylin and eosin-stained sections at 200x magnification form sickle cell
mice at 3 and 8 months of age. (b) Immunoblot analysis, using specific antibodies against phosphory-
lated (p)NF-κB p65 and NF-κB p65, of lung from healthy (AA) and SS mice treated with either vehicle
or HU. 75 µg/µL of protein loaded on an 8% T, 2.5%C polyacrylamide gel. GAPDH serves as protein
loading control. One representative gel from 6 with similar results is shown. Densitometric analysis
of immunoblots is shown on the right. (c) Immunoblot analysis, using specific antibodies against
vascular cell adhesion molecule-1 (VCAM-1), Thromboxane synthase -1 (TBXS) and endothelin-1
(ET-1) in lung from AA and SS mice treated with either vehicle or CLC. 75 µg/µL of protein loaded on
an 11% T, 2.5%C polyacrylamide gel. GAPDH serves as protein loading control. One representative
gel from 6 with similar results is shown. Densitometric analysis of immunoblots is shown in the
bottom panel. (d) Immunoblot analysis, using specific antibodies against IL-6 and NLRP3 in lung
from AA and SS mice treated with either vehicle or CLC. 75 µg/µL of protein loaded on an 11%
T, 2.5%C polyacrylamide gel. GAPDH serves as protein loading control. One representative gel
from 6 with similar results is shown. Densitometric analysis of immunoblots is shown on the right.
(e) Immunoblot analysis, using specific antibodies against phosphor (p)-NRF2, NRF2 and HO-1 in
lung from AA and SS mice treated with either vehicle or CLC. 75 µg/µL of protein loaded on an
11% T, 2.5%C polyacrylamide gel. GAPDH serves as protein loading control. One representative
gel from 6 with similar results is shown. Densitometric analysis of immunoblots is shown on the
right. (f) Immunoblot analysis, using specific antibodies against vascular cell adhesion molecule-1
(VCAM-1), E-Selectin and endothelin-1 (ET-1) in isolated aorta from AA and SS mice treated with
either vehicle or CLC. 75 µg/µL of protein loaded on an 11% T, 2.5%C polyacrylamide gel. Actin
serves as protein loading control. One representative gel from 6 with similar results is shown. Densit-
ometric analysis of immunoblots is shown Supplementary Figure S9. Data in the column charts are
presented as individual data points with mean ± SEM. Significance codes: ** p < 0.01; *** p < 0.001;
**** p < 0.0001; not significant comparisons were not reported. Adjusted p-values were used when
multiple comparisons were involved.
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4. Discussion
Here, we studied the natural history of sickle cell related cardiomyopathy in human-

ized SS mice. We found that mild chronic inflammation or unresolved inflammation plays
a key role in heart disease progression towards cardiac fibrosis and myocardial dysfunction.
In young SS mice, we previously showed that H/R stress initiates a cardiac-hypertrophic
neutrophil-driven response [4]. In aging SS mice under normoxia, the persistent mild
chronic inflammation promotes neutrophil and Th17 heart infiltration associated with heart
overactivation of NF-kB dependent pro-inflammatory and pro-fibrotic pathways. This
generates a premature senescence environment, which is considered a marker inflammag-
ing. Inflammaging has been recently proposed as cumulative risk factor for cardiovascular
disease (CVD) even in young adults affected by clinical conditions characterized by mild
chronic inflammation such as the metabolic syndrome [45,46]. Inflammaging is character-
ized by a peculiar signaling spectrum, named senescence-associated secretory phenotype
(SASP), which involves cytokines and chemokines as IL17, IL6 and CCL2 [47,48]. In aging
SS mice, we found increased soluble IL-17 and CCL2 as well as heart expression of IL-17
and IL-6. In SS mice, these (i) contribute to heart inflammatory cell infiltrates by neutrophil
and Th17; (ii) promote inflammatory vasculopathy as supported by increase expression of
VCAM-1 and selectins; and (iii) pro-fibrotic signaling involving ET-1 and TGF-β canonical
pathway. Of note, we found an age-dependent increase in heart neutrophil recruitment,
whereas heart Th17 infiltration was detectable in both young and old SS mice. This was
paralleled by age-dependent increased in both circulating and spleen Th17 when compared
to healthy mice, contributing to the senescent immunophenotype of SS mice [49].

Recent studies have highlighted the importance of lymphocytes in pathologic heart
remodeling and in heart disease progression [45,50]. Here, we newly identified Th17
heart recruitment together with age-dependent neutrophil heart infiltration in aging SCD
mice. Notably, in SS mice, the increased IL17 might play a pivotal role in the cooperation
between neutrophil and Th17 towards heart fibrosis also throughout the modulation of
CCL2 [32,34,51] This is also supported by studies in different models of CVD, showing that
IL17 polymorphism is linked with severe cardiovascular disease and that IL17 deletion
is protective against H/R stress in rodents. [51,52]. In addition, IL17 might up-regulate
the expression of both ET-1 and VCAM-1, contributing to inflammatory vasculopathy [52].
Indeed, SCD mice displayed increased expression of markers of inflammatory vasculopathy
when compared to healthy animals. Our data, indicate that in SS mice inflammaging might
exacerbate myocardial disfunction by heart fibrosis involved in SS related cardiomyopa-
thy. Previous studies highlight the novel role of CLC as anti-inflammatory drug with
immunomodulatory effects against inflammatory vasculopathy and CVD [18,39,53]. This is
based on the multimodal action of CLC by (i) inhibition of microtubule polymerization that
is important in NF-kB activation and NLRP3 activation; (ii) the down-regulation of CRP as
well as of pro-inflammatory cytokines/chemokines; (iii) the modulation of adaptive innate
immunity and neutrophil/lymphocytes organ recruitment; (iv) the decrease of TGF-b
mediated pro-fibrotic canonical pathway; and (v) the down-regulation of miR-16, miR-25,
and miR-208-3p, involved in cardiac fibrosis, arrhythmia, and cardiomegaly [4,37–39,53,54].
Thus, CLC might be considered a therapeutic option against inflammaging in CVD. No-
tably, Fouda et al. recently reported that in “Berk” SCD mice short term (2 weeks) treatment
with CLC reduced systemic inflammation and decreased skin mast cell degranulation
when compared to vehicle treated animals in the absence of change in soluble IL6, IL17
or MCP1 [55]. This might be related to the short period of treatment and to the different
dosage of CLC used [55].

Here, we found that CLC protected SS mouse heart performance, prevented the ac-
tivation of NF-kB mediated pro-inflammatory and prof-fibrotic pathways. CLC showed
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superiority against cardiac fibrosis via TGF-b pathway and local inflammation by NF-kB
and NLRP3 activation and increased heart IL17 staining when compared to HU. Whereas
CLC and HU similarly reduced PDGF-B heart expression, supporting the reported protec-
tive effect of HU. This is mainly indirect due to improvement of anemia and the reported
beneficial effects on inflammatory vasculopathy. Otherwise, in SS mice CLC has direct
effects on systemic and heart chronic inflammation without improvement of the chronic
anemia. This is also supported by the improvement of heart autophagy, which contributes
to prevent the activation of pro-apoptotic cellular profile in CLC treated SS mice when
compared to vehicle treated animals. Our observation agrees with the reported protective
effect of low dose CLC by restoring the late phase autophagy against doxorubicin-induced
cardiotoxicity [56]. CLC has been reported to display a lung protective effect in both acute
and chronic settings [43,44,57]. In lung from 8 month old mice SS mice, CLC (i) reduced the
lung inflammatory cell infiltrates; (ii) prevented the activation of NF-kB and NLRP3 inflam-
masome; (ii) down-regulated the lung expression of markers of inflammatory vasculopathy
and of local inflammation; (iii) prevented the activation of Nrf2, a transcription factor
related to oxidative response; and (iv) decreased the lung expression of HO-1. Collectively,
our data indicates that CLC protects against chronic lung inflammation and attenuating
the inflammatory vasculopathy.

Although our study shed new lights on the natural history of sickle cell-related
cardiomyopathy, we identified some study limitations such as the relatively small sample
sizes used in some of the histologic measurements; the use of surrogate markers (e.g., MPO)
for inflammatory heart cell infiltration and for inflammasome activity (e.g., pro-caspase
1/mature caspase 1). These might be addressed in future studies considering also the
combo therapy CLC and HU and the effects of CLC on other target organs for sickle cell
disease such as liver or kidney.

5. Conclusions
In conclusion, we show for the first time the role of inflammaging in the natural history

of sickle cell related cardiomyopathy. We identified the contribution of IL17 and Th17 in
progression of cardiac fibrosis involving the activation of TGF-b canonical pathway. We
demonstrated the protective role of CLC against chronic inflammation, pathologic heart
remodeling, and preserving myocardial performance. Since CLC is safe and generally well
tolerated at low dosage, we suggest to possibly consider CLC for early treatment of SS
patients with diastolic dysfunction, a functional marker of cardiac fibrosis. However, the
current evidence on clinical management of different cardiovascular diseases with CLC
is still limited and mainly coming from pre-clinical studies [18]. Thus, the translational
of CLC treatment in clinical management of patients with SCD still requires validation in
future clinical studies.
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analysis of Figure 2a; Figure S3. Quantification of heart IL17; Figure S4. Gating strategy and
quantification of peripheral and splenic Th17 lymphocytes; Figure S5. Mouse weight and liver
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