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Abstract

Background: Apelin is an endogenous prepropeptide that regulates cardiac homeostasis and
various physiological processes. Intravenous injection has been shown to improve cardiac
contractility in patients with heart failure. However, the short half-life prevents studying its impact
on left ventricle remodeling in the long term. Here, we aim to study if microparticle-mediated slow
release of apelin improves heart function and left ventricular remodeling in mice with myocardial
infarction (MI).

Methods: Cardiac patch was fabricated by embedding apelin-containing microparticles in a
fibrin gel scaffold. M1 was induced via permanent ligation of the left anterior descending
coronary artery in adult C57BL/6J mice followed by epicardial patch placement immediately
after (acute MI) or 28 days (chronic MI) post MI. Four groups were included in this study,
namely sham, MI, Ml plus empty microparticle-embedded patch treatment, and Ml plus
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apelin-containing microparticle-embedded patch treatment. Cardiac function was assessed by
transthoracic echocardiography. Cardiomyocyte morphology, apoptosis, and cardiac fibrosis were
evaluated by histology. Cardioprotective pathways were determined by RNA sequencing, g-PCR,
and western blot.

Results: The level of endogenous apelin was largely reduced in the first seven days after MlI
induction, and it was normalized at day 28. Apelin-13 encapsulated in poly (lactic-co-glycolic
acid) (PLGA) microparticles displayed a sustained release pattern for up to 28 days. Treatment

of apelin-containing microparticle-embedded patch inhibits cardiac hypertrophy and reduces

scar size in both acute and chronic MI models, which is associated with improved cardiac
function. Data from cellular and molecular analysis showed that apelin inhibits the activation and
proliferation of cardiac fibroblasts by preventing transforming growth factor-p mediated activation
of Smad2/3 and downstream profibrotic gene expression.

Conclusions: PLGA microparticles prolonged the apelin release time in the mouse hearts.
Epicardial delivery of apelin-containing microparticle-embedded patch protects mice from both
acute and chronic Ml induced cardiac dysfunction, inhibits cardiac fibrosis, and improves left
ventricular remodeling.
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INTRODUCTION

Heart disease continues to be the leading cause of death in the United States and is estimated
to be responsible for one out of every four deaths totall-2. Myocardial infarction (M1), in
which heart tissue dies in response to a lack of oxygen, is estimated to occur in about
605,000 annual new cases and 200,000 recurrent annual casest. Mammalian cardiomyocytes
lose their cell cycle and regeneration capacity soon after birth. Hence, loss of myocardium
due to injuries, such as acute MI, often leads to fibrotic scar and depressed cardiac functions.
Infarct size is the major determinant of prognosis in these patients3. Despite the success of
interventional coronary procedures to restore blood perfusion, morbidity and mortality from
acute M1 are still significant. Developing cardioprotective strategies to reduce infarct size is
urgently needed for treating ischemic heart disease.

Circ Res. Author manuscript; available in PMC 2025 September 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tang et al.

Page 3

Apelin is a 77 amino acid prepropeptide expressed naturally in various tissues of different
species, including mouse, rat, bovine, and human?. It is processed into peptides of varying
lengths, including fragments apelin-36, apelin-17, and apelin-13, which serve as ligands
binding with the G protein-coupled receptor APJ in varying affinities®5. Apelin-13 has
the highest biological activity among these three active peptides’. Apelin knock-out mice
are viable and fertile and appear healthy, suggesting that apelin is dispensable for fetal
and postnatal development8. However, apelin appears to be important for the cardiac
repair of adult hearts post injury. Apelin knockout renders mice susceptible to aging- or
aorta constriction-induced cardiac dysfunction®. In animal studies, acute administration of
apelin reduced end-diastolic area in the left ventricle and increased its elastance without
hypertrophy of the myocardium®. Another study suggested that regularly infusing pyr-
apelin-13, after severe heart failure restored the levels of apelin in the Dahl salt-sensitive
rats and prevented cardiac dysfunction®. This indicates that heart failure could be associated
with a decrease in apelin levels, which is treatable with exogenous apelin.

Short-term cardiac benefits have also been demonstrated in humans. Administration of
apelin-13 and pyr-apelin-13 to healthy human subjects both venously and arterially resulted
in significant arterial vasodilation!! and peripheral vasodilatation with reduced preload and
afterload!2. These studies confirmed that apelin exhibits similar effects in humans as in the
mice/rat models with regard to vasodilatation. It has been noted that, while plasma levels of
angiotensin-converting enzyme 2 (ACE2) tend to increase in hypertension and heart failure
patients, apelin infusion has been shown to stop cardiac hypertrophy and hypertension
associated with this increase in ACE213. A critical issue associated with exogenous apelin
use as a novel therapeutic is its relatively short half-lifel4. Treatment with apelin analogues
with longer half-life showed greater recovery of heart function following induced ischemic
injury®,

An advantage of nanoparticles or microparticles is to produce a sustained release of
therapeutic drugs to the targeted tissues, thus increasing their efficacy6. For example,
nanoparticles have been used to deliver pro-angiogenic growth factors to the post-Ml
animals and confer cardioprotectionl”-18, We recently reported that nanoparticles formulated
with therapeutic agents can be delivered to post-MI animal hearts via a fibrin patch,

and the slow release of the agents provides prolonged cardioprotection with a single
treatment9:20, M1 is associated with the development of a fibrotic scar in the myocardium
due to collagen deposition which replaces the lost cardiomyocytes and contributes to the
development of heart failure2L. This occurs by the differentiation of cardiac fibroblasts

into myofibroblasts. Previous studies have shown that apelin is able to decrease collagen
levels in the extracellular matrix (ECM) and reduce cardiac hypertrophy22. Due to the
hydrophilic property of apelin, its nanoparticle formulations generated by the traditional
double emulsion solvent evaporation approach may not be able to provide a sufficiently
high drug encapsulation efficiency and long duration of release?324, In this study, we

aim to determine the therapeutic effect of apelin using a microparticle delivery method in
post-MI mice. To enhance the encapsulation efficiency and prolong the release, we first
loaded apelin in nanofibers with co-axial electrospinning and then processed the nanofibers
into microparticles using cryomilling. We hypothesize that delivering apelin-containing
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microparticles through an epicardial patch will reduce the fibrotic scar and improves cardiac
function.

ility
The data underlying this article will be shared on reasonable request to the corresponding

authors. All RNA sequencing data in this study were deposited in NCBI SRA database
(access number PRINA1121053).

Detailed methods on animal protocol approval, surgery, generation of microparticles,
echocardiography, hiPSC culture and differentiation, RNA Sequencing and bioinformatic
analysis, gRT-PCR, western blotting, immunohistology, heart biomechanical analysis, and
statistical analysis are provided in the Online Supplemental Materials.

Impact of Hypoxia on Apelin Signaling In Vitro and in Post-MI Mouse Hearts

It was reported that APJ is the receptor responsible for the function of apelin’. To study

the impact of ischemia on the expression of apelin and APJ, we evaluated the expression of
apelin and its receptor APJ in mouse hearts at day 3, day 7, and day 28 post-MI by Western
blot analysis. Our data revealed that the expression of apelin was significantly reduced on
days 3 and 7 post-Ml, but returned to normal on day 28. Interestingly, the expression of
APJ displayed a negative association with apelin, i.e., the expression of APJ significantly
increased on day 3 and 7 post-MI, but its expression was reduced on day 28 (Figure 1A-1B).
We also examined the expression of sarcomere proteins, such as titin and a-actinin 2, in
post-MI hearts. Our data showed that the expression of these molecules decreased on days
3, 7, and 28 after MI (Supplemental Figure 1A-1B), which is consistent with the loss

of cardiomyocytes. Mechanisms underlying the reduction of apelin level in the first week
post-MlI are not clear. Although the loss of cardiomyocytes might be involved, the activation
of the renin-angiotensin-aldosterone system may also contribute to this mechanism, as
increased ACE2 during heart failure leads to cleavage of apelin2>:28,

To analyze the effects of ischemia on the cell type specific apelin signaling in the heart,

we differentiated human induced pluripotent stem cells into cardiomyocytes (hiPSC-CMs),
endothelial cells (hiPSC-ECs), and fibroblasts (hiPSC-FBs), which are the three main cell
types in the heart. Immunostaining was performed using antibodies against cTnT (for
hiPSC-CMs), CD31 (for hiPSC-ECs), and Vimentin (for hiPSC-FBs) to confirm the identity
of these cells (Supplemental Figure 2A-2C). The hiPSC-CMs, -ECs and -FBs were then
subject to hypoxia for up to 72 hours (Supplemental Figure 2D-2F). The levels of apelin
expression and secretion in these cells were measured by quantitative polymerase chain
reaction (g-PCR) and enzyme-linked immunosorbent assay (ELISA) at 24, 48 and 72 hours
after hypoxia. Data from the q-PCR experiments showed that hypoxia led to an increase in
apelin expression and a decrease in APJ expression in the hiPSC-CMs. The effect of hypoxia
on apelin and APJ expression in these cells was most pronounced during the first 24 hours
and gradually decreased over the course of prolonged hypoxia (Figure 1C). Hypoxia did

Circ Res. Author manuscript; available in PMC 2025 September 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tang et al.

Page 5

not have a significant impact on apelin and APJ expression in hiPSC-ECs (Figure 1D) and
hiPSC-FBs (Figure 1E) for the entire 72-hour period. Additionally, data from the ELISA
experiment showed that the concentrations of apelin in the culture medium of hiPSC-CMs
increased continuously (Figure 1F), suggesting that hypoxia stimulated the secretion of
apelin from hiPSC-CMs. Furthermore, there was no notable change in apelin concentrations
in the culture medium hiPSC-ECs over the 72-hour period of hypoxia (Figure 1F). The
concentration of apelin in the culture medium of hiPSC-FBs was too low to be detected
(data not shown). To confirm the data from g-PCR experiments, we also performed Western
blot to check the expression of apelin and APJ in hiPSC-CMs, -ECs, and -FBs after 72
hours of hypoxia. Our data confirmed that hypoxia stimulated the expression of apelin while
it inhibited the expression of APJ in hiPSC-CMs (Figure 1G-1H), but not in hiPSC-ECs
(Figure 11-1J) and hiPSC-FBs (Figure 1K-1L).

To further understand the direct impact of apelin on the expression of APJ receptors, we
examined APJ expression in hiPSC-CMs treated with apelin. The doses of apelin used in
preclinical studies varied from 0.01 nM to 280 nM?22:27.28 However, clinical trials on apelin
treatment for chronic heart failure showed a dose-dependent response for improved cardiac
outcome?2, Therefore, we performed a dose-dependent study to determine the optimal
dosage for apelin treatment. Due to the presence of a luciferase gene in our hiPSC-CMs,
we were able to estimate the number of cells in culture by measuring bioluminescent
signal intensity when the cells were exposed to luciferin as we reported before2°. Our data
indicated that increasing the dose of apelin (from 1 to 50 uM) did not alter the number of
hiPSC-CMs (Supplemental Figure 3A-3B). Similarly, results from CCK8 assays revealed
that higher doses of apelin did not change the survival of primary mouse fibroblasts in
culture (Supplemental Figure 3C). We also investigated the effects of apelin on fibroblast
activation and found that TGF-B (10 ng/mL) stimulated the expression of FGF2, COL1A1,
MMP14, and TIMP1, which are the markers for fibroblast activation. Apelin was able to
inhibit this activation, with the most significant effects seen at doses of 10 uM and 20 uM
(Supplemental Figure 3D). Since no significant cytotoxic effects were observed at higher
doses, we selected 20 M as the optimal concentration of apelin for this project. Subsequent
evaluation of APJ expression in hiPSC-CM cultures treated with apelin (20 uM) through
Western blot analysis revealed that apelin suppresses APJ expression (Figure 1IM-1N).
Taken together, our data indicates that hypoxia induces apelin expression and release of
apelin primarily in cardiomyocytes, but not in endothelial cells or fibroblasts. Additionally,
an elevated level of apelin suppresses APJ expression.

Microparticle-mediated Slow Release of Apelin Preserve Heart Function in Mice with Acute

Mi

Preclinical studies showed that acute administration of apelin reduced preload and afterload
in heart failure animal models®10, Data from clinical trials have shown that the intravenous
injection of apelin to patients with heart failure improves cardiac function, suggesting that
apelin is a cardioprotective agent!2. We observed a decrease in the expression of apelin

in the post-MI mouse hearts during the first 7 days after MI. Therefore, we hypothesize
that delivery of exogenous apelin to ischemic myocardium may protect mice from heart
failure. Although intravenous administration of apelin has been proven to be effective in
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patients with heart failure, the cardiac functional improvement is rather transient (i.e., 30-40
minutes) due to the short half-life of apelin in circulation39, which makes it difficult to study
the impact of apelin treatment on left ventricular remodeling in the long term. For example,
it remains unknown how apelin affects cardiac fibrosis. To address this issue, we formulated
poly(lactic-co-glycolic acid) (PLGA) microparticles carrying apelin-13, an active form of
apelin. We analyzed the size and release kinetics of apelin from microparticles with the
apelin ELISA kit. Our data suggested that the sizes of microparticles ranged from 1 ~ 5 um
(Figure 2A-2B). The encapsulation efficiency of Apelin was 86.7 £+ 2.5%. Around 78% of
apelin was released in the first 7 days, which is the time that apelin level is significantly
reduced in post-MI hearts. After the first seven days, the release of apelin was stable, with
approximately 96% of apelin released by day 28 (Figure 2C-2D). We also evaluated the
release of apelin from the microparticle-embedded fibrin-thrombin gel patch. About 62% of
apelin was released within the first seven days, in line with the time frame of reduced apelin
levels in post-MI hearts. After the initial seven days, the release of apelin remained steady,
with approximately 84% of apelin released by day 28 (Figure 2E-2F). Therefore, the use of
fibrin-thrombin gel patch further extended the duration of apelin release from microparticles.

It has been reported that nanoparticles containing cardioactive agents can be delivered to

the injured heart either by direct intramyocardial injection or through a cardiac patch!819.
To determine the optimal delivery methods for our project, we generated fluorescent FITC-
albumin-containing microparticles, and embedded them into fibrin-thrombin gel patches. We
then compared the fluorescent retention time in mouse hearts after intramyocardial injection
of these microparticles versus epicardial delivery of fibrin-thrombin patches containing
these microparticles. The FITC fluorescent signal in mice was determined using the IVIS
Spectrum In Vivo Imaging System (PerkinElmer Inc., Waltham, MA) at days 7 and 14 post
microparticle delivery (Supplemental Figure 4A). Quantification of FITC fluorescent signal
intensity indicated that intramyocardial injected microparticles had a short retention time,
i.e., less than 7 days while microparticles embedded in the patch had better retention and the
signal was detectable even after 14 days (Supplemental Figure 4B). Therefore, we decided to
deliver the apelin-loaded PLGA microparticles to animal hearts via the epicardial patch.

First, we tested the myocardial repairing potency of epicardial delivery of the apelin-
containing microparticles in the fibrin-thrombin patch in mice with acute Ml (Figure 2G).
The patch was created using a custom-made mold and was transplanted onto the heart to
cover the anterior wall of the left ventricle. The animals were allowed to recover for 28 days.
One month later, the patch was still present in the epicardial area of the animals’ hearts
(Figure 2H). Data from transthoracic echocardiography indicated that epicardial delivery

of apelin-containing microparticle-embedded patches protected mice from Ml-induced
cardiac dysfunction (Figure 21), as evidenced by preserved EF and FS in apelin-containing
microparticle treated mice compared to Ml only (EF: 36.83% + 1.92% vs. 20.03% +
1.00%, p < 0.05; FS: 17.85% + 1.05% vs. 9.20% = 0.48%, p < 0.05), or MI plus empty
microparticle patch-treated mice (EF: 36.83% + 1.92% vs. 21.64% + 1.19%, p < 0.05;

FS: 17.85% + 1.05% vs. 9.95% + 0.57%, p < 0.05) (Figure 2J-2K). Apelin treatment also
significantly reduced the left ventricular end-systolic diameter (LVESD) and left ventricular
end-diastolic diameter (LVEDD) compared to Ml only (LVESD: 3.96 £ 0.16 mm vs. 4.87
+0.19 mm, p <0.05; LVEDD: 4.76 £ 0.15 mm vs. 5.29 + 0.19 mm, p<0.05), or Ml plus
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empty microparticle patch-treated mice (LVESD: 3.96 = 0.16 vs. 4.53 £ 0.13, p < 0.05;
LVEDD: 4.76 + 0.15 mm vs. 5.03 + 0.13 mm, p < 0.05) (Figure 2L-2M).

Apelin Prevents Cardiac Hypertrophy and Fibrosis and Improves Myocardial Biomechanics
in Mice with Acute Ml

We used the heart weight to body weight (HW/BW) ratio and cardiomyocyte minimal fiber
diameter (MFD) as indexes to evaluate cardiac hypertrophy (28 days after Ml) as reported
before31-33, Our data revealed that, compared to mice received sham operation, the HW/BW
ratio (Figure 3A) and MFD (Figure 3B-3C) were significantly increased in post-MI mice
without microparticle treatment (HW/BW ratio: 7.18 + 0.50 vs. 4.81 + 0.15, p < 0.001;
MFD: 17.08 + 0.82 vs. 12.53 + 0.55 pm, p < 0.001) or with empty microparticle patch
treatment (HW/BW ratio: 7.12 £ 0.44 vs. 4.81 + 0.15, p < 0.001; MFD: 16.36 + 0.37 vs.
12.53 + 0.55 pm, p < 0.001). However, HW/BW ratio and MFD were reduced in post-Ml
mice receiving the apelin-containing microparticle treatment compared to mice without
microparticle treatment (HW/BW ratio: 5.81 + 0.17 vs. 7.18 + 0.50, p < 0.05; MFD: 13.77
+0.45vs. 17.08 + 0.82 um, p < 0.01) or with empty microparticle patch treatment (HW/BW
ratio: 5.81 £ 0.17 vs. 7.12 £ 0.44, p > 0.05; MFD: 13.77 £ 0.45 vs. 16.36 = 0.37 um, p <
0.05). This data suggests that epicardial delivery of the apelin-containing microparticle patch
prevents MI-induced cardiac hypertrophy. Cardiac fibrosis contributes to the development
of heart failure after MI. The large scar formed by excessive fibrosis results in arrhythmia
and cardiac dysfunction. We assessed the size of fibrotic scar in post-MI mice (Figure 3D)
and found that the scar size in mice receiving apelin-containing microparticle treatment was
significantly smaller compared to those without microparticle treatment (12.07% + 1.63%
Vvs. 26.49% + 3.18%, p < 0.001) or with empty microparticle patch treatment (12.07% +
1.63% vs. 22.22% + 2.34%, p < 0.01) (Figure 3E).

Biaxial mechanical behavior of the mouse heart left ventricle tissue showed that the

post-MI hearts tended to have stiffer stress-stretch curves in both the circumferential

and the longitudinal directions compared to control (Sham) hearts, and treatment with
apelin-containing microparticle patch mitigated the myocardial stiffening (Figure 3F).
Quantitatively, the stiffening was demonstrated by comparing the measured directional
extensibilities in M1 only mice to Sham (A¢: 1.0157 + 0.0050 vs. 1.0302 £ 0.0051, p <
0.05; A: 1.0442 + 0.0056 vs. 1.0553 + 0.0024; p = 0.085) (Figure 3G-3H). MI mice treated
with empty patch also showed moderate stiffening in both directions with circumferential
direction less affected compared to the control (A¢: 1.0257 + 0.0081 vs. 1.0302 £ 0.0051,

p =0.629; A : 1.0445 £ 0.0006 vs. 1.0553 + 0.0024; p = 0.074) (Figure 3G-3H). Lastly,

MI mice treated with the apelin-containing microparticle patch showed a biaxial mechanical
behavior that was close to the control, though it did not reach a significant level (A¢: 1.0263
+0.0034 vs. 1.0302 £ 0.0051, p = 0.567; A.: 1.0580 + 0.0103 vs. 1.0553 + 0.0024; p =
0.776) (Figure 3G-3H). Furthermore, the biaxial mechanical behavior of MI mice treated
with the apelin-containing microparticle patch was significantly improved compared to Ml
only mice (A : 1.0580 + 0.0103 vs. 1.0442 + 0.0056, p < 0.05), or MI mice treated with
empty microparticle patch (A: 1.0580 + 0.0103 vs. 1.0445 + 0.0006, p < 0.05) (Figure
3G-3H). The overall tissue extensibilities of the four groups, quantified by areal strains

at the measured stress level, were significantly reduced in MI only mice as compared to
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Sham mice (6.06 £ 0.45% vs. 8.71 £ 0.54%, p <0.01). However, it is significantly improved
in MI mice treated with the apelin-containing microparticle patch compared to Ml only
mice (8.58 £ 1.13% vs. 6.06 £ 0.45%, p<0.01) (Figure 31). Therefore, treatment with the
apelin-containing microparticle patch improved biomechanical properties in the post-Ml
hearts.

Apelin Reduces Cardiomyocyte Apoptosis and Promotes Vasculogenesis in Mice with

Acute Ml

Cardiomyocyte death due to insufficient blood supply contributes to the development

of heart failure following MI. We studied the effects of treating post-MI mice

with apelin-containing microparticle patches on cardiomyocyte apoptosis using terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining (Figure 4A). Our
data indicated that, compared to mice that underwent the sham operation, the prevalence

of apoptotic cardiomyocytes was higher in post-MI mice that did not receive microparticle
treatment (38.63 + 1.60% vs. 3.64 + 0.45%, p < 0.001) or received empty microparticle
patch treatment (36.76 £ 0.71% vs. 3.64 + 0.45%, p < 0.001). Treatment with the apelin-
containing microparticle patch significantly reduced Ml-induced cardiomyocyte apoptosis as
compared to mice that did not receive microparticle treatment (22.86 + 1.84% vs. 38.63 +
1.60%, p < 0.001) or received treatment with empty microparticle patch (22.86 + 1.84% vs.
36.76 + 0.71%, p < 0.001) (Figure 4B). Additionally, we assessed the effects of the apelin-
containing microparticle patch on vasculogenesis by using immunostaining with antibodies
against CD31, a membrane protein found in vascular endothelial cells and commonly used
to assess vasculogenesis in heart tissues (Figure 4C). Our data showed that, compared to
mice that underwent the sham operation, the vessel density (i.e., CD31 positive cells) was
significantly lower in mice that did not receive microparticle treatment (1,661 + 54 vs.
3,182 + 122 per mm2, p < 0.001) or received treatment with empty microparticle patch
(1,697 £ 29 vs. 3.64 + 0.45 per mm2, p < 0.001). However, treatment of apelin-containing
microparticle patch significantly increased vessel density as compared to mice that did not
receive microparticle treatment (2,196 + 131 vs. 1,661 + 54 per mm?2, p < 0.01) or received
treatment with empty microparticle patch (2,196 + 131 vs. 1,697 + 29 per mm2, p < 0.05)
(Figure 4D), which is consistent with the previous report that apelin induces the assembly
of endothelial cells and promotes vasculogenesis3*. Furthermore, we examined the effect
of apelin-containing microparticle treatment on inflammation in the myocardium of mice
that received patch treatment versus controls by performing immunostaining for CD206 (a
marker for M2 macrophages) and neutrophil elastase (a marker for neutrophils) (Figure 4E
and 4G). Our data showed that, compared to sham-operated mice, there was a significant
increase of inflammatory cell infiltration in post-MI mice that did not receive microparticle
treatment (CD206: 1,212 + 157 vs. 249 + 32 per mm?, p < 0.001; neutrophil elastase: 1,581
+ 71 vs. 205 + 30 per mmZ, p < 0.001) or in animals that received empty microparticle
patch (CD206: 1,116 + 157 per mm? vs. 249 + 32 per mm?, p < 0.001; neutrophil elastase:
1,583 + 169 vs. 205 + 30 per mm2, p < 0.001). Treatment with the apelin-containing
microparticle patch significantly reduced inflammatory cell infiltration in post-MI mice than
those without microparticle patch treatment (CD206: 628 + 43 vs. 1,212 + 157 per mm2, p <
0.05; neutrophil elastase: 929 + 71 vs. 1,581 + 71 per mm2, p < 0.01), or those treated with
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empty microparticle patch (CD206: 628 + 43 vs. 1,116 + 157 per mm?2, p < 0.05; neutrophil
elastase: 929 + 71 vs. 1,583 + 169 per mm?, p < 0.01) (Figure 4F and 4H).

Apelin Inhibits the Proliferation and Activation of Mouse Cardiac Fibroblasts

Next, we aimed to investigate the mechanisms by which apelin inhibits cardiac fibrosis.
The loss of cardiomyocytes in post-MI adult mammalian hearts is usually replaced by

a fibrotic scar, which can lead to arrhythmia and reduced heart function. It has been
reported that resident cardiac fibroblasts play a significant role in the development of
cardiac fibrosis®®. The fibrogenic signals in post-MI hearts activate these cardiac fibroblasts,
causing them to proliferate and produce excessive ECM proteins like collagen type | and
I11, and fibronectin. TGF- B is known as a crucial molecule that triggers cardiac fibrosis,
as evidenced by studies on transgenic mice that overexpress TGF-p and develop cardiac
fibrosis®6:37. TGF-B stimulates fibroblasts to increase the expression of specific genes by
activating Smad2/338:39, Angiotensin Il (Ang Il) is another molecule that promotes cardiac
fibrosis and influences left ventricular remodeling in heart failure40:41,

We evaluated the impact of apelin on the activation of cardiac fibroblasts in vitro. Primary
cardiac fibroblasts were treated with TGF-p (10 ng/mL) or Ang Il (2 nM) for 12 hours,
followed by apelin treatment for 48 hours. We then used g-PCR to evaluate the expression of
genes associated with fibroblast activation. The FGF2 gene is a member of the fibroblast
growth factor (FGF) family, which plays a crucial role in cell proliferation collagen
synthesis and left ventricular contractile function during myocardial repair#2. Our data
showed that apelin prevented the upregulation of FGF2 induced by TGF-p and Ang |1
(Supplemental Figure 5A). Collagen Type 1 is the primary collagen type in the cardiac

ECM composed of two pro-a.l (1) chains (which are produced from the COL1A1 gene)

and one pro-a.2 (1) chain (produced from the Col1a3 gene)*3. Our results showed that

apelin inhibited the upregulation of COL1A1 (Supplemental Figure 5B) and COL1A2
(Supplemental Figure 5C) induced by TGF- B and Ang Il. Matrix metalloproteinases (MMP)
are involved in ECM breakdown*4. MMPs increase and correlate with left ventricular
dysfunction in post-MI patients. Activated fibroblasts secrete MMPs such as MMP2,
MMP3, MMP9 and MMP1445. MMP2 and MMP9 were observed to be increased by TGF-B
and Ang 1, and apelin further enhanced this induction (Supplemental Figure 5D-5E).
However, Ang Il induced MMP3 expression and apelin attenuated this effect (Supplemental
Figure 5F). Additionally, apelin inhibited the expression of MMP14 induced by TGF- B

and Ang Il (Supplemental Figure 5G). This indicated that apelin inhibits the activation of
cardiac fibroblasts by TGF-p or Ang I1. Inhibitors of metalloproteinases (TIMPs) which
include TIMP1, TIMP2, TIMP3, and TIMP446, act as inhibitors of MMPs and play a crucial
role in ECM remodeling#”+48. The upregulated TIMPs inhibit MMPs and result in ECM
accumulation (or fibrosis), whereas loss of TIMPs leads to enhanced matrix proteolysis?S.
Our findings indicated that apelin inhibited the expression of TIMP1 induced by TGF-B

and Ang I, as well as the expression of TIMP2 induced by TGF-B (Supplemental Figure
5H-51). Moreover, apelin suppressed the induction of TIMP3 by Ang Il and surprisingly
stimulated the expression of TIMP3 in TGF-p-treated cardiac fibroblasts (Supplemental
Figure 5J). Taken together, our data implicated that apelin inhibits cardiac fibroblast activity
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by reducing molecules in the TGF-p pathway and enhances ECM remodeling by balancing
MMPs and TIMPs.

We also evaluated the impact of apelin on the proliferation of cardiac fibroblasts in vitro.
Primary cardiac fibroblasts were isolated from the hearts of mice aged 8-12 weeks and

the cell cycle was evaluated 48 hours after apelin treatment. We chose not to use TGF-$

and Ang Il treatment because these cells have high baseline cell cycle activity. Data

from immunostaining using antibodies against BrdU (S phase marker) and PH3 (M phase
marker) showed that apelin inhibits cell cycle of cardiac fibroblasts as evidenced by reduced
prevalence of BrdU-positive (26.23 + 2.50% vs. 41.22 + 3.31%, p < 0.01) (Supplemental
Figure 5K-5L) and PH3-positive (0.51 £+ 0.13% vs. 1.42 + 0.32%, p < 0.05) (Supplemental
Figure 5M-5N) fibroblasts in apelin-treated cells compared to control cells.

Differential Expression Analysis of mMRNAs, circular RNAs (circRNAs), and miRNAs in
Mouse Cardiac Fibroblasts after Treatment with TGF-p and Apelin

Injuries activate gene expression in cardiac fibroblasts, which controls their proliferation and
secretion?®. Besides the extensively reported functions of mMRNA in fibroblast activation, it
has been further reported that noncoding RNAs contribute to cardiac fibroblast activation
and ECM remodeling®9-1, Several circRNAs have been identified as regulators of cardiac
fibrosis®2-95, In this study, we examined mRNA, circRNA, and miRNA expression profiles
of mouse cardiac fibroblasts. To understand how apelin prevents fibroblast activation and
proliferation, we treated the fibroblasts with TGF-$ (10 ng/mL) for 12 hours, followed by
apelin treatment for 48 hours. Hierarchical clustering analysis was performed to visualize
relationships between groups of genes for mMRNA (Figure 5A), circRNA (Supplemental 6A),
and miRNA (Supplemental 7A) containing a total of 12 samples. Differential expression
analysis was performed on mRNA, circRNA, and miRNA between TGF- treated (TGF-B),
apelin-treated (Apelin), TGF- plus apelin treated (TGF-B+Apelin), and control (Control).
Here, the criteria for mRNA significance was defined if differentially expressed genes had
absolute log two-fold change = 1.5 (|LogoFC| > 1.5) and adjusted p value (FDR) < 0.05,
while for miRNA and circRNA, differentially expressed genes were defined if |Log,FC| >
0.5 and p value < 0.05. From this analysis, we identified several differentially expressed
mRNAs (Figure 5B), circRNAs (Supplemental Figure 6B), and miRNAs (Supplemental
Figure 7B), indicating differences in the expression profile of cardiac fibroblasts treated with
apelin or TGF-P as compared to the baseline condition. Volcano plots were generated to
provide an overview of the differential expression of mMRNAs (Figure 5C-5F), circRNAs
(Supplemental Figure 6C-6F), and miRNAs (Supplemental Figure 7C-7F). Heatmaps were
generated to visualize the expression patterns of the top 30 differentially expressed mRNAs
(Figure 5G-5J), circRNAs (Supplemental Figure 6G-6J), and miRNAs (Supplemental
Figure 7G-7J). Additionally, we generated heatmaps for differentially expressed circRNAs
(Supplemental Figure 7K) and miRNAs (Supplemental Figure 7L) related to cardiac fibrosis
for the comparison of TGF-B+Apelin versus TGF-.

We performed extensive pathway enrichment analysis of both mRNAs and circRNA host
genes. From mRNA analysis, we observed that when comparing the Control versus Apelin
groups, differentially expressed genes were enriched in pathways related to fibroblast
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proliferation, such as receptor tyrosine kinase, TGF-B, and Smad signaling pathway, as

well as pathways related to cardiomyocyte hypertrophy like MAPK signaling pathway

and apoptosis (Figure 5K). Similarly, analysis in circRNAs showed that the circRNA

host genes were enriched in fibroblast proliferation related pathways, such as VEGF

and TGF-B signaling pathway, and cardiomyocyte hypertrophy related pathways such as
MAPK signaling pathways, and apoptosis related pathways (Supplemental Figure 6K). This
indicates that apelin has a potential regulatory effect on fibroblast proliferation, cardiac
hypertrophy, and apoptosis both at mMRNA as well as at circRNA level. In our next analysis,
when comparing the Control versus TGF-f group, the differentially expressed mRNAs
were also enriched in pathways related to fibroblast activation, such as receptor tyrosine
kinase, TGF-p and Smad signaling pathways. We also found the enrichment in pathways
related to cardiomyocyte hypertrophy such as the MAPK signaling pathway, as well as
ECM formation (Figure 5L). A similar analysis using circRNA host genes also showed
enrichment in pathways related to fibroblast activation, cardiomyocyte hypertrophy, and
ECM formation (Supplemental Figure 6L). These findings suggest that the induction of
mRNA and circRNA by TGF-B may play a significant role in regulating cardiac hypertrophy
and fibrosis. We observed a similar enrichment in pathways related to fibrosis in both
MRNA (Figure 5M) and circRNA (Supplemental Figure 6M) analysis when comparing the
TGF-p+Apelin and the Apelin groups. Furthermore, in addition to observing fibrosis related
pathways when comparing TGF-p+Apelin versus TGF-p group, we found pathways related
to cardiomyocyte hypertrophy, such as MAPK signaling pathways, and ECM formation
related pathways in both mRNAs (Figure 5N) and circRNAs (Supplemental Figure 6N)
analyses. These findings suggest that apelin may regulate cardiac hypertrophy, fibroblast
activation, and cardiac fibrosis. The statistical results for all tested genes of mRNA analysis
in Figure 5 were listed in Supplemental Dataset 1.

To better understand potential molecular interactions of coding and noncoding RNAs
involved in the process of cardiac fibrosis, we used fibrosis related circRNA to predict and
construct a potential circRNA-miRNA-mRNA regulatory network. By focusing on the TGF-
B versus TGF-B+Apelin analysis result, we inferred the potential circRNA-miRNA-mRNA
regulatory relationship of our selected (mmu-Trim33_0075, mmu-Smad4_0036, mmu-
Fbnl_ 0045, mmu-Furin_0018, mmu-Ltop2 0002, mmu-Dennd1b_0087, mmu-Smad5_0001
and mmu-Ltgb5 0027) fibrosis related circRNAs (Supplemental Figure 7M). From this
analysis, we noted that some of the resulting target mMRNAs like ECM proteins collagen
type Xl alpha 1 chain (COL11A1), collagen type XXII alpha 1 chain (COL22A1),

tenascin C (TNC), glypican 1 (GPC1), latent transforming growth factor beta binding
protein 1 (LTBP1)%6:57 LTBP2 (a TGF-B superfamily member)8-61, Nestin (Nes, a

type VI intermediate filament protein)62, C-X-C motif chemokine ligand 3 (CxCI3, a
proinflammatory molecule)53, and PDZ and LIM domain 3 (Pdlim3, a FGF1 downstream
gene that regulates collagen deposition)®4, have been reported to be associated with
myocardial fibrosis. Verification of these RNA interactions could further provide new
insights into an extensive understanding of the mechanism underlying cardiac fibrosis.
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Apelin Inhibits the Expression of Genes in the TGF- Signaling Pathway in Mice with Acute

Mi

As previously discussed, our RNA Sequencing data, conducted on primary mouse cardiac
fibroblasts, indicated that apelin may prevent fibroblast activation and proliferation by
regulating the TGF-B signaling pathway. To confirm these pathways in vivo, we performed
Western blot analysis to examine the protein level of molecules in the TGF-B pathway

in whole cell lysates prepared from mouse hearts in the following groups: Sham, Ml, Ml
with epicardial delivery of fibrin gel patch containing empty microparticles (M1+MPEMPY),
and M1 with epicardial delivery of fibrin gel patch containing apelin microparticles
(MI+MPAPElin) “Oyr data showed that the expression of TGF-B, TGF-B Receptor II, LTBP2,
a-smooth muscle actin (a-SMA), collagen type | alpha 1 chain (COL1A1), COL11A1,
TNC, and YKL-40, as well as the ratio of p-Smad2/3 to Smad2/3, were induced in

post-MI mice without microparticle treatment or treated with empty microparticle patch.
Treatment of the apelin-containing microparticle patch significantly reduced MI-induced
expression of these profibrotic genes in the TGF-p pathway (Figure 6A-6B), suggesting that
apelin treatment inhibited MI-induced activation of the TGF-p pathway and the conversion
of fibroblasts to myofibroblasts. In addition, apelin treatment inhibited the expression of
TIMP2 induced by MI, while it enhanced the expression of TIMP3 induced by MI (Figure
6A-6B). Taken together, our data demonstrated that apelin inhibits the activation and
proliferation of cardiac fibroblasts by downregulating molecules in the TGF-p pathway,
which is consistent with our observations from TGF-p and apelin-treated primary mouse
cardiac fibroblasts (Supplemental Figure 5).

Apelin Preserves Heart Function and Prevents Cardiac Hypertrophy and Fibrosis in Mice
with Chronic Ml

The effectiveness of apelin in post-MI mice was demonstrated in our acute MI model,
however, the long-term impact of apelin treatment on cardiac fibrosis and left ventricular
remodeling is still unknown. To increase the clinical relevance of apelin-containing
microparticle administration, we studied the therapeutic effects of apelin-containing
microparticle-embedded patches for myocardial repair in a mouse model of chronic Ml,
following the timeline of our chronic M1 model (Figure 7A). The fibrin gel patch was
placed on the left ventricular anterior wall to cover the infarction area 28 days after

the MI induction. Data from transthoracic echocardiography indicated that treatment with
apelin-containing microparticle patches protected mice from cardiac dysfunction induced
by chronic Ml (Figure 7B). This was evidenced by the preserved EF and FS in mice

treated with apelin-containing microparticle patch compared to those without microparticles
(EF: 35.77% + 1.78% vs. 24.39% + 1.97%, p < 0.05; FS: 17.35% + 0.94% vs. 11.49%
+0.97%, p < 0.05) or with empty microparticle patch (EF: 35.77% + 1.78% vs. 29.75%

+ 1.90%, p < 0.05; FS: 17.35% + 0.94% vs. 14.22% + 0.98%, p < 0.05) (Figure 7C-

7D). Additionally, apelin treatment significantly decreased the left ventricular end-systolic
diameter (LVESD) compared to those without microparticles (4.31% =+ 0.20% vs. 5.08% +
0.23%, p < 0.05), or with empty microparticle patch (4.31% % 0.20% vs. 4.90% + 0.21%,

p < 0.05) (Figure 7E-7F). No significant differences were found for the left ventricular
end-diastolic diameter (LVEDD) among the three MI groups. Our data also showed that,
compared to mice received sham operation, the HW/BW ratio (Figure 7G) and MFD (Figure
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7H-71) were significantly increased in post-MI mice without microparticle (HW/BW ratio:
6.53+0.30 vs. 4.96 + 0.18, p < 0.001; MFD: 21.15+ 0.40 vs. 13.12 £ 0.23 um, p <

0.001) or with empty microparticle patch treatment (HW/BW ratio: 5.87 + 0.28 vs. 4.96
+0.18, p > 0.05; MFD: 19.71 £ 0.49 vs. 13.12 + 0.23 um, p < 0.001). However, post-Ml
mice receiving apelin-containing microparticle treatment showed reduced HW/BW ratio
and MFD compared to post-MI mice without microparticle (HW/BW ratio: 5.25 + 0.25

vs. 6.53 £ 0.30, p < 0.01; MFD: 16.02 + 0.39 vs. 21.15 + 0.40 pm, p < 0.001) or with
empty microparticle patch treatments (HW/BW ratio: 5.25 + 0.25 vs. 5.87 £ 0.28, p >
0.05; MFD: 16.02 £ 0.39 vs. 19.71 + 0.49 um, p < 0.001). This suggests that epicardial
delivery of apelin-containing microparticle patch attenuates cardiac hypertrophy in mice
with chronic MI. Cardiac fibrosis contributes to the development of heart failure after Ml.
We assessed the size and thickness of fibrotic scar in mice with chronic MI (Figure 7J).
Our data showed that the scar size in mice treated with apelin-containing microparticles was
significantly smaller compared to those without microparticle treatment (16.20% + 1.33%
VS. 26.34% + 1.75%, p < 0.001) or those treated with empty microparticle patch (16.20%
+ 1.33% vs. 22.46% + 1.76%, p < 0.05) (Figure 7K). However, the fibrotic scar of left
ventricular anterior wall was significantly thicker in mice treated with apelin-containing
microparticles compared to those without microparticle treatment (0.59 + 0.02 vs. 0.28
0.02, p < 0.001) or those treated with empty microparticle patch (0.59 + 0.02 vs. 0.32 + 0.02,
p < 0.001) (Figure 7L). Taken together, our data showed that apelin treatment attenuated
chronic MI-induced left ventricular remodeling and heart dysfunction, and reduced cardiac
fibrosis.

DISCUSSION

Acute Ml is typically associated with massive loss of cardiomyocytes and a rapid decline
of cardiac output, and the heart compensates for this reduction with certain adaptations,
including the differentiation of cardiac fibroblasts into myofibroblasts which secrete ECM
leading to fibrotic scarring. Exogenous apelin has been shown to have a positive inotropic
effect on mice and rats, increasing cardiac output short-term and preventing age/stress-
related cardiac dysfunction1%-12, However, apelin is a substrate for ACE2 and it is rapidly
degraded by ACE2 in peripheral blood and its half-life is less than an hour6. Repetitive
intravenous administration is associated with severe side effects such as hypotension due
to the dilation of peripheral blood vessels11:65. Moreover, the short half-life of apelin

in peripheral blood makes it difficult to study its long-term effects on left ventricular
remodeling (i.e., hypertrophy, fibrosis, and chamber size). To address these issues, we
loaded the PLGA microparticles with apelin and generated fibrin patches carrying apelin
microparticles. PLGA, the copolymer of poly (lactic acid) (PLA) and poly (glycolic acid)
(PGA), has been used in FDA-approved medical devices and drug delivery systems for
various therapeutic applications. Due to their biodegradability and biocompatibility, PLGA
has been commonly used to deliver drugs and cytokines to the injured heart and vessels
for tissue repair and regeneration8.66-70_n this study, we demonstrated that PLGA
microparticles provide a controlled release platform for sustained delivery of apelin for
more than 28 days (Figure 2C-2D). Epicardial delivery of a fibrin patch carrying apelin-
containing microparticles preserved heart function, improved biomechanical properties, and

Circ Res. Author manuscript; available in PMC 2025 September 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tang et al.

Page 14

reduced cardiac inflammation and fibrosis in mice that received treatment immediately after
MI induction (Figures 2-3), or 28 days later (Figure 7). The decision to use cardiac patches
for apelin delivery instead of direct intramyocardial injection was made because of the low
retention of apelin-containing microparticles after direct injection, and there was limited
ability to deliver large dosages of apelin-containing microparticles to the mice using this
method compared to patch-based delivery (Supplemental Figure 4A-4B). Additionally, the
cardiac patch extended the duration of apelin release from microparticles (Figure 2E-2F).
The cardiac patch remained on the animal hearts 28 days after implantation (Figure 2H).

Our data showed that expression of apelin is significantly reduced at day 3 and 7 post-MI

in the mouse hearts (Figure 1A-1B), which is consistent with the recent report that acute

MI represses apelin expression in mouse and human hearts'®. Interestingly, among the major
cell types in the heart, only cardiomyocytes, but not endothelial cells or fibroblasts, increase
apelin expression in response to hypoxia (Figure 1C-1N). However, these experiments were
done on hiPSC-derived cells in culture, which may only incompletely reflect the cells’
behaviors in the complex post-MI heart. Although the level of endogenous apelin changes
over time (specifically, reduced during the first week and normalized at one month), and

the mechanism underlying the changes remains elusive, our data showed that supplementing
apelin provides cardioprotection in both acute and chronic MI models. An unexpected
finding in the current study is that the expression of apelin is negatively associated with the
expression of APJ in post-MI mouse hearts (Figure 1A-1B) and hiPSC-CMs (Figure 1C and
1G). In addition, treatment of cardiomyocytes with apelin inhibits APJ expression (Figure
1M-1N). Mechanisms underlying this negative association are not clear. The APJ gene
encodes the APJ receptor, which is a putative receptor protein related to angiotensin type 1
receptor’L. The apelin from bovine stomach extracts was identified as an endogenous ligand
for the G protein-coupled receptor APJ, and their binding likely stimulates the activity of
inhibitory G protein (Gi) signaling in Chinese hamster ovary cells’. APJ (sometimes called
angiotensin receptor-like 1) is located on chromosome 11 and it encodes a seven-domain

G protein-coupled receptor that appears to be structurally akin to angiotensin 11 type 1
receptor but does not bind to angiotensin 117X, Another study compared cardiac tissue
samples of both healthy controls and human patients with heart failure and found a marked
downregulation of the APJ receptor in heart failure patients’2. The multiple actions of apelin
cannot be explained by the activation of Gi signaling. Moreover, apelin knockout mice

are phenotypically normal, while APJ knockout mice are embryonic lethal with multiple
cardiovascular defects5%:73, Therefore, other receptors for apelin may exist in the heart.
Future studies are warranted to verify this hypothesis.

Apelin has multiple functions in the cardiovascular system. It was reported that apelin
regulates the cardiac differentiation of embryonic stem cells’4. Exogenous apelin is a potent
activator of cardiomyocyte contractility in isolated rat cardiomyocytes, and in rat and mouse
hearts in vivo® 7576, Apelin is also a vasodilator for both arteries and veins. While there
have been no clinical studies exploring whether apelin has anti-fibrosis effects in humans,
preclinical studies have demonstrated this action in post-MI animals’’. The formation

of fibrotic scar in post-MI hearts involves the induction of profibrotic growth factors in
addition to the activation and proliferation of cardiac fibroblasts which subsequently secrete
excessive ECM to replace the lost cardiomyocytes’8.79, Inflammation due to the sudden
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death of cardiomyocytes in the MI heart stimulates the activation of fibroblasts#3:€0, It

was reported that inhibition of apelin promotes cardiac fibroblast activation8l. Consistent
with these studies, our data also showed that apelin reduces area size of infarct scar in

mice with acute or chronic MI (Figure 3D-3E, and Figure 7J-7K, respectively). The exact
mechanism of apelin’s anti-fibrosis action remains unclear. Nevertheless, our data indicates
that apelin inhibits the cardiac inflammatory response (Figure 4E—4H) and the activation

of the TGF-B pathway. When the primary cardiac fibroblasts were stimulated with TGF-p
and Ang I, apelin inhibits the activation and proliferation of these cells by preventing
TGF-p mediated activation of Smad2/3 (Supplemental Figure 5A-5N). LTBPs are a part

of the TGF-B superfamily, which are important regulators of proliferation and activation of
cardiac fibroblasts®®-61, In the ECM, LTBP-2 helps stabilize bundles of microfibrils and
control the assembly of elastic fibers®2. The large latent complex (LLC), made of LAP,
TGF-B, and LTBP, promotes the release of TGF-p from LAP and LTBP and becomes
activated3. In the samples from post-MI mouse hearts, our data showed that apelin inhibits
MI-induced increase of TGF-p and TGF-B receptor I, as well as LTBP2 (Figure 6A—6B).
Once activated, TGF-p binds to its receptor TGF-B Receptor 1184, This receptor/ligand
complex initiates a series of phosphorylation reactions in proteins, which then move

into the nucleus. Inside the nucleus, these proteins control the transcription of genes
involved in various cellular processes, such as cell proliferation, differentiation, apoptosis,
cell plasticity, migration, and tissue fibrosis®”. Smad2/3 are molecules downstream of

the TGF-p pro-fibrotic signaling pathway®®. The translocation of TGF- receptors to the
nucleus triggers the transcription of Smad2/386. Our data showed that apelin inhibits M-
induced activation of Smad2/3 (Figure 6A-6B). The TGF-p and Smad2/3 signaling pathway
induces the expression of a-smooth muscle actin (a-SMA) in fibroblasts, a hallmark for
fibroblast phenotypic conversion to myofibroblasts in injured hearts. Activation of Smad2/3
increases the expression of pro-fibrotic genes such as TNC and YKL-40, which promote the
transformation of cardiac fibroblasts into myofibroblasts®’-89. Non-enzymatic chitinase-3
like-protein-1 (CHI3L1, also known as YKL-40) is produced and released by various

cell types like macrophages, neutrophils, synoviocytes, chondrocytes, fibroblast-like cells,
smooth muscle cells, and tumor cells. It plays a major role in tissue injury, inflammation,
tissue repair, and remodeling responses8?. YKL-40 is a pro-inflammatory glycoprotein that
also contributes to the progression of fibrosis®C. Our data showed that apelin inhibits Ml
induced increase of a-SMA, TNC, and YKL-40 (Figure 6A—6B). As a result of fibroblast
activation, the increased expression of collagen molecules in myofibroblasts leads to more
collagen deposition in the ECM of the injured tissue®L. Our data also showed that apelin
inhibits MI-induced expression of collagen genes, such as COL1A1 and COL11A1 (Figure
6A-6B). MMPs are a group of enzymes that break down the ECM, and their activities are
tightly regulated by TIMPs. Cardiac fibroblasts are the major source of several MMPs

and TIMPs in the heart. The balance between MMPs and TIMPs is crucial for scar
formation in post-MI hearts#°. Activated fibroblasts actively remodel the cardiac ECM
through altered activities of MMPs and TIMPs. Our data demonstrated that apelin regulates
the expression of various MMPs (i.e., MMP2 and MMP9 that degrade collagen, fibronectin,
and gelatin; MMP3 that cleaves collagens, fibronectin, laminin, and elastin; and MMP14
which is a membrane-type MMP regulating ECM remodeling through a broad range of
substrates#) and TIMPs (i.e., TIMP1 which strongly inhibits MMP9; TIMP2 which strongly
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inhibits MMP2; and TIMP3 which inhibits several types of MMPs#5:48) (Supplemental
Figure 5D-5J), suggesting that apelin changes ECM remodeling. Additionally, our data
revealed that apelin inhibits fibroblast proliferation (Supplemental Figure 5K-5N). Taken
together, these data suggested that apelin inhibits cardiac inflammation in post-MI hearts,
and the subsequent activation and proliferation of fibroblasts. Apelin may also regulate
ECM remodeling in the fibrotic scar by balancing the expression of MMPS and TIMPs,
which was associated with increased thickness but smaller area size of the infarct scar. The
proposed mechanisms are depicted in Supplemental Figure 8. Apelin-mediated post-MI scar
remodeling may benefit the mechanical performance of the injured left ventricle®? (Figure
3F-3I).

In summary, we have developed a cardiac patch to deliver apelin-formulated microparticles
to the injured heart. Our results demonstrated that the extended release of apelin by the
microparticles effectively addresses the issue of apelin’s short half-life when administered
intravenously, while still maintaining its cardioprotective function. In addition, we

showed that administration of apelin prevents cardiac hypertrophy, fibrosis, cardiomyocyte
apoptosis, and cardiac contractile dysfunction induced by acute M1 and prevents the
progression to advanced heart failure. Furthermore, apelin treatment attenuates established
cardiac hypertrophy, fibrosis, and heart failure induced by chronic MI. Finally, our results
suggest that apelin can inhibit fibroblast activation via blocking TGF-p pathway. The fact
that apelin microparticle patch attenuated MI-induced late remodeling in mice with chronic
MI supports the translatability of the technique. It is less risky to apply the patch to
patients in the chronic phase of Ml than in the acute phase. A recent study showed the
feasibility of injecting patch-forming materials into the pericardium of rats and pigs®3. We
developed a shape-recoverable patch which could potentially delivered to the heart through
thoracoscopy?4. All of these minimally invasive approaches for delivering patches can be
adapted to our technique.

There are a few limitations to this study. Firstly, although delivering apelin directly to the
injured myocardium through epicardial delivery is promising to reduce the side effects of
systemic administration observed in clinical trials, further long-term follow-up is necessary
to confirm this hypothesis and monitor for potential complications like hypotension and
tumorigenesis. Secondly, although we did not observe any cases of heart rupture in the
animals treated with apelin during the 28-day (acute MI model) and 56-day (chronic Ml
model) follow-up periods, it is uncertain whether the inhibition of fibrosis caused by apelin
treatment could lead to heart rupture in the long run, necessitating further follow-up. Finally,
experimental validation of the circRNA-miRNA-mRNA networking and exploration of the
interactions between coding and noncoding RNAs in the pathogenesis and treatment of
cardiac fibrosis should be considered for future research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Circ Res. Author manuscript; available in PMC 2025 September 13.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tang et al.

Acknowledgements

Page 17

We thank Zhu lab colleagues Jyotsna Joshi, Yura Son, Fan Li, and Alejandra Patino Guerrero for their technical

assistance.

Sources of Funding

This work is supported by NIH NHLBI R01 grants (HL142627, HL156855) and AHA TPA Award

(20TPA35490001) to WZ; Congressionally Directed Medical Research Program (CDMRP)/Peer Reviewed Medical

Research Program (PRMRP) FY19 W81XWH2010207 to JX; HL162747 to WZ and JX; HL159599 to JL; and
American Heart Association Postdoctoral Fellowship Award (23POST1020047) to LT.

Non-standard Abbreviations and Acronyms

a-SMA
ACE2
CircRNA
COL1A1
COL11A1
COL22A1
CxCI3
PLGA
ECM
GPC1
hiPSC

hiPSC-CM

hiPSC-EC

hiPSC-FB
LTBP1
LTBP2
MMP

Ml
mMiRNA
MRNA

Nes

a-smooth muscle actin
Angiotensin-converting enzyme 2
Circular RNA

Collagen type | alpha 1 chain
Collagen type Xl alpha 1 chain
Collagen type XXII alpha 1 chain
C-X-C motif chemokine ligand 3
Poly (lactic-co-glycolic acid)
Extracellular matrix

Glypican 1

Human induced pluripotent stem cell

Human induced pluripotent stem cell derived
cardiomyocyte

Human induced pluripotent stem cell derived endothelial
cell

Human induced pluripotent stem cell derived fibroblast
Latent transforming growth factor beta binding protein 1
Latent transforming growth factor beta binding protein 2
Matrix metalloproteinase

Myocardial infarction

MicroRNA

Messenger RNA

Nestin
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CHI3L1 (YKL-40) Non-enzymatic chitinase-3 like-protein-1
Pdlim3 PDZ and LIM domain 3
TNC Tenascin C
TIMP Tissue inhibitor of metalloproteinase
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Novelty and Significance:
What is known?

. Intravenous injection of apelin has been demonstrated to improve cardiac
function in patients with chronic heart failure.

. The short half-life is a critical issue that limits its clinical application.

. The mechanisms responsible for the cardiac benefit of apelin in heart failure
have not been fully delineated.

What new information does this article contribute?
. Microparticles formulated with apelin extend the duration of apelin release.

. Delivery of a fibrin gel patch containing apelin microparticles onto the
epicardium improves heart function and left ventricular remodeling in a
mouse model of acute and chronic myocardial infarction.

. Apelin reduces cardiac fibrosis via inhibiting the TGF- B pathway and
regulating the balance of MMP and TIMP mediated collagen deposition and
cleavage.

Administration of apelin improves cardiac function in preclinical animal models and
patients with heart failure. However, it is quickly broken down in the bloodstream, with a
half-life of less than an hour. Repeated intravenous administration can cause serious side
effects, such as hypotension and tumor growth. In this study, we loaded poly (lactic-co-
glycolic acid) (PLGA) microparticles with apelin to create a controlled release system for
sustained delivery of drugs. Epicardial delivery of a fibrin patch containing apelin-loaded
microparticles improved heart function and reduced inflammation and fibrosis in mice
with induced myocardial infarction, whether administered immediately or 28 days after
coronary artery ligation. Our findings demonstrate that the extended release of apelin
through microparticles effectively overcomes the issue of its short half-life, while still
preserving its cardioprotective properties. This extended-release mechanism allows for
long-term study of apelin’s effects on left ventricular remodeling.
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Figure 1. Expression of apelin and APJ in post myocardial infarction (post-MI) mouse heart, and
in human induced pluripotent stem cells-derived cardiomyocytes (hiPSC-CMs), endothelial cells
(hiPSC-ECs) and fibroblasts (hiPSC-FBs) in response to hypoxia.

(A) Western blot analysis of the expression of apelin and APJ in the heart tissues of sham
and post-MI mice at different time points. MI-D3: 3 days after MI; MI-D7: 7 days after

MI; MI-D28: 28 days after Ml. GAPDH was used as the loading control. (B) Densitometric
quantification of band intensity for apelin and APJ. n=4 (2 males and 2 females) in each
group. (C-E) g-PCR evaluation of the expression of apelin and APJ at 24, 48 and 72 hours
of hypoxia in hiPSC-CMs, hiPSC-ECs and hiPSC-FBs. n=3 in each group. (F) ELISA-based
evaluation of secreted apelin in culture medium at 24, 48 and 72 hours of hypoxia in
hiPSC-CMs and hiPSC-ECs. n=4 in each group. (G) Western blot analysis of the expression
of apelin and APJ in hiPSC-CMs after 48 hours of hypoxia. a/p tubulin was used as the
loading control. (H) Densitometric quantification of band intensity for apelin and APJ. n=3
in each group. (I) Western blot analysis of the expression of apelin and APJ in hiPSC-ECs
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treated with apelin. Heat shock protein 60 (HSP60) was used as the loading control. (J)
Densitometric quantification of band intensity for apelin and APJ. n = 3 in each group.

(K) Western blot analysis of the expression of apelin and APJ in hiPSC-FBs after 48 hours
of hypoxia. HSP60 was used as the loading control. (L) Densitometric quantification of
band intensity for apelin and APJ. n=3 in each group. (M) Western blot analysis of the
expression of apelin and APJ in hiPSC-FBs after 48 hours of hypoxia. HSP60 was used as
the loading control. (N) Densitometric quantification of band intensity for apelin and APJ.
n = 3 in each group. Data were presented as mean + SEM. Comparisons between three
groups or more (Panels B) were performed by one-way ANOVA with Tukey’s Honestly
Significant Difference Test. Comparisons between two groups were performed by Student’s
t test (Panels C, D, E, F, H, L, and N) or Mann-Whitney U-test (Panel J).
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Figure 2. Epicardial delivery of fibrin gel patch containing apelin microparticles improved heart
function in mice with acute M.

(A) Morphology of microparticles. (B) Measurement of microparticle size. (C-D)
Characterization of apelin release from PLGA microparticles via ELISA. (E-F)
Characterization of apelin release from fibrin gel patch containing apelin microparticles via
ELISA. (G) Epicardial patch transplantation was performed immediately after M1 induction
and mice were euthanized 28 days after M1 and patch transplantation. (H) Generation

of fibrinogen—thrombin patch containing apelin encapsulated in the PLGA microparticles.
The arrow pointed to the fibrin gel patch containing microparticles in a custom-made
module (left panel). Epicardial patch transplantation was performed in mice immediately
after surgically induced MI. The arrow pointed to the patch attached to the heart surface
immediately (Day 0, middle panel) or on Day 28 (right panel) of transplantation in post-

MI mouse heart. (1) Representative echocardiographic images from sham mice (n=15; 8
males and 7 females), M1 mice (n=15; 7 males and 8 females), MI mice receiving empty
microparticle patch (MI+MPEMPY n=15; 5 males and 10 females), and mice receiving
apelin-loaded microparticle patch (MI+MPAPelin n=15: 6 males and 9 females) before and
28 days after surgery. (J-M) Quantification of ejection fraction (EF), fraction shortening
(FS), left ventricular diameter at end-systole (LVESD) and end-diastole (LVEDD). Data
were presented as mean + SD (for panels C, D, E, and F), or mean = SEM (for panels J, K,
L and M). Comparisons between groups were performed by one-way ANOVA with Tukey’s
Honestly Significant Difference Test.
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Figure 3. Epicardial delivery of fibrin gel patch containing apelin microparticles attenuated
cardiac hypertrophy, fibrosis and improved biomechanics in mice with acute MlI.

Animals were euthanized 28 days after surgery. Hearts and bodies were weighed, and hearts
were then processed for cryosection. (A) Quantification of heart weight to body weight ratio
in sham mice (n=11; 6 males and 5 females), MI mice (n=15; 7 males and 8 females), Ml
mice receiving empty microparticle patch (MI+MPEMPY n=15: 5 males and 10 females),
and mice receiving apelin-loaded microparticle patch (MI+MPAPelin n=15: 6 males and 9
females). (B) Fast green staining of heart sections from sham and post-MI mice to identify
functional myocardium and with Sirius red staining to identify scar tissue. Bar=50 um.

(C) Quantification of cardiomyocyte size with minimal fiber diameter analysis (MFD) in
sham mice (n=10; 5 males and 5 females), MI mice (n=10; 5 males and 5 females), Ml

mice receiving empty microparticle patch (MI+MPE™PY n=10; 5 males and 5 females),
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and mice receiving apelin-loaded microparticle patch (MI1+MPAPelin n=10; 5 males and 5
females). (D) A series of heart sections from apex to base in the sham and post-MI mice.
(E) Quantification of fibrotic scar size in sham mice and post-MI mice (n=10 in each
group; 5 males and 5 females). Bar=2 mm. For panels A, C and E, data were presented as
mean + SEM, the comparisons between groups were performed by one-way ANOVA with
Tukey’s Honestly Significant Difference Test (Panel A and C) or one-way ANOVA with
Student-Newman-Keuls test (Panel E). (F) Biaxial mechanical behavior of the left ventricle
heart tissue from the sham and post-MI mice in both the circumferential and the longitudinal
directions (n=4 in each group; 2 males and 2 females). For Panel F, G, H and I, data were
presented as mean + SD, the comparisons between groups were performed by one-way
ANOVA with Tukey’s Honestly Significant Difference Test.
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Figure 4. Epicardial delivery of fibrin gel patch containing apelin microparticles inhibited
cardiomyocyte apoptosis, inflammation, and promoted vasculogenesis in the hearts of post-MI
mice.

Animals were euthanized at 28 days after surgery. Hearts were processed for cryosection
immediately. (A) TUNEL staining was performed to evaluate cardiomyocyte apoptosis

in heart sections. Immunostaining for the expression of cardiac troponin T (cTnT) was
performed to label cardiomyocytes; nuclei were counterstained with DAPI. Bar=50 pum.

(B) TUNEL-positive cardiomyocytes were counted and normalized to the total number of
cardiomyocyte nuclei. The results were presented as percentages (%). (C) Heart sections
were stained for the expression of cardiac troponin T (¢cTnT) to label cardiomyocytes, and
for the expression of CD31 to identify endothelial cells; nuclei were counterstained with
DAPI. Bar=100 um. (D) The area of coronal sections was quantified using Image J software.
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The number of CD31-positive staining vascular structures were counted and normalized to
millimeter square of tissue area. (E, G) Immunostaining using antibodies against CD206

(a marker for M2 macrophages; Panel E) or neutrophil elastase (a marker for neutrophils;
Panel G) was performed to evaluate cardiac inflammation in the Sham and post-MI animals.
Cardiomyocytes were marked using anti-cTnT immunostaining; nuclei were counterstained
with DAPI. Bar=50 pm. (F, H) The area of coronal sections was quantified using image

J software. The number of CD206-positive stained cells (Panel F), or neutrophil elastase-
positive stained cells (Panel H), were counted and normalized to the millimeter square of
tissue area. n=4 in each group (2 males and 2 females). Data were presented as mean £
SEM. Comparisons between groups were performed by one-way ANOVA with Tukey’s
Honestly Significant Difference Test.
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Figure 5. Differentially expressed mRNASs in mouse cardiac fibroblasts after treatment with
TGF- and apelin.

(A) Hierarchical clustering of mMRNA data across 12 samples. (B) Barplot displaying the
number of differentially expressed mRNAs, where mRNAs with a logoFC > 1.5 and an
adjusted p value (FDR) < 0.05 were classified as significantly up-regulated (labeled in
orange), and mRNAs with a log,FC < (=1.5) and FDR < 0.05 were classified as significantly
down-regulated (labeled in teal). (C-F) Volcano plot visualizing differential expression
analysis results between groups including Control vs. Apelin (C), Control vs. TGF-$ (D),
TGF-B+Apelin vs. Apelin (E), and TGF-B+Apelin vs. TGF-p (F). Each dot in the volcano
plot represents a mRNA classified as: significantly upregulated (colored in red) if it has
alog,FC > 1.5 and FDR < 0.05; significantly downregulated (colored in blue) if it has
log,FC < (-1.5) and FDR < 0.05; significant but neither up-regulated nor down-regulated
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(labeled in green) if it has a log,FC between (-1.5) and 1.5 and FDR < 0.05; and otherwise
non-significant (colored in grey). (G-J) Heatmaps of top differentially expressed mRNAs

in different comparisons including Control vs. Apelin (G), Control vs. TGF-p (H), TGF-
B+Apelin vs. Apelin (1), and TGF-B+Apelin vs. TGF-B (J). These heatmap plots displayed
noticeable differences in expression patterns (either higher or lower) in control samples
compared to treated samples indicating significant difference in mMRNA expression profile
of treated samples compared to control. (K-N) Pathway enrichment analysis plots of mMRNA
data. Each plot represents top enriched pathways from Reactome analysis between groups
including Control vs. Apelin (K), Control vs. TGF-B (L), TGF-p+Apelin vs. Apelin (M),
and TGF-B+Apelin vs. TGF-p (N).
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Figure 6. Epicardial delivery of fibrin gel patch containing apelin microparticles regulated the
expression of genes related to cardiac fibrosis in mice with acute MI.

Animals were euthanized 28 days after surgery. Hearts were harvested and whole cell lysates

were prepared. (A) Western blot analysis of the expression of genes in profibrotic and

extracellular matrix remodeling pathways in the heart tissues of sham and post-MI mice
with or without apelin-containing microparticle treatment. GAPDH was used as the loading
control. n=3 in each group. (B) Densitometric quantification of band intensity for TGF-

B, TGF-p receptor Il, LTBP2, phosphorylated Smad2/3 (p-Smad2/3) and total Smad2/3,
a-smooth muscle actin (a-SMA), type | collagen (COL1A1 and COL11A1), Tenascin C
(TNC) and YKL-40, and extracellular matrix remodeling (TIMP2 and TIMP3). n=3 (2
males and 1 female) in each group. Data were presented as mean + SEM. Comparisons
between groups were performed by one-way ANOVA with Tukey’s Honestly Significant

Difference Test.
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Figure 7. Epicardial delivery of fibrin gel patch containing apelin microparticles improved heart
function, reduced cardiac hypertrophy and fibrosis in mice with chronic MlI.

(A) Epicardial patch transplantation was performed 28 days after MI induction, and animals
were euthanized 28 days after patch transplantation. (B) Representative echocardiographic
images from sham mice (n=16; 8 males and 8 females), MI mice (n=20; 10 males and 10
females), M1 mice receiving empty microparticle patch (MI+MPE™PY n=20; 10 males and
10 females), and mice receiving apelin-loaded microparticle patch (MI+MPAPelin n=17; 9
males and 8 females) 56 days after M1 induction. (C-F) Quantification of ejection fraction
(EF) (C), fraction shortening (FS) (D), left ventricular diameter at end-systole (LVESD)
(E), and end-diastole (LVEDD) (F). (G) Quantification of heart weight to body weight ratio
in sham mice (n=16; 8 males and 8 females), MI mice (n=21; 11 males and 10 females),

MI mice receiving empty microparticle patch (MI+MPEMPY n=15: 8 males and 7 females),
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and mice receiving apelin-loaded microparticle patch (MI+MPAPelin n=17; 9 males and 8
females). (H) Fast green and Sirius red staining of heart sections from sham and post-MI
mice. Bar=50 um. (I) Quantification of cardiomyocyte size with minimal fiber diameter
(MFD) analysis in sham mice (n=12; 6 males and 6 females), MI mice (n=12; 6 males and
6 females), MI mice receiving empty microparticle patch (MI+MPEMPY, n=12: 6 males and
6 females), and mice receiving apelin-loaded microparticle patch (MI+MPAPelin n=12: 6
males and 6 females). (J) A series of heart sections from apex to base in the sham and
post-MI mice. Bar=2 mm. (K-L) Quantification of left ventricular anterior wall scar size
(K) and thickness (L) in sham mice, MI mice, MI mice receiving empty microparticle patch
(MI+MPEMPY) "and mice receiving apelin-loaded microparticle patch (MI+MPAPeliny n=12
(6 males and 6 females) in each group. Data were presented as mean + SEM. Comparisons
between groups were performed by one-way ANOVA with Tukey’s Honestly Significant
Difference Test.
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