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Cardiac microvascular dysfunction is associated with cardiac
hypertrophy and can eventually lead to heart failure. Dysregu-
lation of long non-coding RNAs (IncRNAs) has recently been
recognized as one of the key mechanisms involved in cardiac
hypertrophy. However, the potential roles and underlying
mechanisms of IncRNAs in cardiac microvascular dysfunction
have not been explicitly delineated. Our results confirmed that
cardiac microvascular dysfunction was related to cardiac hy-
pertrophy and ferroptosis of cardiac microvascular endothelial
cells (CMECs) occurred during cardiac hypertrophy. Using a
combination of in vivo and in vitro studies, we identified a
IncRNA AABR07017145.1, named as IncRNA AAB for short,
and revealed that IncRNA AAB was upregulated in the hearts
of cardiac hypertrophy rats as well as in the Ang II-induced
CMECs. Importantly, we found that IncRNA AAB sponged
and sequestered miR-30b-5p to induce the imbalance of
MMP9/TIMP1, which enhanced the activation of transferrin
receptor 1 (TFR-1) and then eventually led to the ferroptosis
of CMECs. Moreover, we have developed a delivery system
based on neutrophil membrane (NM)-camouflaged mesopo-
rous silica nanocomplex (MSN) for inhibition of cardiac hyper-
trophy, indicating the potential role of silenced IncRNA AAB
(si-AAB) and overexpressed miR-30b-5p as the novel therapy
for cardiac hypertrophy.

INTRODUCTION

Cardiac hypertrophy is a critical pathophysiological feature of heart
failure development due to various cardiovascular disorders,
including coronary heart disease, valvular disease, and hypertension.
However, the molecular mechanisms involved in the hypertrophic re-
action have not been clearly elucidated. Currently, the researchers
focus on the changes in cardiac microvessels to explore the
mechanism of cardiac hypertrophy. There was evidence that endothe-
lial dysfunction was associated with hypertension and cardiac
hypertrophy.'

Non-coding RNAs (ncRNAs) are a class of RNAs without protein-
coding function and play crucial roles in cellular pathology and phys-
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iology.” A large number of studies have shown that microRNAs
(miRNAs), such as miR-20, miR-122, miR-103, and miR-30b-5p, are
involved in the process of cardiac hypertrophy.” ® More recent re-
ports have demonstrated that IncRNAs through miRNA-mediated
regulatory axes by the competing endogenous RNA (ceRNA) mech-
anism play important roles in the progress of cardiac hypertrophy.
For instance, IncRNA CHRF induced cardiac hypertrophy by repres-
sing miR-489 expression.” Fang et al. found that IncRNA TUGI alle-
viated cardiac hypertrophy by targeting miR-34a/DKK1/Wnt-{3-cate-
nin signaling pathway.® The above experimental studies were mainly
carried out in cardiomyocytes (CMs). However, many potential
mechanisms of myocardial hypertrophy caused by myocardial micro-
vascular injury regulated by ncRNA have not been identified.

Ferroptosis is characterized by excessive accumulation of lipid perox-
ides, which is an iron-dependent form of regulated cell death.” Lipid
peroxidation and iron are recognized as central mediators of ferrop-
tosis.'” Iron is essential for the survival of almost all organisms
because it is a cofactor in many biochemical processes, including
oxidative phosphorylation, the enzymatic reactions, and oxygen stor-
age required for cell proliferation.'' However, the level of free iron in
cells must be strictly controlled to avoid the production of reactive ox-
ygen species (ROS) via the Fenton reaction.'” TFR-1 and metallopro-
tein complexes called ferritins are well-known regulators of cellular
iron. TFR-1, a transmembrane glycoprotein, is responsible for inter-
nalizing the transferrin-bound iron, which is then released into the
cytoplasm and stored in a non-toxic form inside ferritins.'” There-
fore, the abnormal increase of TFR-1 expression leads to the increase
of iron uptake, which results in the accumulation of lipid peroxides in
the cell and causes ferroptosis. Ferroptosis is a recently discovered,
pharmacologically amenable form of regulated necrosis that is impli-
cated in a myriad of pathophysiologically degenerative conditions,
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including ischemia/reperfusion injury, acute kidney failure, and car-
diomyopathy.'*'> However, the molecular mechanism of ferroptosis
in cardiac hypertrophy has rarely been studied. Importantly, ncRNAs
are reported to participate in regulating variety of diseases by ferrop-
tosis pathways. For example, Bai et al. found that miRNA-214-3p
enhanced erastin-induced ferroptosis by targeting ATF4 in hepatoma
cells.'"® Studies had shown that a G3BPI-interacting IncRNA pro-
moted ferroptosis and apoptosis in cancer via nuclear sequestration
of p53."” Whether ferroptosis is regulated by ncRNAs in cardiac
microvascular endothelial cells (CMECs) during cardiac hypertrophy
has not been clearly elucidated.

Currently, the regulatory mechanisms of a series of functional ncRNAs
have been widely elucidated, but their clinical application has been
greatly hindered due to little attention being paid to the development
of effective in vivo delivery strategies to regulate the biological func-
tions. Moreover, compared with the billions of intracellular ncRNAs
that may exert their biological functions, the proportion of ncRNAs
currently found to be related to cardiac hypertrophy is still very low.
Therefore, the regulatory mechanism and effective delivery of more
functional ncRNAs remain to be explored. Herein, experimental results
in vivo showed that cardiac hypertrophy was accompanied by
abnormal cardiac microvascular function. Moreover, we found that
the imbalance of MMP9/TIMP1 led to the dysfunction of CMEC. Sub-
sequent research confirmed that IncRNA AAB could induce CMEC fer-
roptosis by targeting miR-30b-5p, which endogenously bound to the
3'UTR of TIMPI, then activating TFR-1. Based on this regulatory
mechanism, a nanoparticle delivery platform was used to transport
silenced IncRNA AAB (si-AAB) and overexpressed miR-30b-5p for
the reversal of cardiac hypertrophy. This study indicated that manipu-
lating the expression of IncRNA AAB and miR-30b-5p represents a
promising therapeutic strategy for cardiac hypertrophy.

RESULTS

Ferroptosis occurs in cardiac microvascular damage during
cardiac hypertrophy

We first established 4-week abdominal aorta constriction (AAC)
models in rats. Four weeks after surgery, the heart volume (Fig-
ure S1A), heart weight/body weight ratio (HW/BW), left ventricle
weight/body weight ratio (LVW/BW), heart weight/tibial length ratio
(HW/TL), left ventricular posterior wall dimension (LVPWd), left
ventricular internal diastolic diameter (LVIDd), and left ventricular
internal systolic diameters (LVIDs) were markedly increased in the
model group. In contrast, left ventricular fractional shortening
(LVES) and left ventricular ejection fraction (LVEF) were signifi-
cantly decreased (Table S1). Moreover, hematoxylin-eosin (HE)
and wheat germ agglutinin (WGA) staining marked an increased
CM area in model groups (Figures S1B and S1C). Western blot anal-
ysis indicated that cardiac hypertrophy marker proteins (8-MHC and
BNP) were remarkably increased in model groups (Figures SID-
S1G). Hemodynamics analysis revealed abnormal parameters in
model groups (Table S2). Additionally, the expression of PECAM-1
was decreased to a significantly greater extent by pressure overload
(Figures S1H and S1I). As shown in Figure S1J, the AAC-induced

heart manifested a linear and irregular filling defect in most microves-
sels. Similarly, the histological examination of PECAM-I staining re-
vealed a significant loss of CMECs in model groups (Figure S1K).
Furthermore, we detected the protein expression of p-eNOS (Figures
S1L and S1M); the content of NO (Figure SIN) and ¢cGMP (Fig-
ure S10); and the expression of Ang-2 and PDGFR-(3, considered as
the markers of CMEC function” (Figures S1P and S1Q) in rats with
cardiac hypertrophy. Experimental data indicated that cardiac hyper-
trophy models were established and cardiac microvascular function
was abnormal in cardiac hypertrophy.

Different forms of cell death, such as apoptosis, autophagy, and
necroptosis, have been shown to be implicated in cardiac hypertro-
phy.'®* These findings indicated that several forms of cell death
could collectively contribute to cardiac hypertrophy, and the proba-
bility of an alternating new form of cell death cannot be ignored.
Ferroptosis is an iron-dependent, nonapoptotic form of cell death
that mediates its effects in part by promoting the accumulation of le-
thal lipid ROS.*' Furthermore, ferroptosis is involved in cardiac
injury.”>*’ Based on the above research, we detected the biological in-
dicators of apoptosis, autophagy, and necroptosis in hypertrophic
heart tissue, and western blot results showed that the protein expres-
sions of LC3II, caspase-3, RIP1, and RIP3 were significantly upregu-
lated, while the protein level of Bcl-2 was significantly decreased
in vivo (Figures S2A-S2F). In addition, to investigate whether pres-
sure overload induced cardiac damage via an oxidative stress mecha-
nism, biomarkers of oxidative stress were evaluated. As shown in
Table S3, our results showed that the model rats exhibited reduced ac-
tivities of antioxidative enzymes, including superoxide dismutase
(SOD), Mn-SOD, Cu/Zn-SOD, glutathione peroxidase (GSH-PX),
and catalase (CAT) and glutathione (GSH) level, and increased the
level of malondialdehyde (MDA) in comparison with the sham
group. The following experiment was performed to determine the ef-
fects of ferrostatin-1 (Ferr-1) on the cardiac microvascular function in
cardiac hypertrophy rats. First, we found that Ferr-1 reduced the in-
crease in lipid peroxides in the hearts of the model group by detecting
MDA level (Figure 1A) and the ptgs2 considered as a marker of fer-
roptosis”* mRNA level (Figure 1B). Moreover, the expression of
H2AX was decreased by Ferr-1 (Figures 1C and 1D). In addition,
an electron microscope was used to observe the ultrastructural alter-
ations of microvessels with Ferr-1 treatment. As a result, our analysis
revealed that the cardiac microvascular endothelial mitochondria in
AAC-treated rats were severely distorted and atrophied, which were
regarded as the main characteristic of ferroptosis,”> and these
AAC-induced effects were rescued by Ferr-1 treatment (Figure 1E).
Gelatin-ink staining showed that Ferr-1 markedly increased cardiac
microvascular density (Figure 1F). In addition, we detected the effects
of Ferr-1 on the protein expression of p-eNOS, the content of NO, and
c¢GMP (Figures 1G-1]) in rats with cardiac hypertrophy. Experi-
mental data suggested that Ferr-1 could improve cardiac microvas-
cular function. Ang II could induce hypertension and vascular
injury.*® Moreover, damage of microvessel integrity and barrier func-
tion is considered the key step in microcirculatory dysfunction.””
Hence, we examined LC3II, caspase-3, Bcl-2, RIP1, and RIP3.
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Interestingly, CMEC underwent apoptosis, necroptosis, without a sig-
nificant degree of autophagy after treatment with Ang II (Figures
S2G-S2L). More importantly, we found that Ang II increased the
ROS level; reduced the levels of SOD, Mn-SOD, Cu/Zn-SOD, GSH-
PX, CAT, and GSH; and increased the level of MDA in comparison
with the control group (Table S4). Further study indicated that
Ferr-1 reduced the increase in ROS, lipid peroxides, and the mRNA
level of ptgs2 (Figures 1K-1M), and increased the cell viability of
Ang II-induced CMECs (Figures 1N and 10). Immunofluorescence
results revealed that PECAM-1 was significantly lacking in Ang II-
treated CMECs. However, Ferr-1 increased PECAM-1 expression
significantly (Figure 1P). Furthermore, the migration ability that
was decreased by Ang II and Ferr-1 reversed this situation (Fig-
ure 1Q). Western blot analysis showed that the expression of p-
eNOS was significantly increased compared with the Ang II group af-
ter treatment with Ferr-1 (Figures 1R-1S). The detection of NO con-
tent suggested that Ferr-1 increased the content of NO in CMEC
exposed to Ang II (Figure 1T). These findings indicated that ferrop-
tosis occurred in cardiac microvascular damage, suggesting that the
protection of Ferr-1 on hypertrophic heart may involve improving
CMEC function by suppressing ferroptosis.

Imbalance of MMP9/TIMP1 ratio leads to dysfunction of CMECs
in cardiac hypertrophy

Angiogenesis requires invasion by endothelial cells and localized pro-
teolytic modification of the extracellular matrix. Proteolysis of the
extracellular matrix allows cell migration and may also release stored
signaling molecules. Matrix metalloproteinases (MMPs) are impli-
cated in these processes owing to their ability to cleave extracellular
matrix components.”” MMP9 is one of the two major gelatinases in
the MMP family. In addition to effectively and rapidly cutting
unfolded collagen, MMP9 has been reported to be able to cut other
matrix and non-matrix components, and then participate in angio-
genesis.”® Moreover, TIMP1 is an endogenous specific inhibitor of
MMP9.” Therefore, the imbalance of MMP9/TIMPI is involved in
the occurrence and development of a variety of diseases. Ang II was
found to upregulate TIMPI gene expression in rat heart endothelia
cells in a dose- and time-dependent manner.”® According to the above
studies, we detected the protein expression of MMP9 and TIMPI in
rats with cardiac hypertrophy induced by pressure overload and

CMECs exposed to Ang II by western blot. The results indicated
that the imbalance of MMP9/TIMP1 occurred both in cardiac hyper-
trophy rat hearts and CMECs (Figures S3A-S3H). Further studies
showed that the expression of MMP9 was significantly increased after
TIMPI silencing (Figures 2A-2D). In addition, silencing TIMPI
increased the cell viability of Ang II-induced CMECs (Figures 2E
and 2F). To investigate the effect of imbalance of MMP9/TIMPI on
the function of CMECs, the expression of PECAM-1 was detected
by immunofluorescence and western blot. Immunofluorescence
results revealed that PECAM-1 was remarkably lacking in Ang
II-treated CMECs, but TIMPI silencing significantly increased
PECAM-1 expression and integrity (Figure 2G). The western blot re-
sults showed a similar tendency (Figures 2H and 2I). Furthermore, we
investigated the effects of TIMP]I silencing on CMEC migration and
tube formation. The results indicated that Ang II suppressed cell
migration and tube formation ability. However, the migration dis-
tances and tube formation in the TIMPI silencing-treated groups
were increased obviously (Figures 2] and 2K). In addition, the expres-
sion of p-eNOS and NO content was decreased after treatment with
Ang II, and TIMPI silencing reversed the effects of Ang II (Figures
2L-2N). Furthermore, we constructed the full-length plasmid of
TIMPI and transfected it into CMECs. We found that overexpression
of TIMPI significantly induced the dysfunction of CMECs (Figures
S3I-S3N). These results indicated that the imbalance of MMPY/
TIMPI leads to the dysfunction of CMECs.

Imbalance of MMP9/TIMP1 ratio induces CMEC ferroptosis by
activating TFR-1

Previous studies have confirmed that MMP9 is an angiogenic protease
involved in the mobilization of vascular endothelial growth factor
(VEGF).”" Our above studies have confirmed that silencing TIMP]I
can significantly improve the CMEC function. However, the specific
protective mechanism remains unclear and needs further study.
Therefore, we silenced TIMPI and detected the protein expression
of caspase-3, Bcl-2, RIP1, and RIP3, and the results indicated that
silencing TIMP1 could not inhibit cell apoptosis and necroptosis
induced by Ang II in CMECs (Figures S4A-54D). Interestingly, we
also examined the expression of ferroptosis-related proteins,
including SLC7A11, GPx4, TFR-1, and Fpnl.jz’35 The results showed
that silencing TIMPI significantly inhibited the increase of TFR-1I

Figure 1. Inhibition of ferroptosis improves the function of CMECs

(A) Changes of MDA content in heart tissue after AAC treatment for 4 weeks and Ferr-1 intervention for 2 weeks. (B) The expression of ptgs2 mRNA in myocardial tissue was
detected by gRT-PCR. (C and D) Effect of treatment with Ferr-1 for 2 weeks on H2AX protein expression in hypertrophic myocardial tissue. (E) Electron microscopy was used
to observe morphological changes of mitochondria in CMEGCs. (F) Gelatin ink was injected into hypertrophic hearts after treatment with Ferr-1 for 2 weeks, and samples were
observed via microscope. (G-H) Effect of treatment with Ferr-1 for 2 weeks on the expression of p-eNOS in cardiac tissue. (l) Statistical graph for NO content in the cardiac
tissue after treatment with Ferr-1 for 2 weeks. (J) Effect of treatment with Ferr-1 for 2 weeks on the level of cGMP. Ferr-1, ferrostatin-1; AAC, abdominal aorta constriction.
Model group: rats were treated by AAC for 4 weeks. M + Ferr-1, rats of model group induced by AAC 2 weeks were injected with Ferr-1 at a dose of 2 mg/kg/day for another
2 weeks. Data were represented by means + SEM (n = 6). *p < 0.01 versus sham group; *p < 0.05 and **p < 0.01 versus model group. (K) Immunofluorescence results of
ROS in CMECs induced by Ang Il for 24 h following by treatment with 2 uM Ferr-1 for 48 h. (L) Changes of MDA content in CMECs. (M) The effect of treatment with Ferr-1 for
48 h on the mRNA expression of ptgs2 in CMECs. (N and O) The effect of Ferr-1 on the viability of CMECs. (P) Representative image of immunofluorescence of PECAM-1 in
CMEGs. (Q) The scratch test was used to detect the effect of the treatment with 2 uM Ferr-1 for 48 h on the function of CMECs. (R and S) Western blot analysis of p-eNOS
expression in CMECs. (T) Statistical graph for NO content in CMECs. Ang Il group: CMECs were treated by Ang Il for 24 h. Ferr-1 group: CMECs were given 100 nM Ang Il for
24 h followed by treatment with 2 uM Ferr-1 for 48 h. Data were represented by means + SEM (n = 6). *p < 0.01 versus control group; **p < 0.01 versus Ang Il group. Scale
bars, (E) 1.0 um; (F) 100 pm (x 100); 100 pm (x200); (O and Q) 10 um; (K and P) 50 um.
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expression induced by Ang II but had no effect on SLC7A11, GPx4,
and Fpnl protein expression (Figures 3A and 3B). Further studies
showed that silencing TIMP1 markedly reduced the iron ion level,
the content of ROS and MDA, and the ptgs2 mRNA expression (Fig-
ures 3C-3F). Figure 3G suggested that silencing TIMPI inhibited the
cell death of CMECs. These findings indicated that the decrease in
MMPY/TIMPI ratio leads to ferroptosis of CMEC by activation of
TFR-1.

MiR-30b-5p, the potential target of IncRNA AAB, inhibits
ferroptosis by binding TIMP1

miRNAs negatively regulate gene expression by promoting mRNA
degradation or inhibiting mRNA translation.*® Interestingly, a com-
plementary binding site between miR-30b-5p and TIMPI was pre-
dicted using the database of miRNA targets (http://www.targetscan.
org/). Then, we analyzed the 3'UTR region of TIMPI by RNAhybrid
and noticed that miR-30b-5p has a complementary sequence with
TIMP1 3'UTR (Figure 4A). Besides, luciferase assay revealed that
miR-30b-5p was able to suppress the luciferase activity of wild-type
(WT) TIMPI. However, the mutated form of TIMPI1 3'UTR demon-
strated lesser response to miR-30b-5p (Figure 4B). Moreover, the re-
searchers found that miR-30b-5p may act as a hypertrophic suppres-
sor.’ Therefore, we detected and analyzed miR-30b-5p expression
in vivo and vitro, and found that miR-30b-5p was decreased in
myocardial tissue of cardiac hypertrophy rat and CMECs induced
by Ang II (Figures 4C and 4D). The next experiment was to deter-
mine whether miR-30b-5p was linked to CMEC ferroptosis by regu-
lating the balance of MMP9/TIMP1. We transfected the miR-30b-5p
mimic and AMO-miR-30b-5p into CMECs to detect the effect of
miR-30b-5p on ferroptosis of CMECs (Figure 4E). Our data indicated
that, in Ang II-induced CMECs, enforced expression of miR-30b-5p
leads to a significant reduction of the protein expression of TIMPI
and TFR-1, ROS and MDA content, iron ion concentration, the
mRNA level of ptgs2, and a remarkable increase in the cell viability
and the protein expression of MMP9, which could be reversed by
AMO-miR-30b-5p (Figures 4F-4M). Overexpression of miR-30b-5p
markedly inhibited the ferroptosis of CMECs exposed to Ang IL
However, AMO-miR-30b-5p suppressed the protective effect of
miR-30b-5p on CMECs (Figure 4N). Recently, the ceRNA mecha-
nism of IncRNAs has attracted a lot of research interest. The concept
of ceRNAs demonstrates that the RNA molecules containing the
binding sites (sequence complementarity) to a particular miRNA
can competitively bind to this individual miRNA to reduce its func-
tional availability.”” IncRNAs often act as ceRNAs, which can sponge

and sequester miRNAs, indirectly regulate the target genes of
miRNAs, or specifically release the target genes from repression by
the targeted miRNA.*® Bioinformatics tools (integrating the miRanda
algorithm) were used to analyze the IncRNAs targeting miR-30b-5p
(Table S5). We found that 11 IncRNAs shared a highly conserved
binding site with miR-30b-5p. Next, we detected the expression
changes of these 11 IncRNAs with a high score predicted by bioinfor-
matics methods in cardiac tissue of rats with cardiac hypertrophy,
and the results showed that the mRNA expressions of IncRNA
AC115159.2,IncRNA AABR07017145.1 (IncRNA AAB), and IncRNA
AABR07030334.1 were significantly upregulated (Figure 40). Then,
we performed quantitative real-time PCR (qQRT-PCR) to detect these
three IncRNAs levels in response to Ang II treatment in CMECs.
Among the IncRNAs, AABR07017145.1, which was named IncRNA
AAB, was substantially elevated (Figure 4P). Moreover, we compared
the sequence of IncRNA AAB with that of miR-30b-5p using
RNAhybrid and noticed that IncRNA AAB contained a target site
of miR-30b-5p (Figure 4Q). Therefore, we produced a luciferase
construct of TIMPI. Luciferase assay revealed that miR-30b-5p could
suppress the luciferase activity of TIMPI, but it could be reversed by
IncRNA AAB and a mutated form (AAB-mut) had less effect on the
luciferase activity of TIMPI (Figure 4R). To investigate the effect of
IncRNA AAB on the ferroptosis of CMECs via inhibition of miR-
30b-5p, co-transfection of IncRNA AAB and miR-30b-5p was per-
formed in CMECs. Enforced expression of IncRNA AAB markedly
increased the protein expression of TIMPI and TFR-1, and remark-
ably decreased the protein expression of MMP9, but these effects
were reversed by treatment with miR-30b-5p (Figures S5A and
S5B). Moreover, overexpression of InNcRNA AAB increased the level
of Fe** in CMECs and promoted the ferroptosis of CMECs, but
miR-30b-5p suppressed the effect of IncRNA AAB on ferroptosis
(Figures S5C and S5D). These results revealed that IncRNA AAB in-
teracted with miR-30b-5p by this putative binding site and then regu-
lated the ferroptosis of CMECs.

Preparation, characterization, and cellular uptake of
nanocomplex

Hence, if we can effectively deliver small interfering RNA (siRNA) of
IncRNA AAB via nanocomplex, it may be possible to inhibit ferrop-
tosis in CMECs. Next, our results showed the preparation and char-
acterization of nanocomplex. As displayed in Figure 5A, neutrophil
membrane (NM) + si-AAB + MSN clearly demonstrated a eukary-
otic-cell-like structure, with an outermost slightly gray soft layer
thickness of ~10 nm, which was consistent with the thickness of

Figure 2. Silencing TIMP1 improves the dysfunction of CMECs induced by Ang Il

(A and B) The efficiency and specificity of siRNA directed against TIMP7 in CMECs treated with siTIMP1 for 24 h. (C and D) Detection of MMP9 protein expression in CMECs
by western blot analysis after treatment with siTIMP1 for 24 h and then exposed to Ang Il for 24 h. (E and F) Cell viability of different groups was detected in CMECs. (G)
Representative image of immunofluorescence of PECAM-1 in CMECs. (H and l) Western blotting was performed to quantify the expression of PECAM-1 in CMECs. (J) The
scratch test was used to detect the migration ability of CMECs. (K) Tube formation of CMECs was examined in three-dimensional collagen gels. (L and M) Western blot
analysis of p-eNOS expression in CMECs. (N) Statistical graph for NO content in CMECs. siTIMP1: TIMP1 was silenced. Ang Il group: CMECs were treated by Ang Il for 24 h.
Ang Il + siTIMP1 group: CMECs were exposed to siTIMP1 for 24 h and then treated by Ang Il for 24 h. Ang Il + NC-siTIMP1 group: CMECs were treated with negative control
of siTIMP1 for 24 h and then exposed to Ang |l for 24 h. Data are represented by means + SEM (n = 6). *p < 0.01 versus control group; *p < 0.05 and **p < 0.01 versus Ang |l

group. Scale bars, (E, J, and K) 10 um; (G) 50 um.
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Figure 3. Silencing TIMP1 inhibits CMEC ferroptosis by downregulation of TFR-1

(A and B) Western blot analysis of the expression of SLC7A11, GPx4, TFR-1, and Fpn1 in CMECs treated by siTIMP1 for 24 h and then treated by Ang Il for 24 h. (C) Statistical
analysis chart of Fe** content in CMECs. (D) Immunofluorescence results of ROS in CMECs. (E) Changes of MDA content in CMECs. (F) The mRNA expression of ptgs2 in
CMEGs. (G) Statistical analysis of CMEC mortality. siTIMP1: TIMP1 was silenced. Ang Il group: CMECs were treated with Ang Il for 24 h. Ang Il + siTIMP1 group: CMECs were
exposed to siTIMP1 for 24 h and then treated by Ang Il for 24 h. Ang Il + NC-siTIMP1 group: CMECs were treated with negative control of siTIMP1 for 24 h and then exposed
to Ang Il for 24 h. Data are represented by means + SEM (n = 6). *p < 0.05 and *#p < 0.01 versus control group; **p < 0.01 versus Ang Il group. Scale bars, 50 pm.
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the living cellular membrane. The obtained MSNs were uniform mes-
oporous nanospheres with a mean particle size of ~100 nm, as shown
in the scanning electron microscopy image (Figures 5B and 5C). The
pore size was tuned to a suitable size for siRNA loading and the sur-
face area ensured the high loading capacity of siRNA. Furthermore,
the MSN was biodegradable within 24 h when incubated in fetal
bovine serum, which was important for efficient in vivo drug release
and reducing the body’s immune side reaction and accumulation.’
The zeta potential was measured to investigate the surface modifica-
tion and charge changes of the MSN. When MSN was loaded with
siRNA, the zeta potential decreased to —14.6 + 1.06 mV, which was
attributed to the negative charge of siRNA (Figure 5D).*’ To further
confirm the mesoporous structure of the MSNs, the surface area and
pore diameter of MSN nanoparticles were detected. The values were
519 m* g~ ' and a well-aligned mesoporous around 2.4 nm (inset of
Figure 5E), respectively, which could satisfy the subsequent siRNA
loading. The X-ray diffraction (XRD) pattern showed that the
MSNs had no prominent peaks but a broad diffraction peak at 20
of about 22°, because the MSNs are amorphous (Figure 5F). The ex-
istence of membrane protein LFA-1 and (32 Integrin of cell membrane
on NM + si-AAB + MSN was further identified by western blotting
analysis. In the samples of cell membrane and NM + si-AAB +
MSN, LFA-1 and 32 Integrin bands were observed on sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel (Fig-
ure 5G). The existence of LFA-1 and 2 Integrin on NM + si-
AAB + MSN would ensure effective targeting of NM + si-AAB +
MSN toward the injured CMECs. To demonstrate that Ang II could
induce CMECs injury and inflammation, we determined ICAM-1
levels by western blot. The protein expression of ICAM-I in injured
CMEC:s was significantly more increased than that in normal CMECs
(Figures 5H and 5I). To demonstrate specific recognition and targeted
delivery of the NM + si-AAB + MSN toward CMECs, Ang I was used
to induce the injury of CMs and CMECs. Then, after incubation with
NM + si-AAB + MSN, the nuclei of cells were stained with DAPI
(blue), and NM + si-AAB + MSN was labeled with fluorescein isothio-
cyanate (FITC) (green). Weak signal of FITC was observed in CMs,
indicating low uptake efficiency of NM + si-AAB + MSN. However,
in CMECs, the intracellular FITC signal was 3.8-fold that in CMs
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(Figures 5] and 5K). Besides, cellular uptake results of si-AAB +
MSN and NM + si-AAB + MSN by CMECs were evaluated using
flow cytometric analysis in Figures 5L and 5M. The fluorescence in-
tensity of NM + si-AAB + MSN in cells was obviously higher than
that of PBS and si-AAB + MSN group. It demonstrated that NM-
modified MSNs could be taken in more by CMECs. Endosomal
escape of nanocomplex was essential for efficient siRNA delivery,
which avoided intracellular degradation of siRNA in lysosomes."’
The lysosomal escape of NM + si-AAB + MSN in CMECs was tracked
via fluorescent colocalization by confocal microscopy. NM + si-
AAB + MSN, cell nuclei, and lysosome were labeled with FITC
(green), DAPI (blue), and lysosome marker LysoTracker (red),
respectively. CMECs were incubated with NM + si-AAB + MSN for
varied time duration (ie., 1 h, 2 h, 4 h, and 24 h). Upon 1-h incuba-
tion, the signals of FITC and LysoTracker were separated, represent-
ing the initial stage of NM + si-AAB + MSN taken up by CMECs; after
2-h incubation, the signals of FITC and LysoTracker overlaid, reflect-
ing the entrance of NM + si-AAB + MSN in lysosome; after 4 h, sig-
nals of FITC and LysoTracker partially separated, indicating that
NM + si-AAB + MSN began to escape from lysosome; after 24 h,
most signals of FITC and LysoTracker separated, showing the suc-
cessful lysosomal escape of NM + si-AAB + MSN (Figure 5N). These
results demonstrated that we had successfully synthesized neutrophil
membrane-coated siRNA of IncRNA AAB nanoparticles.

NM + si-AAB + MSN inhibits CMEC ferroptosis by upregulation
of miR-30b-5p

Figure 6A shows the cellular internalization and intracellular
deconstruction of nanocomplex, including (1) targeted recognition
of NM + si-AAB + MSN with injured CMECs via specific binding be-
tween LFA-1, 32 Integrin, and ICAM-1, (2) cellular uptake of NM +
si-AAB + MSN within CMEC:s, (3) intracellular cell membrane disso-
ciation, and (4) MSN degradation and siRNA release. With this favor-
able reduction response, the NM + si-AAB + MSN could efficiently
silence IncRNA AAB expression in CMECs and more than 70% of
IncRNA AAB expression could be suppressed at a siRNA dose of
30 nM (Figure 6B). To further study the mechanism of ferroptosis in-
hibition, we treated Ang II-induced CMECs with si-AAB, si-AAB +

Figure 4. MiR-30b-5p inhibits ferroptosis in the Ang ll-induced CMEC

(A) MiR-30b-5p targeting site in TIMP1 3'UTR. (B) Luciferase assay. Cells were transfected with miR-30b-5p and then with luciferase constructs of WT TIMP1 3'UTR (TIMP1-
wt) or mutated TIMP1 3'UTR (TIMP1-mut). Luciferase activity was analyzed. **p < 0.01 versus TIMP1-wt group. (C) The mRNA expression of miR-30b-5p in cardiac tissue of
rats induced by AAC for 4 weeks. Data are represented by means + SEM (n = 6). **p < 0.01 versus sham group. (D) The mRNA expression of miR-30b-5p in CMECs exposed
to Ang Il for 24 h. (E) The mRNA expression of miR-30b-5p in CMECs. (F and G) Cell viability of CMECs was detected. (H and l) Western blot analysis of TIMP1, MMP9, and
TFR-1 in CEMCs. (J) Statistical analysis chart of Fe?* content. (K) Immunofluorescence results of ROS in CMECs. (L) Changes of MDA content in CMECs. (M) The mRNA
expression of ptgs2 in different groups. (N) Statistical analysis of CMEC mortality. AMO: AMO-miR-30b-5p. NC: negative control. Ang Il group: CMECs were exposed to Ang |l
for 24 h. Ang Il + miR-30b-5p group: CMECs were exposed to Ang Il for 24 h and then treated with miR-30b-5p mimics for 24 h. Ang Il + miR-30b-5p + AMO group: CMECs
were exposed to Ang Il for 24 h and then treated with miR-30b-5p mimics and AMO-miR-30b-5p for 24 h. Ang Il + NC-miR-30b-5p group: CMECs were exposed to Ang Il for
24 h and then treated with negative control of miR-30b-5p. Ang Il + NC-AMO group: CMECs were exposed to Ang Il for 24 h and then treated with negative control of AMO-
miR-30b-5p. Data are represented by means + SEM (n = 6). “p < 0.01 versus control group; **p < 0.01 versus Ang Il group. (O) gRT-PCR analysis of IncRNAs in the hearts of
cardiac hypertrophy rats induced by AAC. AABR07017145.1: IncRNA AAB. Data are represented by means + SEM (n = 6). *P < 0.05 and *#p < 0.01 versus sham group. (P)
The expression of the three INcRNAs in CMECs exposed to Ang |l for 24 h. Data are represented by means + SEM (n = 6). *#p < 0.01 versus control group. (Q) INcRNA AAB
contained a site complementary to miR-30b-5p. (R) Luciferase activity analyses in cells co-transfected with TIMP17-wt and luciferase reporters containing miR-30b-5p mimic
or INcRNA AAB. Data are represented by means + SEM (n = 6). #p < 0.01 versus TIMP7-wt group; *p < 0.01 versus TIMP1-wt and miR-30b-5p mimic group. Scale bars, (G)
10 um; (K) 50 um.
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MSN, and NM + si-AAB + MSN. The results showed that cell viability
of si-AAB + MSN and NM + si-AAB + MSN groups were increased
significantly compared with that in the Ang II group (Figures 6C
and 6D). Moreover, to investigate the effect of si-AAB, si-AAB +
MSN, and NM + si-AAB + MSN on the function of CMECs, we de-
tected the expression of PECAM-1 by immunofluorescence. The data
indicated that the PECAM-1 of CMECs treated by Ang II was incom-
plete. However, after the treatment with si-AAB + MSN and NM + si-
AAB + MSN, it showed uniform peripheral staining (Figure 6E). The
results of cell migration, the expression of p-eNOS, and NO produc-
tion showed that si-AAB + MSN and NM + si-AAB + MSN signifi-
cantly improved the function of CMECs (Figures S6A-S6D). Further
study found that si-AAB + MSN and NM + si-AAB + MSN signifi-
cantly upregulated the mRNA expression of miR-30b-5p and the pro-
tein expression of MMP9, and downregulated the protein expression
of TIMPI and TFR-1 (Figures 6F-6H). Compared with the Ang II
group, the iron ion, ROS, MDA, ptgs2 levels, and cell death of the
si-AAB group almost did not change, while those of si-AAB + MSN
and NM + si-AAB + MSN groups were reduced significantly. CMECs
treated with NM + si-AAB + MSN showed the lowest level of iron ion,
ROS, MDA, ptgs2, and cell death, demonstrating the effective sup-
pression of ferroptosis by NM + si-AAB + MSN (Figures 6I-6M).
All these results strongly showed that NM + si-AAB + MSN was
the most effective in inhibiting the ferroptosis of CMECs exposed
to Ang II by upregulation of miR-30b-5p.

NM + si-AAB + MSN repairs cardiac microvascular endothelial
injury in cardiac hypertrophy

The animal model of cardiac hypertrophy was created following
AAG, and the rats with cardiac hypertrophy were randomly divided
into four groups. After 24 h, the rats with cardiac hypertrophy were
respectively treated with PBS, si-AAB, si-AAB + MSN, and NM +
si-AAB + MSN via tail vein injection once every 2 days for 4 weeks
(Figure 7A). To ensure that NM + si-AAB + MSN was always able
to target the hearts, we measured the protein level of ICAM-I in
myocardial tissue on day 3, day 9, and day 27 after AAC. The results
showed that the protein expression of ICAM-1 at these different time
points was significantly higher than that in the sham group (Figures
7B and 7C). Then, we studied the in vivo distribution of the nanocom-
plex via bioimaging by quantification of the MSN fluorescent signals
in heart. In the si-AAB + MSN group, slight fluorescent signal ap-
peared in the heart; in the NM + si-AAB + MSN group, significant
signal was observed in the heart, indicating good target specificity
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of the nanocomplex toward damaged endothelium (Figure 7D). In
addition, we studied in vivo targeting of the nanocomplex via qRT-
PCR. In the model group treated with PBS, the expression of IncRNA
AAB was markedly increased, the treatment of si-AAB and si-AAB +
MSN had no effect on the expression of IncRNA AAB, while NM + si-
AAB + MSN remarkably decreased the IncRNA AAB expression (Fig-
ure S7A). Moreover, we detected the expression of miR-30b-5p, and
found that only treatment with NM + si-AAB + MSN could reverse
the reduction in the expression of miR-30b-5p (Figure S7B). Western
blot analysis showed that NM + si-AAB + MSN remarkably decreased
the TIMPI1 and TFR-1 expression, and markedly increased the MMP9
expression (Figures S7C and S7D). The ferroptosis of cardiac micro-
vessel in the hypertrophic hearts was analyzed to evaluate the thera-
peutic effect of NM + si-AAB + MSN in vivo. As indicated by ELISA,
qRT-PCR, and electron microscopy, the model group treated with
PBS exhibited high levels of Fe**, MDA and ptgs2 (Figures S7E-
S7G), and the atrophic mitochondria of CMECs (Figure 7E). The fer-
roptosis levels showed negligible change in the si-AAB and si-AAB +
MSN group, while that in the NM + si-AAB + MSN groups remark-
ably dropped, revealing the good anti-ferroptosis therapeutic effect of
NM + si-AAB + MSN on cardiac microvessels. To verify the effect of
NM + si-AAB + MSN on cardiac microvascular function, we further
detected the cardiac microvessel density, the protein expression of
PECAM-1 and p-eNOS, NO production capacity, and cGMP content.
The results suggested that NM + si-AAB + MSN increased cardiac mi-
crovessel density (Figure 7F) and improved cardiac microvascular
function in cardiac hypertrophy rats (Figures S8A-S8F). Further-
more, to investigate whether NM + si-AAB + MSN could inhibit car-
diac hypertrophy by preventing ferroptosis of CMECs, the therapeu-
tic effect was evaluated via echocardiography measurements,
histopathological examination, and western blot. Representative indi-
cators of cardiac function and cardiac hypertrophy were evaluated. In
comparison with the PBS, bare si-AAB, and si-AAB + MSN groups,
the NM + si-AAB + MSN group performed much better in restoring
LVEF and LVFS (Figures 7G-7I), exhibiting remarkable therapeutic
efficiency of NM + si-AAB + MSN to improve the functions of hyper-
trophic myocardium. Moreover, NM + si-AAB + MSN markedly
reduced the values of HW/BW, LVW/BW, HW/TL, LVPWd, LVIDd,
and LVIDs, showing the inhibiting of cardiac hypertrophy (Table S6).
HE staining of heart tissue sections and WGA staining were further
performed to investigate the histopathological morphology of ventri-
cles. In comparison with the model group treated with PBS, only the
NM + si-AAB + MSN group produced the smaller cross-sectional

Figure 5. Preparation and characterization of nanocomplex

(A) Transmission electron microscopy images of MSN and NM + si-AAB + MSN. Insets: the magnified images of individual particles. (B and C) Size distribution. (D) Surface
charge of MSN, NM + MSN, and NM + si-AAB + MSN was measured by dynamic light scattering and zeta potential. (E) N2 adsorption-desorption isotherms. (F) XRD pattern.
(G) LFA-1 and B2 Integrin protein level on NM and NM + si-AAB + MSN were detected by western blotting. (H and I) Western blot analysis of ICAM-1 expression in CMECs
induced by Ang Il for 24 h. Data are represented by means + SEM (n = 6). *p < 0.01 versus control group. (J and K) Cellular uptake of NM + si-AAB + MSN by CMs and
CMECs was observed by fluorescence microscopy after they were exposed to Ang Il for 24 h and then treated by NM + si-AAB + MSN, respectively. Data are represented by
means + SEM (n = 6). #p < 0.01 versus CM group. (L and M) Cellular uptake of si-AAB + MSN and NM + si-AAB + MSN by CMECs after treatment with Ang Il for 24 h. (N)
Confocal microscopy images of the intracellular localization of NM + si-AAB + MSN within CMECs at different time points. NM + si-AAB + MSN is labeled with FITC (green),
lysosomes are labeled with LysoTracker (red), and nuclei are stained with DAPI (blue). Yellow color represented colocalization of fluorescent signals from NM + si-AAB + MSN
and lysosomes. si-AAB: siRNA of IncRNA AAB. MSN, mesoporous silica nanocomplex. Scale bars, (A and B) 200 um; (J and N) 50 um.
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Figure 6. Silencing IncRNA AAB by NM + si-AAB + MSN reverses the ferroptosis of CMEC

(A) lllustration of the targeted recognition of NM + si-AAB + MSN, cellular uptake within a CMEC, intracellular cell membrane dissociation, MSN degradation, and siRNA
release. (B) INcRNA AAB expression level was determined by gRT-PCR in CMECs treated with the NM + si-AAB + MSN for 48 h at different siRNA doses. Data are rep-
resented by means = SEM (n = 6). *p < 0.05 and #p < 0.01 versus 0 M. (C and D) Cell viability of CMECs induced by Ang Il for 24 h was detected after treatment with si-AAB,

(legend continued on next page)
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area, exhibiting significant heart morphology protective effect (Fig-
ures 7] and 7K). To verify the siRNA-mediated in vivo cardiac hyper-
trophy inhibition, we further detected the related regulatory factors
by western blotting analysis. The protein levels of BNP and 3-MHC
in the si-AAB and si-AAB + MSN groups showed negligible change
compared with the model group, while the NM + si-AAB + MSN
group showed significant decrease, demonstrating the effective sup-
pression of cardiac hypertrophy by NM + si-AAB + MSN in vivo (Fig-
ures 7L and 7M). In addition, to investigate the effect of miR-30b-5p
on cardiac hypertrophy rats, we also developed a miR-30b-5p delivery
system based on NM-MSN (NM + miR-30b-5p + MSN). Our results
showed that NM + miR-30b-5p + MSN markedly improved cardiac
microvascular function and reversed cardiac hypertrophy the same
as NM + si-AAB + MSN (Figures S9A-S9J]). In general, the above
experimental data confirmed that NM + si-AAB + MSN and NM +
miR-30b-5p + MSN could target the damaged cardiac microvascular
endothelium and effectively inhibit ferroptosis, thus playing a protec-
tive role in the myocardium against cardiac hypertrophy.

DISCUSSION

Cardiac hypertrophy is a common response to multiple physiological
and pathological stimuli, ultimately leading to heart failure. Heart
failure is one of the most fatal cardiovascular diseases worldwide.*”
It is important to identify effective therapeutic targets that inhibit
maladaptive hypertrophy and subsequent heart failure. In the present
study, we found that IncRNA AAB was remarkably upregulated in
cardiac hypertrophy rats and this upregulation promoted ferroptosis.
The pro-ferroptotic action of IncRNA AAB was mediated by the
imbalance of MMP9/TIMPI via sponging miR-30b-5p. In contrast,
silencing IncRNA AAB and overexpressing miR-30b-5p alleviated
CMEC ferroptosis and improved the function of CMEC treated by
Ang II. In this study, the nanocomplex was rationally designed to
realize efficient si-AAB loading and cell membrane cloaking, and
thus to effectively perform its function of precise repair toward endo-
thelial injury in cardiac hypertrophy (Figure 8). The synthesis of the
nanocomplex included three steps (Figure 8A): (1) synthesis of mes-
oporous silica nanoparticle (MSN) with si-AAB (si-AAB + MSN), (2)
neutrophil membrane (NM) isolation from neutrophil, and (3) con-
struction of cell membrane-camouflaged si-AAB + MSN (NM + si-
AAB + MSN) complex. Moreover, the synthesis of NM + miR-30b-
5p + MSN was the same as NM + si-AAB + MSN. Silica nanoparticles
have been proved to be ideal nucleic acid vehicles for loading and de-
livery.">** The targeted delivery of NM + si-AAB + MSN was
achieved through the antibody LFA-1 and (2 Integrin on the neutro-
phil membrane, which specifically bound to ICAM-1 on the injured

endothelial cells*>*® (Figure 8B), considering the high expression of
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ICAM-1 in endothelial cells of hypertrophic hearts.”’ In addition,
our results indicated that the protein expression of ICAM-I was
markedly increased in CMECs induced by Ang IT and myocardial tis-
sue of cardiac hypertrophy rats. Upon uptake by CMECs, NM + si-
AAB + MSN was triggered to decompose in CMECs, and si-AAB
was consequently released into the cytoplasm for efficient silencing
of IncRNA AAB. Therefore, administration of NM + si-AAB +
MSN in a rat model of cardiac hypertrophy can effectively inhibit
CMEC ferroptosis, leading to preservation of viable CMECs and
augmentation of cardiac functions.

Recent studies on miRNAs have renewed our understanding about
the regulation of cardiac hypertrophy. Various studies, including
ours, have provided strong evidence that miRNAs play important
roles in cardiac hypertrophy.** > Notably, the expression of miR-
30b-5p was significantly downregulated in the rat model of cardiac
hypertrophy after AAC. In addition, miR-30b-5p in CMECs was resis-
tant to Ang II-induced damage under pathological stimulation.
Furthermore, more importantly, we found that forced expression of
miR-30b-5p attenuated CMEC ferroptosis and improved the function
of CMEC treated with Ang II. Our study elucidated the anti-ferrop-
totic effect and mechanisms of miR-30b-5p in cardiac hypertrophy,
and indicated that the exogenous application of miR-30b-5p might
be a novel therapeutic strategy for cardiac hypertrophy. In the present
study, enforced expression of miR-30b-5p resulted in a reduction of
TIMPI in CMECs. We also verified the interaction of TIMPI and
miR-30b-5p by luciferase assay. This indicated that the interaction be-
tween miR-30b-5p and TIMPI1 3'UTR actually existed in vitro. Our
present work used siRNA TIMPI to study its role in CMEC and
demonstrated that TIMP1 was a prerequisite for Ang II to initiate
injury of CMECs.

Mammalian genomes encode a large number of IncRNAs.’">?
IncRNAs are defined as having important functions in specific cell
types, tissues, and developmental conditions, such as structural scaf-
folding,S3 RNA processing,54 chromatin modification,” and the
regulation of apoptosis and invasion.”® Although IncRNAs are bio-
logically important, the role of IncRNAs in the regulation of
myocardial hypertrophy is not fully understood. Previous studies
have shown that IncRNAs may interact with miRNA as endogenous
sponge RNA and affect the expression of miRNA target genes. In
addition, we found other differentially expressed IncRNAs that con-
tained miR-30b-5p binding sites in myocardial hypertrophy rats. We
know that a single miRNA can regulate multiple targets, and a sin-
gle target can be co-regulated by multiple miRNAs. Besides, one
IncRNA may regulate multiple miRNAs and many IncRNAs form

si-AAB + MSN, and NM + si-AAB + MSN, respectively. (E) Immunofluorescence results of PECAM-1 in CMECs. (F) The miR-30b-5p mRNA level in CMECs. (G and H)
Western blot analysis of TIMP1, MMP9, and TFR-1 in CEMCs. (1) Statistical analysis chart of iron ions content. (J) Immunofluorescence results of ROS in CMECs of different
groups. (K) Statistical analysis chart of MDA content. (L) gRT-PCR analysis of the expression level of ptgs2 mRNA in CMECs. (M) Statistical analysis of CMEC mortality. Ang Il
group: CMECs were treated with 100 nM Ang Il for 24 h following by treatment with PBS for 48 h. si-AAB group: CMECs were given 100 nM Ang Il for 24 h following by
treatment with si-AAB for 48 h. si-AAB + MSN group: CMECs were given 100 nM Ang Il for 24 h following by treatment with si-AAB + MSN for 48 h. NM + si-AAB + MSN
group: CMECs were given 100 nM Ang Il for 24 h following by treatment with NM + si-AAB + MSN for 48 h. Data are represented by means = SEM (n = 6). *p < 0.01 versus
control group; *p < 0.05 and **p < 0.01 versus Ang Il group. Scale bars, (D) 10 um; (E and J) 50 pm.
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Figure 8. The mechanism of NM + si-AAB + MSN regulating cardiac hypertrophy via inhibiting the ferroptosis of CMEC
(A) The synthesis of NM + si-AAB+ MSN. (B) The targeted delivery of NM + si-AAB + MSN on the injured endothelial cells.

a complex IncRNA-miRNA-target regulatory network to participate
in the progression of cardiac hypertrophy. In the future, the
IncRNA-miRNA-target regulatory network should be systematically
investigated to reveal the mechanism of cardiac hypertrophy. For
example, Song et al found that inhibition of IncRNA Gm15834
attenuated autophagy-mediated myocardial hypertrophy via miR-
30b-3p/ULKI axis in mice.”” Other studies have shown that IncRNA
NEATI promoted cardiac hypertrophy through the microRNA-19a-

3p/SMYD2 axis.”® Our present work revealed a novel function of
IncRNA AAB in regulating cardiac hypertrophy. IncRNA AAB
served as a sponge of miR-30b-5p to regulate the imbalance of
MMP9/TIMPI, which activated hypertrophic responses. Our results
may provide new clues for understanding the cellular events
controlled by IncRNAs. The discovery of IncRNA in cardiac hyper-
trophy may provide a new way to explore the complex molecular
mechanism of cardiac hypertrophy.

Figure 7. Silencing IncRNA AAB by NM + si-AAB + MSN inhibits cardiac hypertrophy

(A) Scheme of time axis showing the design of animal study. (B and C) Detection of ICAM-1 protein expression by western blot analysis at different time points of AAC. (D)
Images of hearts with fluorescent signals of MSN after tail vein injection of PBS, si-AAB, si-AAB+MSN, and NM+si-AAB+MSN, respectively. (E) Electron microscopy was used
to observe morphological changes of mitochondria in CMECs. (F) Gelatin ink was injected into hearts after tail vein injection of PBS, si-AAB, si-AAB+MSN, and NM+si-
AAB+MSN for 4 weeks, respectively, and samples were observed via microscope. (G) Typical images of the echocardiography in different groups. (H-I) The echocardio-
graphic parameters including LVFS and LVEF were measured. (J and K) Representative sections of hearts stained for HE and WGA staining. (L and M) Detection of BNP and
B-MHC protein expression by western blot analysis in cardiac tissue of rats. Model group: rats were subjected to AAC and received vehicle (PBS, caudal vein injection) 24 h
later once every 2 days for 4 weeks. si-AAB group: rats were subjected to AAC and treated with si-AAB via tail vein injection 24 h later every 2 days for 4 weeks. si-AAB+MSN
group: rats were subjected to AAC and treated with si-AAB+MSN via tail vein injection 24 h later every 2 days for 4 weeks. NM+si-AAB+MSN group: rats were subjected to
AAC and treated with NM + si-AAB + MSN via tail vein injection 24 h later every 2 days for 4 weeks. Data are represented by means + SEM (n=6). **p <0.01 versus sham
group; **p <0.01 versus model group. Scale bars, (E) 1.0 um; (F) 200 um (x100); 100 um (x200); (J) 50 pm.
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Currently, many functional IncRNAs are known, and their regulatory
mechanisms have been widely elucidated. However, few efforts have
been made to develop effective in vivo regulatory strategies to improve
treatment outcomes. RNA interference technology is the most conve-
nient method because it has a strong ability to silence the expression
of target genes. However, due to the polyanion and biomacromolecule
characteristics of RNA interference therapies such as siRNA, specific
delivery vehicles are required to facilitate siRNA delivery in vivo.”>*
Nanotechnology has shown great promise for improvement of in vivo
siRNA delivery, and several RNA interference nanoparticle platforms
have been marketed or entered into early phase clinical trials for the
treatment of various diseases, especially liver diseases.’’ However,
effective and safe systemic delivery of siRNAs into heart in vivo re-
mains challenging, due to the complexities of cardiovascular disease.

In this study, we report a self-assembled neutrophil membrane-
camouflaged nanocomplex with a mesoporous core for siRNA-medi-
ated repair of endothelial injury in cardiac hypertrophy. Mesoporous
silica nanoparticle core possesses high siRNA loading capacity and
effectively protects NM + si-AAB + MSN from degradation in body
fluid. The si-AAB released long term at the endothelial injury site in-
hibits ferroptosis of CMECs, and therefore improves cardiac micro-
vascular function. More importantly, considering the potential clin-
ical application of this study, we compared the IncRNA AAB
sequence with the human homologous sequence and found that the
two sequences were well conserved (Figure S10). Furthermore, to
compare the NM nanoparticles and lipidosome for cell uptake, we
developed a delivery system based on the standard lipid-vesicle-
coated MSN, and then the cell uptake was evaluated via immunoflu-
orescence. The results indicated the NM nanoparticles were better
than the lipidosome for cell uptake (Figure S11). Therefore, our study
may provide a new therapeutic strategy for the clinical treatment of
cardiac hypertrophy.

In summary, our present work indicated that the MMP9/TIMPI
imbalance resulted in CMEC ferroptosis and, further, induced the
dysfunction of CMECs. MiR-30b-5p, an anti-hypertrophic miRNA,
showed an inhibitory effect on CMEC ferroptosis by targeting
TIMPI. Moreover, we have identified and revealed the important bio-
logical function of IncRNA AAB in cardiac hypertrophy. This
IncRNA could downregulate miR-30b-5p and thus induce the imbal-
ance of MMP9/TIMP1, leading to ferroptosis of CMECs. Using NM +
si-AAB + MSN and NM + miR-30b-5p + MSN to transport si-AAB
and miR-30b-5p could efficiently silence IncRNA AAB and overex-
press miR-30b-5p, and then inhibit the ferroptosis of CMECs in vivo.
The new strategy developed in this work showed great potential for
treatment of patients with cardiac hypertrophy.

MATERIALS AND METHODS

Ethics statement

The procedures for the use of animals (male Wistar rat; 200-250 g) in
this work were in accordance with the regulations of the Ethic Com-
mittees of Harbin Medical University-Daqing (ethics approval num-
ber: HMU20210801001) and conformed to the National Research

Council (NRC) Guide for the Care and Use of Laboratory Animals
(2011, 8™ edition).

Isolation of neutrophils

The neutrophils were isolated by Percoll gradient method. In brief,
blood samples were collected in a test tube containing 3.8% sodium
citrate, purified by centrifugation, and then resuspended in 2 mL of
PBS. The cells were carefully added into three layers of Percoll
gradient solution diluted at 78%, 69%, and 52% (v/v) in PBS and
centrifuged at 2,000 rpm for 20 min. Neutrophils were recovered
from interfaces 69% and 78% and from the upper layer of 78%. The
high-purity neutrophils were obtained by lysing the residual erythro-
cytes with 4°C lytic buffer.

Isolation of NM

The frozen neutrophils were homogenized after thawing. The homog-
enate was extracted, centrifuged (3,500 rpm, 5 min) at 4°C, and the
nuclei and intact cells were removed. The supernatant was centri-
fuged (20,000 rpm, 25 min) at 4°C to remove the precipitate and
mitochondria. The supernatant was then centrifuged (50,000 rpm,
1 h) at 4°C. The NM vesicles containing precipitation were collected
and washed with 0.2 mM EDTA Na, twice. The NM vesicles were
extruded on 400-nm and 100-nm polycarbonate membranes
for several times continuously. After 5 min of ultrasound, the mem-
branes were stored at —80°C for later use. The membrane content was
determined by Pierce BCA protein detection kit (Beyotime
Biotechnology).

Preparation and characterization of MSN nanoparticles covered
by NM

MSN nanoparticles (0.5 mg) were dispersed in siRNA of IncRNA
AAB or miR-30b-5p solution for 12 h under magnetic stirring. For
membrane coating, the NM vesicles underwent fusion with an equal
volume of MSN by ultrasound for 5 min, and the resulting specimens
were filtered 20 times using porous syringe filters with a membrane
pore size of 200 nm. After centrifugation (2,500 rpm, 10 min), excess
neutrophil membrane vesicles were removed, and NM + si-AAB +
MSN or NM + miR-30b-5p + MSN was obtained.

Images were captured by FEI Magellan 400 scanning electron micro-
scope (United States). N, adsorption-desorption isotherm was
measured on a Micrometitics Tristar 3000 system. Dynamic Light
Scattering (DLS) measurement and zeta potential were conducted
on a zeta sizer Nano series instrument (Nano ZS90). Protein analysis
was achieved by SDS-PAGE and western blot analysis.

Establishing cardiac hypertrophy model and detecting cardiac
function in vivo

AAC or sham surgery was performed on male Wistar rat as previously
described.®” The rats were randomly divided into five groups as fol-
lows: (1) sham group: the rats underwent sham operation and
received vehicle (PBS, caudal vein injection). (2) Model group: the
rats were subjected to AAC and received vehicle (PBS, caudal vein in-
jection). (3-5) The treatment groups: the rats were subjected to AAC
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and after 24 h treated with si-AAB, si-AAB + MSN, or NM + si-AAB +
MSN (50 nM siRNA dose per rat every 2 days for 4 weeks, caudal vein
injection). To investigate the effect of NM + miR-30b-5p + MSN on
cardiac hypertrophy rats, the rats were subjected to AAC and treated
with miR-30b-5p, miR-30b-5p + MSN, or NM + miR-30b-5p + MSN.
In addition, after 14 days of surgery, eight rats were randomly selected
from the model group and intraperitoneally injected with ferrostatin-
1 (Ferr-1; ferroptosis inhibitor; Xcess Biosciences) at a dose of 2 mg/
kg. In this study, rats were subjected to AAC and treated with the
above interventions randomly. Efficacy was evaluated based on
morphology, transthoracic echocardiography, and biomarker ana-
lyses in a blinded fashion. Finally, in the condition of anesthetization
with pentobarbital sodium (40 mg/kg), the rat was sacrificed by cer-
vical dislocation and the heart was removed rapidly after the last treat-
ment. Transthoracic echocardiography was performed according to
manufacturer’s guide for small animal echocardiography (Visual Son-
ica, Toronto, Ontario, Canada). The functional indicators included
LVPWd, LVIDd, LVIDs, LVES, and LVEF. In addition, left ventricu-
lar function was continuously recorded with BL-420N organism func-
tion experiment system (Cheng Du Tai Meng, China). The indicators
included left ventricular systolic pressure (LVSP), left ventricular end-
diastolic pressure (LVEDP), and maximum rate of left ventricular
pressure rise and fall (+dp/dt;,,, and —dp/dt,.y).

Histological analysis

The hearts of AAC rats or sham rats were quickly dissected and
immersed in 4% paraformaldehyde for 24 h and stained with HE or
FITC-labeled WGA staining for histopathology. Photographs of HE
staining were taken with a microscope and left ventricular cardiac
myocyte membranes were observed by fluorescent microscopy.

Isolation and culture of CMECs

The CMECs were isolated from Wistar rats (100-120 g) as previously
described.” In brief, the left ventricles of male rats were harvested and
minced into 1-mm? pieces after the epicardial coronaries and endo-
cardial endothelium were removed. The pieces of cardiac tissue
were dissociated by collagenase II and subsequently cultured in
DMEM/F12 supplemented with 1% VEGF, 1% endothelial cell
growth supplement (ECGS), 10% fetal bovine serum (FBS), and
100 pg/mL penicillin/streptomycin. Ang II (Sigma, St Louis, MO)
was used to establish the damage model of CMEC. CMECs were
randomly divided into five groups as follows: (1) control group: the
cell was incubated under normal conditions throughout the experi-
ments. (2) Model group: the cell was treated with 100 nM Ang II
for 24 h following by treatment with PBS for 48 h. (3-5) si-AAB
groups: the cells were given 100 nM Ang II for 24 h followed by treat-
ment with si-AAB, si-AAB + MSN, and NM + si-AAB + MSN for 48 h,
respectively. Moreover, the cells in the Ferr-1 group were given
100 nM Ang II for 24 h following by treatment with 2 uM Ferr-1
for 48 h.

Western blot

Protein from frozen CMECs and cardiac tissues was extracted. After
denaturation, proteins were separated by SDS-PAGE and transferred
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to nitrocellulose membrane. After blocking, the membranes were
incubated with primary antibodies and secondary antibodies. Pri-
mary antibodies included GAPDH (1:2,000, Sigma, St Louis, United
States), BNP (1:1,000, Sigma, St Louis, United States), 8-MHC
(1:2,000, Sigma, St Louis, United States), PECAM-1 (1:300, Abcam,
Cambridge, MA), H2AX (1:500, Cell Signaling Technology, Danvers,
MA), MMP9 (1:1,000, Cell Signaling Technology, Beverly, MA),
TIMPI (1:500, Abcam, Cambridge, MA), SLC7A11 (1:500, Abcam,
Cambridge, MA), GPx4 (1:1,000, Abcam, Cambridge, MA), ferropor-
tin 1 (Fpnl, 1:1,000, Abcam, Cambridge, MA), TFR-1 (1:1,000, Ab-
cam, Cambridge, MA), p-eNOS (Ser1177) (1:1,000, Cell Signaling
Technology, Beverly, MA), eNOS (1:1,000, Cell Signaling Technology,
Beverly, MA), LC3IT (1:2,000, Cell Signaling Technology, Beverly,
MA), Caspase-3 (1:300, Sigma, St Louis, United States), Bcl-2
(1:1,000, Cell Signaling Technology, Beverly, MA), RIP1 (1:1,000,
Cell Signaling Technology, Beverly, MA), RIP3 (1:1,000, Cell
Signaling Technology, Beverly, MA), 82 Integrin (1:20,000, Abcam,
Cambridge, MA), LFA-1 (0.1 pg/mL, Abcam, Cambridge, MA), and
ICAM-1 (1:5,000, Abcam, Cambridge, MA). The nitrocellulose mem-
branes were treated with ECL reagents prior to visualization using an
Imaging System (LI-COR Biosciences). The specific protein expres-
sion levels were normalized to the levels of GAPDH on the same
nitrocellulose membrane.

Electron microscopy

To detect the changes of mitochondria in CMECs during cardiac hy-
pertrophy, electron microscopy was conducted as described previ-
ously.”’ Heart tissues were fixed at 4°C with 2% glutaraldehyde in a
0.1 M sodium cacodylate buffer and postfixed for 1 h on ice with
1% osmium tetroxide. The slices were stained with uranyl acetate
and observed under an electron microscope (HITACHI HT7650,
Japan).

Gelatin-ink staining

To observe the patency of the microvasculature, gelatin ink (3%
gelatin and ink) was injected into the heart via the jugular vein at
a room temperature of 30°C. Then, the hearts were cut and
maintained at 4°C for 1 h. Cryosections was performed after 4%
paraformaldehyde fixation and the samples were observed under a

: 64
microscope.

Iron measurements

The cardiac tissue and CMECs were pretreated in PBS. The superna-
tant was collected after centrifugation. The iron level was determined
by the Iron Assay Kit (ab83366, Abcam) according to the manufac-
turer’s instructions.

ROS detection

The cells were inoculated in a six-well plate with cover glass, cultured
for 24 h, then 2,7-dichlorodi-hydrofluorescein diacetate (DCFH-DA)
serum-free medium with a final concentration of 10 pM was added,
and the fluorescent probe was vibrated every 3-5 min to make full
contact with the cells. The cells were washed with fresh culture solu-
tion three times to fully remove the DCFH-DA that did not enter the
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cells. Fluorescence microscopy was used to detect fluorescence inten-
sity of ROS in cells under the excitation wavelength of 488 nm and
emission wavelength of 525 nm.

Oxidative stress measurements

The levels of MDA and GSH, and the enzymatic activities of SOD,
Mn-SOD, Cu/Zn-SOD, GSH-PX, and CAT, were detected with
different detection kits according to the manufacturer’s instructions
(Nanjing Jian Cheng Bioengineering Institute).®”

gRT-PCR

Total RNA of cardiac tissues and CMECs was extracted with TRIzol
reagent (Invitrogen) and reverse transcribed with RT-PCR kit (Ta-
kara, Japan). Quantification of gene expression was performed using
NanoDrop One (Thermo Fisher Scientific, Waltham, United States).
mRNA levels were detected by QRT-PCR and normalized to the levels
of B-actin expression. Primer sequences are listed in Table S7.

NO and cGMP measurement

NO levels were detected by testing the levels of nitrite and nitrate, fol-
lowed by the stable degradation products of NO (Griess reaction NO
assay kit; Calbiochem). Moreover, the level of cGMP was determined
by using a cGMP complete ELISA kit (cGMP Assay Kit; Abcam)
following the manufacturer’s protocol.

Immunohistochemistry staining

Immunohistochemistry assay was performed by using antibody
PECAM-1. Staining was performed with DAB Kit (Sangon Biotech;
Shanghai) according to the manufacturer’s instructions.

Immunofluorescence assay

Immunofluorescence assay was performed by using antibody
PECAM-1. Briefly, CMECs were fixed with 4% paraformaldehyde,
permeabilized using 0.2% Triton X-100, and incubated with anti-
PECAM-1 (1:50, Abcam, Cambridge, MA) at 4°C overnight. There-
after, the samples were washed three times with PBS and incubated
with FITC conjugated species-specific secondary antibody. Then,
DAPI (Beyotime Biotechnology, Shanghai, China) was counter-
stained for the identification of nuclei. Photographs were acquired
by using a fluorescence microscope.

The different uptake capacities of NM + si-AAB + MSN by CMs and
CMECs were verified by immunofluorescence. The nuclei of cells
were stained with DAPI (blue), and NM + si-AAB + MSN was labeled
with FITC (green). Moreover, to verify the successful lysosomal
escape of NM + si-AAB + MSN in CMECs, fluorescent colocalization
was tracked by confocal microscopy.

Cell viability assay

To investigate the cell viability, MTT assay was performed. In brief,
CMECs were seeded into 96-well plates and cultured. Cell counting
kit-8 (CCK-8; Dojindo Molecular Technologies) was used to measure
cell viability according to the manufacturer’s protocol. Absorbance
was measured at 450 nm using a microplate reader.

Endothelial cell wound healing migration assay

According to Cerezo’s method,®® briefly, when the cells achieved
100% confluence, we made a straight lesion using a sterile 200-uL
pipette tip in the center of the monolayer. The wounds were photo-
graphed by using phase-contrast microscopy on an inverted micro-
scope (Nikon, Tokyo, Japan). Six independent experiments were car-
ried out.

Tube formation assay

Collagen gels (10 mg/mL) were formed by adding Matrigel (Becton
Dickinson) into a 24-well plate according to the manufacturer’s in-
struction. CMECs were seeded on coated plates at 1.5 x 10° cells/
well and incubated at 37°C for 1 h. Tube formation was observed
and photographed by using a phase-contrast microscope.

Cellular uptake of si-AAB + MSN and NM + si-AAB + MSN

The cellular uptake efficiency of si-AAB + MSN and NM + si-AAB +
MSN by CMECs was detected by flow cytometry. Briefly, CMECs
were seeded on a 12-well plate with a density of 1.0 x 10° cells per
well in 1 mL of endothelial culture medium (ECM) and cultured
for 24 h. Next, the cells were incubated with the si-AAB + MSN
and NM + si-AAB + MSN respectively for 4 h. Then the cells were
washed with PBS three times to completely remove excess si-AAB +
MSN and NM + si-AAB + MSN. The harvested cells were treated
with trypsin for 2 min, centrifuged at 2,000 rpm for 3 min, and
then the cell debris was suspended in 300 uL of PBS. Fluorescence in-
tensity of cellular uptake was measured using an FACS Aria I spectral
analyzer (Becton Dickinson, United States).

Vector construction and transfection

The full-length of TIMPI and IncRNA AAB were synthesized by PCR
and inserted into pcDNA3.1 vector. In addition, pcDNA3.1 empty
vector was used as a negative control. CMECs were washed with
serum-free medium and then incubated in 5 mL of serum-free me-
dium for 4-6 h for transfection. TIMPI, IncRNA AAB, or control vec-
tors (1 pg/mL) and x-treme GENE siRNA (Invitrogen, Carlsbad, CA)
were separately mixed with 300 pL of serum-free medium for 5 min.
Then, two mixtures were combined and incubated at room tempera-
ture for 18 min. Finally, the plasmid mixture and x-treme GENE
siRNA were added to the CMECs and incubated at 37°C for 24 h.

miRNA mimic, siRNA construction, and transfection

MiR-30b-5p mimics and siRNA sequences that target to TIMPI and
IncRNA AAB were synthesized by Gene Pharma (Shanghai Gene
Pharma, China). Primer sequences are listed in Table S7. CMECs
were washed with serum-free medium and then incubated in 5 mL
of serum-free medium for 4-6 h for transfection. MiR-30b-5p mimics
or control vectors (1 pg/mL) and x-treme GENE siRNA (Invitrogen,
Carlsbad, CA) were separately mixed with 300 pL of serum-free me-
dium for 5 min. Then, two mixtures were combined and incubated at
room temperature for 18 min. Finally, the mixture and x-treme
GENE siRNA were added to the CMECs and incubated at 37°C for
24 h. Cells were divided into six groups: (1) control group; (2) Ang
IT group; (3) Ang II + miR-30b-5p group, with cells exposed to Ang
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II for 24 h and then treated with miR-30b-5p mimics for 24 h; (4) Ang
II + miR-30b-5p + AMO group, with cells exposed to Ang II for 24 h
and then treated with miR-30b-5p mimics and AMO-miR-30b-5p for
24 h; (5) Ang II + NC-miR-30b-5p group, with cells exposed to Ang IT
for 24 h and then treated with NC-miR-30b-5p for 24 h; (6) Ang II +
NC-AMO group, with cells exposed to Ang II for 24 h and then
treated with NC-AMO-miR-30b-5p for 24 h. IncRNA AAB was
silenced as follows: CMECs were seeded in six-well plates (50,000 cells
per well) and incubated in 2 mL of DMEM containing 10% FBS for 24
h. Subsequently, the medium was replaced by fresh medium and then
the NM + si-AAB + MSN complexes were added to silence the
IncRNA AAB expression. After incubation for 24 h, the cells were
washed with PBS solution and further incubated in fresh medium
for another 48 h.

Luciferase reporter assays

The TIMPI 3'UTR and IncRNA AAB full-length sequences contain-
ing miR-30b-5p binding sites were amplified by PCR. For luciferase
assay, cells were seeded in 48-well plates in triplicate, and 40 ng/
well luciferase reporter vector, 10 pmol miR-30b-5p mimic, or mimic
control were co-transfected into plates using Lipofectamine 2000 (In-
vitrogen). Cells were lysed at 24 h after transfection, and luciferase ac-
tivity was determined using the Dual Luciferase Reporter Assay kit
(Promega).

Cell death assay

Cell death was determined by trypan blue exclusion, and the numbers
of trypan blue-positive and trypan blue-negative cells were counted
on a hemocytometer.

Statistical analysis

The data were analyzed by Statistical Product and Service Solutions
(SPSS) 19.0 statistical software (SPSS, Chicago, IL) and Origin 9.1.
The quantitative data were represented as the mean + SEM. Analyses
of multiple group comparisons were performed with one-way anal-
ysis of variance (ANOVA). p < 0.05 was considered as a statistically
significant difference.
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