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ARTICLE INFO ABSTRACT
Keywords: Aims: Adiponectin has been shown to mediate cardioprotective effects and levels are typically reduced in patients
Adiponectin with cardiometabolic disease. Hence, there has been intense interest in developing adiponectin-based thera-

Heart failure peutics. The aim of this translational research study was to examine the functional significance of targeting

:i};)erzll_’:unc adiponectin signaling with the adiponectin receptor agonist ALY688 in a mouse model of heart failure with
Inflammation reduced ejection fraction (HFrEF), and the mechanisms of cardiac remodeling leading to cardioprotection.
Metabolism Methods and results: Wild-type mice were subjected to transverse aortic constriction (TAC) to induce left ven-

tricular pressure overload (PO), or sham surgery, with or without daily subcutaneous ALY688-SR administration.
Temporal analysis of cardiac function was conducted via weekly echocardiography for 5 weeks and we observed
that ALY688 attenuated the PO-induced dysfunction. ALY688 also reduced cardiac hypertrophic remodeling,
assessed via LV mass, heart weight to body weight ratio, cardiomyocyte cross sectional area, ANP and BNP levels.
ALY688 also attenuated PO-induced changes in myosin light and heavy chain expression. Collagen content and
myofibroblast profile indicated that fibrosis was attenuated by ALY688 with TIMP1 and scleraxis/periostin
identified as potential mechanistic contributors. ALY688 reduced PO-induced elevation in circulating cytokines
including IL-5, IL-13 and IL-17, and the chemoattractants MCP-1, MIP-1pB, MIP-1alpha and MIP-3a. Assessment of
myocardial transcript levels indicated that ALY688 suppressed PO-induced elevations in IL-6, TLR-4 and IL-1p,
collectively indicating anti-inflammatory effects. Targeted metabolomic profiling indicated that ALY688
increased fatty acid mobilization and oxidation, increased betaine and putrescine plus decreased sphingomyelin
and lysophospholipids, a profile indicative of improved insulin sensitivity.

Conclusion: These results indicate that the adiponectin mimetic peptide ALY688 reduced PO-induced fibrosis,
hypertrophy, inflammation and metabolic dysfunction and represents a promising therapeutic approach for
treating HFTEF in a clinical setting.
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1. Introduction

Heart failure (HF) is a leading cause of mortality worldwide [1] and a
primary cause is PO-induced cardiac remodeling, characterized by car-
diomyocyte left ventricular hypertrophy (LVH), myocardial fibrosis,
inflammation and metabolic alterations [2-4]. Cardiac remodeling oc-
curs as an adaptive response to pathological stress; however, persistent
stress leads to adverse remodeling in the myocardium and development
of HF [5]. In the presence of chronic hypertension a pathological hy-
pertrophy can develop, which is characterized by an excessive increase
in ventricular dimensions, accompanied by myocardial dysfunction and
fibrosis [2-4]. A number of studies have shown that modulating hy-
pertrophic growth of the myocardium can actually afford clinical benefit
without provoking hemodynamic compromise. Despite extensive at-
tempts to develop effective pharmacological interventions, there re-
mains an unmet need for patients with HF [6,7]. Hence, developing
novel therapeutic approaches is necessary.

Defective adiponectin action due to reduced circulating or interstitial
adiponectin levels or cellular adiponectin resistance has been implicated
in the pathophysiology of HF [8]. Correlative clinical studies have
identified low levels of adiponectin as a risk factor for cardiometabolic
diseases (CMD) with a negative correlation between circulating adipo-
nectin levels and HF [9,10]. This suggests that improving the effec-
tiveness of adiponectin by either raising its levels in the circulation or
promoting its signaling could be used as a treatment for HF [11,12].
Adiponectin has been shown to improve metabolic effects in various
organs including liver, adipose tissue, skeletal muscle and heart [13,14].
Indeed, experimental strategies to elevate adiponectin in preclinical
models confer protection against various forms of HF, including PO,
ischemic reperfusion injury and diabetic cardiomyopathy [15-18].
Furthermore, mimicking adiponectin action with the small molecule
AdipoRon has shown beneficial effects in various HF models [15,19,20].
Notably, adverse cardiac remodeling is exacerbated in mice lacking
adiponectin compared to wild-type mice, which can be prevented by
administration of adiponectin or AdipoRon [15,21]. The peptide
ALY688 is an adiponectin receptor agonist and has previously been
shown to induce adiponectin-like metabolic effects in skeletal muscle
and adipocytes [22,23] protect against liver injury [24] and suppress
tumor growth [25]. However, it remains unknown whether ALY688 is
cardioprotective in models of heart failure.

In this study, we investigated the effect of ALY688 administration on
the cardiac functional and myocardial remodeling changes in a well-
established model of HF with reduced ejection fraction (HFrEF). Car-
diac function was analyzed by weekly echocardiography and hypertro-
phic, fibrotic, inflammatory and metabolic remodeling was assessed.

2. Methods
2.1. Animal models

Experimental animals and surgical induction of PO.

All animal experimental protocols were approved by the York Uni-
versity Animal Care Committee and animal facilities conformed to Ca-
nadian Council on Animal Care guidelines. All mice used in this study
were wild-type male C57BL/6 strain mice (10-12 wk old at time of study
commencement, 0Od in Fig. 1A) from Charles River Laboratories. The
mice were allowed to acclimatize to the York University Vivaria envi-
ronment for a minimum of 2 wk before commencement of the study.
Experimental animals were housed in a temperature-controlled envi-
ronment under 12 h light and 12 h dark conditions, with free access to
food (a standard rodent chow diet, Lab Diet 5015) and water. All mice
were then randomized into one of 3 experimental groups: Sham group —
vehicle (sterile 0.9% saline) injection and sham surgery; TAC group -
vehicle injection and minimally invasive transverse aortic banding
(TAC) surgery; and TAC with ALY688 (TAC-A) group - ALY688 3 mg/kg
injection and TAC surgery. Daily Vehicle or ALY688 treatment via
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subcutaneous injection began 2 d before mice were subjected to the
surgery. Mice continued to receive daily subcutaneous injection for the
duration of the study.

Under general anesthesia (i.p. xylazine: 0.15mg/g; ketamine:
0.03 mg/g), hair from the chest was removed and the surgical area
disinfected with betadine. A skin incision was made along the midline
from the neck to the rib cage and the chest cavity was opened. The rib
cage and thymus were retracted to expose the transverse aorta. A 27 g
needle was used to calibrate a microclip applicator. A titanium micro-
ligation clip was applied between the origins of the innominate and left
common carotid arteries, constricting the transverse aorta to the gauge
of the needle. The rib cage, muscles, and skin were closed with a 6-0 USP
non-absorbable silk suture. The animals were then administered with s.
c. 0.03 pg/mg buprenorphine and were allowed to recover on a heating
pad until fully awake. Sham surgeries were performed as above except
the microligation was not applied to the transverse aorta. All mice were
monitored after the procedure for normal behaviour and recovery.
Cardiac function was assessed pre-surgery and then weekly by echo-
cardiography. All mice were euthanized 5 wk post-surgery and blood
was collected at this time, the heart was weighed, washed briefly in
sterile PBS, and processed as required for further analysis.

2.2. Transthoracic ultrasound echocardiography

Heart function and morphology was assessed in each mouse via
transthoracic echocardiographic analysis using the Vevo2100 ultra-
sound machine equipped with an MS400 (18-38 MHz) transducer
(VisualSonics, Toronto, Canada). Assessment was done after mice were
sedated in the supine position using 3% isoflurane and fur removed from
the pericardial region using hair clippers and depilatory cream. Mice
were then maintained in a homeostatic condition using a dorsal heating
pad and very-low isoflurane (0.5 — 1%) with a target heart rate of
450-650 beats-per-minute to preserve normal contractile patterns. B-
mode videos of the LV were obtained at the mid-papillary level in both
parasternal short and long-axis views. M-mode recordings were taken
using the parasternal short axis view at the mid-papillary level to assess
LV diastolic and systolic function. Three independent views were ob-
tained for each position, and analyses of 5-10 consecutive cardiac
contractions per view were averaged using the VisualSonics platform.
Standard parameters of cardiac structure and function were assessed
including ejection fraction, fractional shortening, LV mass (corrected),
posterior & anterior wall diameter, and internal LV diameter. Speckle-
tracking based strain analysis was performed on parasternal short and
long axis recordings using the VevoStrain software. Bilateral carotid
blood flow velocity was assessed by Pulse-Wave Doppler measured
along the left and right common carotid artery proximal to the
branching of the internal carotid artery.

2.3. Cytokine analysis in circulation

Undiluted serum samples (75 pL/mouse) were processed using a
bead-based multiplex immunodetection assay (Eve Technologies, Mouse
Cytokine 44-Plex) for cytokines as reported in the Figures. Where a
cytokine concentration was below detection threshold it was omitted
from the data analysis. Serum natriuretic peptide A (ANP) was measured
in 10 pL of undiluted serum by competitive Enzyme-Linked Immuno-
sorbent Assay (Invitrogen, EIAANP).

2.4. Quantitative PCR

Gene expression in the heart was assessed in mRNA extracted from
mouse heart ventricular tissue (50-100 mg/mouse). Using TRIzol Re-
agent (Invitrogen, Cat. 15596026), tissues were homogenized in a bead
homogenizer (Fisher brand Bead Mill 24) using 4 cycles of 4 m/s for 10 s
followed by 10 s rest, then digested following the TRIzol protocol. RNA
concentration was determined by Varioskan Lux microplate reader
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Fig. 1. ALY688 prevented systolic dysfunction caused by pressure overload. (A) Schematic overview of administration of ALY688 to male C57BL/6 mice
subjected to sham or TAC surgery. Mice were administered vehicle or ALY688 3 mg/kg 2 d prior to the surgical intervention. Weekly monitoring by echocardi-
ography to assess cardiac function and structure in mice. (B and C) (B) Representative M-mode images of echocardiography and (C) the temporal assessment of LV
function by ejection fraction in each group from 0 week (baseline) to 5 wk post-surgery. (D)-(J) The parameters of cardiac function and structure at 5 weeks post-
surgery were obtained by echocardiography. * = P < 0.05, * * =P < 0.01 and * ** = P < 0.001. n = 6-10 mice per group.
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(Thermo Fisher Scientific, VLOOOODO0). cDNA was made from 1 pg RNA
using the SuperScript IV VILO mastermix with ezDNAse enzyme
following kit protocol (Thermo Fisher Scientific, Cat. 11766050). The
expressions of inflammatory genes were assessed using the SsoAdvanced
Universal SYBR Green Supermix (Bio-Rad Laboratories, Cat 1725274)
with 1.1 pL. ¢cDNA/mouse, and the BioRad PrimePCR Inflammation
Pathway Plate M384, Mmu (Bio-Rad Laboratories, Cat. 10039170).
Cardiac remodeling-related genes were assessed using the TagMan™
Fast Advanced Master Mix (Thermo Fisher Scientific, Cat 4444557) and
the TagMan™ Array (Thermo Fisher Scientific, Cat 4413259). The
plates were run on a Bio-Rad CFX384 Touch Real-Time PCR Detection
System (Bio-Rad Laboratories) and a QuantStudio™ Real-Time PCR
system (Applied Biosystems™, Cat A28567), respectively.

2.5. Tissue processing for imaging

For histology and immunofluorescence imaging, mouse hearts were
cut approximately 1-2 mm above and below the level of the papillary
muscles using a sterile razor blade. Samples were then fixed in 10%
neutral-buffered formalin for 24 h at 4 °C before being washed and
embedded into paraffin wax. Paraffin-fixed formalin-embedded murine
heart sections of 4 um thickness were placed on glass slides, deparaffi-
nized in xylene, and rehydrated in sequential baths of ethanol:distilled
water. For immunofluorescence staining, heat-induced epitope retrieval
with 0.1 M citrate buffer, pH 6 was performed and sections were further
rehydrated by two washed in TBS + 0.025% TritonX-100 wash buffer.
To detect myofibroblasts, primary antibodies were directed against
vimentin (D21H3, rb, dilution 1:100, Cat#5741, Cell Signaling, Whitby,
ON), a-smooth muscle actin (x-SMA) (1:100, a-SM1, a kind gift from Dr.
Giulio Gabbiani, University of Geneva, Switzerland), and desmin as
exclusion marker (1:30, Cat#MO076029, Dako, Burlington, ON).[26]
Isotype-specific secondary antibodies anti-rabbit IgG-TRITC (1:100,
Sigma, St. Louis, Missouri, USA), Alexa647-conjugated IgG2a (1:100,
Molecular Probes, Life Technologies Inc., Rockford, Illinois, USA), and
anti-mouse IgG1-FITC (1:200, Southern Biotech, Birmingham, Alabama,
USA) were used. Images were acquired with Zeiss Axio Observer 7
inverted confocal microscope equipped with LSM 800 scan head and
ZEN software (Zeiss, Oberkochem, Germany). Cardiomyocyte cross
sectional area was assessed in wheat germ agglutinin-stained sections,
where n = 50 LV cardiomyocytes/mouse, 4 mice/group were measured
in cross-section using Image J 1.53e (NIH, http://imagej.nih.gov/ij)
calibrated to pm? when measured by the freehand tool. For electron
microscopy, the tissue was cut into 1 mm cubes and fixed in glutaral-
dehyde cacodylate buffer then processed for imaging as described.[2,
271 Analysis of % of a-SMA and fibrosis of Sirius red staining was per-
formed by using Q-Path software. For scanning electron microscopy, the
tissue was cut into 1 mm cubes and fixed in glutaraldehyde cacodylate
buffer then processed for imaging as described.[2,27] For the differen-
tiated human cardiac tissue staining, tissues were fixed overnight at 4 °C
in 4% PFA, permeabilized, and blocked for 1 h before adding the pri-
mary antibodies as previously described.[28] Rabbit-anti-MLC2v
(Abcam 79935) and mouse-anti-a-sma (Thermo Scientific 14-9760-82)
were used followed by secondary antibody incubation. Goat-anti-rabbit
texas red (Thermo Scientific A32795) and Goat anti-mouse (Thermo
Scientific A-21240) were used as secondary antibodies. All tissues were
counterstained with DAPI for the nucleus. The tissues were imaged with
a Nikon R1 confocal microscope at 60x respectively.

2.6. Cardiomyocyte differentiation

BJ1D iPSCs were routinely passaged in mTesr plus media and un-
derwent cardiomyocyte differentiation as previously described.[29]
Briefly, iPSCs at 80% confluency were disassociated into single cells
with Accutase (Fisher Scientificc AT104) and preplated into
Matrigel-coated 12 well plates. RPMI supplemented with B27 minus
insulin (Life Technologies A18956-01) and CHIR (8uM, Cayaman
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Chemical 131222) was added on day O of the differentiation. CHIR was
removed after 24 hrs. WntC59 (2uM, Tocris 5148) was added on day 3
followed by removal on day 5. Cells were cultured in RPMI with B27
(Life Technologies 17504-044) on day 7 and afterward. Cardiomyocytes
were disassociated after day 21. Cardiac fibroblasts (cFBs) (PromoCell
CC-2904) were maintained and passaged using fibroblast growth media
(Lonza CC-4526) and used before reaching passage 6.

2.7. Cardiac tissue preparation and maintenance in Biowire platform

Biowire platform was reported previously to facilitate the minia-
turized cardiac tissue culture and functional evaluation using built-in
force sensors and carbon electrodes [30,31]. Briefly, the array of
microwell (1 mm x 5 mm x 0.3 mm) was hot embossed onto a clear
polystyrene sheet. Two polymer wires (0.1 mm x 0.1 mmx9 mm) were
positioned on both sides of the microwell array with glue to serve as
tissue anchor points and built-in force sensors. CM and cFB were mixed
at 1:1 ratio and resuspended with fibrinogen (33 mg/mL) to reach a final
cell concentration of 100 million cells/mL. Thrombin (0.5ul at
25 U/mL) was added to each microwell, followed by 2uL of cell/fibri-
nogen suspension. Tissues were cultured in I3M (StemPro-34 complete
media supplemented with 1% pen-strep, 1% GlutaMAX, 150 pg/mL
transferrin and 213 ug/mL 2-phosphate ascorbic acid), with media
change twice per week [31]. The seeded tissues compacted during the
first week and anchored on the polymer wires at both sides of the
microwell. As cardiac tissues started beating, the contractile forces
generated can be calculated based on the deflection of the polymer wires
under the DAPI channel. The platform with built-in force sensors can
facilitate continuous non-invasive contractile functional measurements
of the cardiac tissues.

2.8. Drug treatment

ALY688 treatment started on day 7 after cell seeding. 300 nM of
peptide was added every two days for 2 weeks for the treated group.
Control tissues do not receive drug treatment but media was replaced at
the same frequency.

2.9. Tissue functional assessment

Functional assessments were performed on day 7 immediately before
drug treatment and at the endpoint. Characterization of active and
passive force for cardiac tissues in the Biowire II platform was performed
as previously reported [30]. Briefly, tissues were placed in a sterile
electrical stimulation chamber and connected with a Grass x88 stimu-
lator. Electrical properties of the tissues, such as excitation threshold
(ET) and maximum capture rate (MCR) were assessed. Recorded image
sequences (paced at 1 Hz) were analyzed using a custom MATLAB code
that traced the maximum deflection of the POMaC wires and calculated
active force, passive tension, duration to contraction, time to peak, time
from peak, contraction slope, and relaxation slope according to previ-
ously established calibration curves [30].

2.10. Metabolomics analysis

Targeted metabolomic profiles were determined in hearts isolated 5
wk post-surgery, by The Metabolomics Innovation Centre (Edmonton,
AB, Canada). Heart tissue was homogenized with 3-fold dilution of
85 mL methanol and 15 mL of 10 mM phosphate buffer. Samples were
then centrifuged at 14,000 rpm for 20 min and the supernatants used for
LC-MS/MS analysis. A targeted quantitative metabolomics approach
was used to analyze the samples using a combination of direct injection
mass spectrometry (MxP500 Kit) with a reverse-phase LC-MS/MS Kit
(BIOCRATES Life Sciences AG, Austria). This Kit, in combination with an
ABI 5500 Q-Trap (Applied Biosystems/MDS Sciex) mass spectrometer,
was used for the targeted identification and quantification of up to 630
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different endogenous metabolites, including amino acids, acylcarni-
tines, biogenic amines, bile acids, organic acids, steroids, diacylglycerols
(DGs), triacylglycerols (TGs), phosphatidylcholines, lysophosphati-
dylcholines, sphingomyelins, ceramides, cholesteryl esters and sugars.
The method combined the derivatization and extraction of analytes, and
the selective mass-spectrometric detection using multiple reaction
monitoring (MRM) pairs. Isotope-labeled internal standards and other
internal standards were integrated in the Kit plate filter for metabolite
quantification. The MxP500 Kit contained a 96 deep-well plate with a
filter plate attached with sealing tape, and reagents and solvents used to
prepare the plate assay. The first 14 wells in the Kit were used for one
blank, three zero samples, seven standards and three quality control
samples provided with each Kit. All the samples were analyzed with the
Kit using the protocol described in the user manual. Briefly, samples
were loaded onto the center of the filter on the upper 96-well kit plate
and dried in a stream of nitrogen. Subsequently, 20 uL of a 5% solution
of phenyl-isothiocyanate was added for derivatization. After incubation,
the filter spots were dried again using an evaporator. Extraction of the
metabolites was then achieved by adding 300 pL methanol containing
5 mM ammonium acetate. The extracts were obtained by centrifugation
into the lower 96-deep well plate, followed by a dilution step with Kit
MS running solvent. Mass spectrometric analysis was performed on an
API5500 Qtrap® tandem mass spectrometry instrument (Applied Bio-
systems/MDS Analytical Technologies, Foster City, CA) equipped with a
solvent delivery system. The samples were delivered to the mass spec-
trometer by a LC method followed by a direct injection method. The
Biocrates MetIQ software was used to control the entire assay workflow,
from sample registration to automated calculation of metabolite con-
centrations to the export of data into other data analysis programs. A
targeted profiling scheme was used to quantitatively screen for known
small molecule metabolites using multiple reaction monitoring, neutral
loss and precursor ion scan.

2.11. Statistical analysis

All data were calculated as mean + SEM followed by a t-test, non-
parametric one-way or two-way ANOVA with Tukey’s post-hoc test.
Differences were considered statistically significant at P < 0.05. For
metabolites, non-parametric one-way ANOVA with Tukey’s post-hoc
test was used to determine the statistical significance of the features.
A false discovery rate (FDR) at a gq-value of 0.05 was implemented to
control multiple comparisons error. Metaboanalyst R version 5.0 was
utilized to select the top 40 essential metabolites using Partial Least
Square Discriminant Analysis (PLS-DA).[32] PLS-DA performance was
tested with 5-fold cross-validation to avoid overfitting the training sets.
At 5-fold cross-validation, R2 performance was more than 0.6 while Q2
was approximately 0.5. Top 26 metabolites were further selected with
VIP scores of > 1.85 and < 2.20. A 2-D plot for principal components 1
and 2 was selected. In addition, Metaboanalyst R version 5.0 was used to
compute a heatmap for sham, TAC, and TAC-A. Principal components
analysis (PCA) biplot, heatmaps, and bar plots were computed and
visualized using ggplot2 (V. 3.4.2; Wickham, 2016) package in R to
evaluate the relative cytokine levels, gene expression, and cardiac
remodeling as well as clusters restoring trend by ALY688 treatment and
the relationship between the clusters variables. Quantitative enrichment
analysis was performed with metaboanalyst to determine the association
between TAC and TAC-A. For Biowire experiment, repeated measure
two-way ANOVA with Tukey’s or Sidak’s post-hoc test was performed.
Significance was determined with p < 0.05. For image analysis between
two groups, a student’s t-test was performed with significance at
p < 0.05.
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3. Results
3.1. ALY688 prevents TAC-induced HFrEF

To evaluate the preventive effect of ALY688 on TAC-induced cardiac
dysfunction, a dose of 3 mg/kg of ALY688, chosen based on previous
pharmacokinetic and pharmacodynamic studies, was administered via
subcutaneous injection to mice 2 d prior to surgery and daily thereafter,
as outlined in Fig. 1A. Cardiac function in all groups of animals was
examined pre-study and then weekly using echocardiography. As ex-
pected, there was a gradual decrease in ejection fraction (EF) over 5 wk,
yet this was significantly attenuated by ALY688 administration
(Fig. 1B&C). Assessing cardiac function in more detail after 5-wk of PO,
indicated that ALY688 prevented PO-induced decreases in EF (Fig. 1D)
and fractional shortening of the LV (Fig. 1E). There was no significant
change in cardiac output, although a trend towards an increase upon
ALY688 administration (Fig. 1F). Peak radial strain and peak longitu-
dinal strain were compromised after 5 wk of PO and nominally recov-
ered by ALY688, although there was no statistically significant change
(Fig. 1G, H). Assessment of stroke volume, end-diastolic and -systolic
volumes did not show statistically significant differences between the
groups, except for elevated end-systolic volume after PO (Fig. 1I-K).
Finally, a significantly increased LV mass was observed in the TAC
group, and this was prevented by ALY688 treatment (Fig. 1L), prompt-
ing us to next focus on alterations in hypertrophy. Additional data
derived from echocardiography in each group throughout the duration
of the study is presented in Supplementary Table 1. Overall, this data
indicated that administration of ALY688 prevented TAC-induced car-
diac dysfunction.

3.2. ALY688 attenuated adverse cardiac hypertrophic remodeling

We evaluated hypertrophy by measuring heart weight to body
weight ratio (Fig. 2A), circulating ANP levels (Fig. 2B), and car-
diomyocyte cross-sectional area determined by quantitative analysis of
wheat germ agglutinin (WGA) staining of cardiac tissue sections
(Fig. 2C&D). The data collectively showed increased hypertrophic
remodeling in mice following TAC surgery which was significantly
reduced in mice that received daily ALY688 injections (Fig. 2A-D). This
correlates with the alterations in LV mass shown in Fig. 1J. Quantitative
real-time PCR analysis demonstrated upregulation of several genes
involved in myocardial hypertrophic remodeling, notably ANP and BNP,
that were corrected by ALY688 (Fig. 2E-G). Myosin heavy chain 6 (Myh
6) plus myosin light chain 2 and 3 (Myl2 and Myl3) content was
decreased in mice after 5 wk of PO yet levels were maintained at similar
levels to sham in mice administered ALY688 (Fig. 2E-G). To find the
relationships between the genes, a multivariate principal component
analysis was performed on the dataset and summarized in a biplot graph
(Fig. 2F). The two main principal components capturing the highest
variance in the data are shown on the x-axis (PCA1) and y-axis (PCA2).
The vector’s length and direction indicate the gene’s contribution to
variance in the PCAs. Longer vectors indicate genes with a stronger in-
fluence on the principal components, while shorter vectors indicate
genes with less influence. Vectors that point in similar directions are
positively correlated, while those pointing in opposite directions are
negatively correlated, the bigger the angles, the lesser the correlation.
The data points represent each mouse, with each treatment wrapped in
an eclipse. Using this approach, we found separate clusters of TAC and
TAC-A groups, while sham groups exhibited a dispersed distribution.
Additionally, brain natriuretic peptide (BNP) had a strong influence on
principal component 2 (PC2) clustering, and Myl3 strongly influenced
PC1. Interestingly, Myh6 showed negative correlation with BNP,
implying contrasting regulation of each in cardiac hypertrophy.
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Fig. 2. ALY688 prevented adverse cardiac remodeling caused by pressure overload. (A) Heart weight to body weight ratio (HW/BW). (B) Serum atrial-
natriuretic peptide (ANP). (C)Quantification of cardiomyocyte cross-sectional area (CM-CSA) (n=4 mice per group). (D) Representative fluorescent microscopy
images of LV sections stained with wheat germ agglutinin (red: cardiomyocyte cell membrane) and DAPI (white: nuclei). (E) The heatmap of relative gene expression
for genes related to cardiac hypertrophic remodeling (F) PCA biplot representing genes associated with cardiac hypertrophy. A point represents each mouse, with
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3.3. ALY688 decreased TAC-induced myocardial fibrosis

We next assessed myocardial fibrosis using several well-established
approaches. First, representative images of scanning electron micro-
scopy of heart tissue for qualitative visualization of collagen fiber con-
tent and structural organization (Fig. 3A) showed areas of increased in
collagen deposition (fibrosis) in the TAC group which was reduced by
ALY688 administration. We then performed immunofluorescent ana-
lyses to detect alterations in the profile of hyper-secretory myofibro-
blasts. Concurrently, some desmin-expressing cardiomyocytes
undergoing hypertrophic growth also express a-SMA, an actin isoform
that is also expressed during early cardiomyocyte maturation. In Fig. 3B,
fibroblasts are vimentin-only positive (green), and myofibroblasts are
double-positive for a-SMA (blue) and vimentin. Data indicated little
presence of a-SMA positive cells in the Sham group, except smooth
muscle cells in vimentin/desmin/a-SMA triple-positive vessels, and
wide-spread presence of vimentin/a-SMA double-positive myofibro-
blasts in the TAC group (Fig. 3B). a-SMA positive myofibroblasts were
less prevalent in the ALY688 treated groups. ALY688 treated groups
showed higher content and hypertrophy of vimentin-only-positive
interstitial fibroblasts which are not fully activated into the contractile
myofibroblast phenotype. The increased presence of hypertrophic fi-
broblasts and contractile myofibroblasts in the TAC group correlates
with increased fibrosis observed in this group. The reduced presence of
myofibroblasts in the treated groups supports findings of decreased
fibrosis due to ALY688 treatment. To provide a more quantitative
analysis of fibrosis, LV tissue sections isolated 5 wk post-surgery were
stained with picrosirius red and revealed significantly increased
collagen accumulation after TAC with an apparent reduction upon
administration of ALY688 (Fig. 3C&D). Altered expression of several
fibrosis-related genes was observed after 5 wk of PO (Fig. 3E). In
particular, PO-induced increases in tissue inhibitor of matrix metal-
loproteinase (TIMP1), matrix metalloproteinase 3 (MMP3), periostin
(Postn) and scleraxis (Scx) mRNA levels were prevented by ALY688
(Fig. 3F). Biplot analysis reinforced this conclusion and in particular the
close relationship between scleraxis, periostin and TIMP1 (Fig. 3G).

To further investigate the effect of ALY688 on fibrosis, we used
previously established heart-on-a-chip platform (Fig. 3H).[31] With
ALY688 treatment (300 nM, every 2 days for 2 weeks), we measured the
contractile force and dynamics of cardiac tissue, the expression of
a-SMA, the ventricular isoform of the regulatory myosin light chain
(MLC2v) with its alignment quantifications. The electrical properties of
the tissues including excitation threshold (ET) and maximum capture
rate (MCR) and other contractile parameters, such as passive tension,
and beating duration were not significantly different between groups
(Supplementary Figure 1). However, an increasing trend was observed in
the active force of the ALY688-treated tissues (Fig. 3I). Moreover, the
contractile slope (contraction velocity) and relaxation slope (relaxation
velocity) (Fig. 3J&K) were significantly increased in the treatment
group. Together with the reduced contraction time in the treated group
(Supplementary Figure 3D), these results demonstrated cardiac contrac-
tile function improved with the treatment. In addition, the ALY688
treated tissues demonstrated a much lower a-SMA expression (Fig. 3M)
and similar MLC2v expression (Supplemental Figure G) in comparison to
the control tissues, evident by immunofluorescent detection. We also
observed better MLC2v alignment in the untreated group, which can
result from a more fibrotic, stiffer substrate. (Fig. 3N). Collectively, the
data provide evidence of ALY688’s beneficial effect on reducing cardiac
fibrosis and the likely impact of this on cardiac functional performance.

3.4. ALY688 prevented alterations in various TAC-induced markers of
inflammation

To assess the impact of ALY688 on TAC-induced changes in inflam-
matory factors, we first conducted an extensive analysis of the circu-
lating level of 44 known inflammatory mediators using multiplex
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immunodetection (Fig. 4A-C). Of the tested targets, 34 fell within the
detectable range of the assay (Fig. 4A). To explore the interplay between
TAC and ALY688, or their reciprocal effects, a multivariate relationship
analysis was performed. A group of cytokines, including interleukin-12
(IL-12p70), IL-17, IL-13, IL-15, IL-20, KC/CXCL1 (CXC motif chemokine
ligand 1) and macrophage inflammatory proteins (MIP-1a, MIP-1b, MIP-
3a (also known as chemokine ligand 20, CCL20), were detected at
increased levels in response to TAC, but their elevation was prevented in
the presence of ALY688 (Fig. 4B&C). Our findings also revealed that 3
factors were decreased by TAC and prevented by ALY688; namely
interleukin 1 alpha (IL-la), macrophage-derived chemokine (MDC;
CCL22) and erythropoietin (EPO), with strong positive correlations that
can be explained by PC2 (Fig. 4B&C). Multivariate PC analysis biplot
shows clustering of the different treatments wherein, although not fully
separated, the clusters for sham/TAC-A are much closer than sham/TAC,
suggesting that ALY688 treatment result in recovery for some genes that
is closer to a normal body state. Nevertheless, cytokines usually play a
more important role as paracrine factors although tissue levels may not
correlate directly with circulating plasma levels we examined the ex-
pressions of inflammation-associated genes in the heart by quantitative
real-time PCR analysis (Fig. 4D-F). We observed a positive correlation
with Pycard (often referred to as ASC (Apoptosis-associated speck-like
protein containing a CARD) and cluster of differentiation 247 (Cd247)
genes, which exhibited low levels in TAC but were corrected by ALY688
administration. In contrast, IL-6, IL-1p, toll-like receptor 4 (TLR4) and
heat shock protein 1 A (Hspala) genes showed an increasing trend after
TAC which was corrected by ALY688. (Fig. 4D-F). Bar graphs and biplot
indicated that vectors for genes, IL-6, TLR4, IL-1§ and Hspala, were high
in TAC, reversed in TAC-A and all lie in the x-axis negative part of the
graph with closer cosine angles indicating a positive correlation among
these genes. On the contrary, genes Pycard and Cd247 with high TAC
levels, reversed in TAC-A, lie in the positive x-axis, exhibit a stronger
positive correlation, and show a negative correlation with genes such as
Hspala and TLR4. Overall, this analysis demonstrates that ALY688 at-
tenuates pro-inflammatory changes induced by PO in mice.

3.5. ALY688 altered cardiac metabolomic profile in mice with and
without TAC

Analysis of data from targeted metabolomics conducted by LC-MS/
MS (liquid chromatography-mass spectrometry), indicated a distinct
separation in the metabolic profiles of each group of mice (Fig. 5A).
Among the top 40 significantly altered metabolites, the first obvious
alteration is an overall trend towards lower levels of TG in the TAC-A
group, while the TAC group exhibited intermediate levels (Fig. 5B&C).
Likewise, in comparing TAC versus TAC-A functional enrichment re-
sults, the largest differential effect involved numerous categories related
to mitochondrial beta-oxidation of fatty acids was a highly prominent
feature (Fig. 5D). These findings support the adiponectin-like effect of
ALY688 on cardiac metabolism, specifically in promoting fatty acid
mobilization and utilization.

4. Discussion

Treatments for various forms of heart failure continue to emerge, yet
it is still imperative to expand our therapeutic arsenal [6,7]. In partic-
ular, this study was designed to test the therapeutic potential of an
adiponectin agonist which we proposed would be cardioprotective in a
preclinical model of heart failure with reduced ejection fraction
(HFrEF). Ideally, a tailored therapy for patients with HFrEF would
encompass contributory factors to HF severity such as insulin resistance,
metabolic inflexibility, hypertrophy, inflammation and fibrosis [33].
Previous studies have established that recombinant or
adenoviral-delivered adiponectin regulates these processes and confers
cardioprotective effects [11,12,34]. Many attempts have been made to
develop adiponectin-based therapeutics since use of recombinant
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Fig. 3. ALY688 attenuated cardiac fibrosis. (A) Representative scanning electron microscopy images of LV samples isolated 5 wk post surgery shown at 2044X.
Right column images have been zoomed to show structural features of interest. (B) Representative images of Picosirius red staining of heart section and (C) the
quantitation of % of positive Picosirius red area. (D) Immunofluorescent detection of individual cell types within the LV 5 wk post-surgery. Representative images
show desmin (red), a-SMA (blue), vimentin (green), and nuclei (white, DAPI). White arrow points to an a-SMA-positive / desmin-negative myofibroblast and the
yellow arrow indicates an a-smooth muscle actin-, desmin-double positive cardiomyocyte. Vascular structures are triple- positive for a-SMA and desmin (smooth
muscle cells) and vimentin (endothelial cells). Fibroblasts are vimentin-only positive (green), and myofibroblasts are double-positive for a-SMA and vimentin. Scale
bar: 20 um. (E) The heatmap of relative gene expression for genes related to cardiac fibrotic remodeling. (F) The cluster of the expression of the genes related to
cardiac fibrosis shows restoring trend by ALY688. (G) PCA biplot representing genes associated with cardiac fibrosis. (H) Schematic of tissue construction and
treatment regimen (I) Active forces of tissues stimulated at 1 Hz; (J) Relaxation slope and (K) Contraction slope during tissue beating; (L) Representative immu-
nostaining images of treated and control tissues at treatment endpoint stained for a-SMA (green), ventricular myosin light chain-2 (MLC2v, red) and counterstained
\Lvith DAPI (blue) (M) Normalized expression level of a-SMA over DAPI (N) Eccentricity analysis of sarcomere alignment based on MLC2v staining.

adiponectin itself is limited by several factors such as the large size and
requirement for complex post-translational modifications to ensure
bioactivity [35]. To overcome this, Otvos and colleagues identified the
receptor binding domain mediating activity and generated the small
peptide adiponectin mimetic ADP355 [25]. This structure was further
optimized by identifying non-critical amino acids and modification with
non-natural amino acids to develop an optimal size and configuration.
The resulting peptide, ALY688, was found to activate both AdipoR1 and
AdipoR2 more potently than the original peptide, while also being more
resistant to degradation [36]. Furthermore, a sustained release (SR)
formulation of the peptide developed for subcutaneous administration
was used in this study. Animals received daily administration of
3 mg/kg ALY688 two days before and throughout the course of five
weeks after TAC.

Importantly, weekly echocardiography to assess cardiac function
indicated that ALY688 administration conferred significant functional
beneficial effects. This is the first study to demonstrate that treatment
with this adiponectin-mimetic peptide can attenuate the reduction in EF
associated with pressure overload. In general terms, this establishes
ALY688 as a potential therapeutic intervention in cases of HFrEF.
ALY688 has progressed through multiple preclinical studies, including
toxicology and is poised to enter phase I clinical trials.

To gain insight into the mechanisms underlying the beneficial effect
of ALY688 on cardiac function, we examined well established cardiac
remodeling events known to occur after TAC [37,38]. First, LV hyper-
trophy is commonly observed in cases of HFrEF or diabetic cardiomy-
opathy and is a strong predictor of adverse cardiovascular outcomes,
such that regression of LV hypertrophy reduces cardiovascular
morbidity and mortality.[39] Reduced hypertrophy can be achieved via
use of anti-hypertensive agents, although not all patients exhibit
regression of LV hypertrophy after treatment [40]. PO-induced hyper-
trophy is exaggerated in adiponectin knockout mice and can be atten-
uated by adiponectin administration [15,21,41,42]. In our study, indices
of hypertrophy showed the expected increase after TAC. These included
LV mass determined by echocardiography, heart weight to body weight
ratio, cardiomyocyte cross sectional area, as well as ANP and BNP levels.
Across these measures, ALY688 reduced the extent of hypertrophy.
Previous studies have shown that adiponectin has anti-hypertrophic
effects and our data indicate that ALY688 mimics this beneficial
response [43,44]. Interestingly, our data also indicated that ALY688
prevented alterations in Myh6 plus Myl2 and Myl3 content after TAC, all
of which have been implicated in cardiomyopathy [45,46]. Collectively,
these data are of great interest in light of the current interest in thera-
peutic myosin modulators to target cardiac myosins directly and
improve contractility and cardiac power output in dilated and hyper-
trophic cardiomyopathies [47]. In summary, this anti-hypertrophic
aspect of ALY688 action may be an important mechanistic component
for effective intervention to improve outcomes in at-risk patients.

Fibrosis is a major consequence of PO and previous studies have
established that this is exaggerated in adiponectin knockout mice and
can be reduced by adiponectin [15,27,42]. Here, we observed that
treatment with ALY688 resulted in a reduction in PO-induced fibrosis.
Notably, ALY688-treated mice exhibited decreased aSMA content in
stress fibers and reduced collagen deposition. Analysis of alterations in

mRNA levels of fibrosis related genes provided interesting mechanistic
insight. For example, the myofibroblast profile change we observed may
be related to increased expression of the transcription factor scleraxis
after PO and its correction by ALY688. Myocardial scleraxis expression
has been shown to be upregulated in mice after PO and in non-ischemic
dilated cardiomyopathy patients [48]. It regulates cardiac fibroblast
activation and scleraxis knockout attenuated fibrosis and improved
cardiac function after PO, thus has been proposed as a viable target for
the development of novel anti-fibrotic treatments [48-50]. Periostin is a
myofibroblast marker induced by scleraxis which we also observed to be
elevated after TAC and attenuated by ALY688 [48]. Periostin is
commonly used as a biomarker of fibrotic remodeling, as a cause of
increased heart failure susceptibility and as potentially useful drug
target [51]. We also observed that ALY688 corrected PO-induced
elevation in tissue inhibitor of matrix metalloproteinase-1 levels,
which has strong implications for fibrotic remodeling [52,53]. To
further validate the anti-fibrotic effect of ALY688, we employed an
organ-on-chip system [54,55]. Our results demonstrated that ALY688
treatment attenuated the expression of a-SMA and improved cardiac
contractility, indicated by a trend of stronger active force, and signifi-
cantly faster contraction and relaxation of the cardiac tissues. It is
important to emphasize that an increasing trend in active force with
large fold changes at a tissue level is rare in the previously reported
anti-fibrosis treatment [56]. These findings collectively indicate potent
anti-fibrotic properties of ALY688 in the context of stress conditions,
such as PO.

In various models of heart failure, inflammation plays a fundamen-
tally important role in driving adverse cardiac remodeling and can be
closely associated with hypertrophic and fibrotic changes [57,58].
Adiponectin has been shown to have anti-inflammatory effects via
numerous mechanisms [59]. Our study found that ALY688 regulated
basal or PO-induced alterations in the level of numerous pro- or
anti-inflammatory factors. Elevated circulating levels of factors that
have been suggested to contribute to the pathogenesis of inflammatory
diseases, such as IL-5, IL-13 and IL-17, after 5 wk of PO were prevented
by ALY688 [60]. For example, IL-13 levels are elevated in patients with
chronic heart failure [61]. IL-5 and IL-13 were inversely correlated with
responsiveness of heart failure patients to left ventricular assist device
intervention [62]. Previous research has shown that plasma IL-12 con-
centrations are significantly increased in patients with cardiovascular
diseases and targeting IL-12 in murine heart failure models alleviated
cardiac dysfunction [63-65]. IL-17 induction occurs in late remodeling
stages (28 d after PO) and mediates sustained infiltration of immune
cells and their production of pro-inflammatory cytokines, enhanced
fibroblast proliferation, and increased expression of profibrotic genes.
Additionally, TAC mice exhibited significantly higher levels of MIP-3a
(macrophage inflammatory protein-3 alpha, also known as CCL20) in
circulation which is a biomarker for heart failure patients [66,67].
MIP-3a has been shown to be involved in TNF-a-mediated signaling
pathways in human cardiac fibroblasts, potentially leading to inflam-
matory responses [68]. The chemo attractants MCP-1, MIP-1p, MIP-1a
and MIP-3a followed a similar change in expression pattern, all with
potential significance in determining cardiac function [69]. Direct
assessment of myocardial transcript levels for inflammatory-related
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genes also provided new insight on mechanisms of ALY688 action. There
was attenuation of the PO-induced elevations in IL-6, TLR-4 and IL-1b.
IL-6 levels typically increase in patients with heart failure and a recent
study showed that attenuating PO-induced increases in IL-6 with ral-
oxifene can improve cardiac function [70,71]. These are likely to confer
important beneficial effects on heart failure given our current
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knowledge on the role of inflammasome activation in various models of
heart failure and the success of anti-IL-1b therapeutics [72,73]. Some-
what surprisingly given these changes in IL-1 and TLR4, the level of
PYCARD gene which encodes apoptosis-associated speck-like protein
containing a CARD (ASC) that is important in inflammasome formation
was reduced after PO and elevated by ALY688 [72]. Hspala is a key
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member of the 70-kDa heat shock protein (Hsp70) family of molecular
chaperones that are expressed in response to various stressors to protect
the heart [74]. The fact that no increase in Hspala was seen after TAC in
mice treated with ALY688 suggests an early cardioprotective effect of
the peptide that negates the endogenous stimulus for Hspala expression.
In summary, our data portray effects of ALY688 on a range of targets
that would confer anti-inflammatory outcomes.

Metabolic dysregulation is recognized as a primary driver and sig-
nificant contributing factor in the development of heart failure after TAC
[4,33]. Clinical studies have shown that interventions aimed at modi-
fying myocardial energy metabolism can lead to improved clinical
outcomes in heart failure patients, and there is growing evidence linking
adiponectin signaling to favorable metabolic profiles in these studies [4,
75]. In our study, we investigated metabolic alterations in the heart
using targeted metabolomics and PLS-DA analysis indicated clear
distinction of metabolite profiles between sham, TAC and TAC-A groups.
Foremost was an effect of ALY688 on reducing myocardial lipids,
particularly triglycerides. This reduction could be attributed to the
direct regulation of lipid metabolism enzymes or potentially as a sec-
ondary effect of increased mitochondrial fatty acid oxidation. The pro-
motion of fatty acid oxidation induced by ALY688 may be a consequence
of the activation of cardiac AMP-activated protein kinase (AMPK),
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which is known to stimulate fatty acid oxidation in the heart and is a
well-established target of adiponectin action [4,76]. We observed an
increase in PCs following ALY688 administration. PCs are major struc-
tural lipids in the plasma membrane, and their metabolism by intestinal
microbes results in the production of choline and betaine. As betaine has
been reported to relieve hepatic inflammation and improve insulin
sensitivity in NASH, and was found to be elevated here, it may represent
a new axis of adiponectin action upon cardiac metabolism [77].
Furthermore, betaine is converted to trimethylamine N-oxide (TMAO)
and the positive correlation between increased TMAO levels and the risk
of CVD has been reported [78]. Another amino acid, putrescine, was
increased by ALY688 treatment in mice hearts. Putrescine has been re-
ported to exert cardioprotective effects via resolving inflammation [79].
Furthermore, it has been established that spermidine is produced from
putrescine, and previous studies have reported that spermidine exerts a
cardioprotective effect through an autophagy-dependent mechanism
[80]. While revealing the cardioprotective effect of ALY688 and po-
tential mechanisms of action, statistical power in this study was limited
by a relatively low number of mice (5 to 9 per group). Overall, it is
plausible that the favorable effects of ALY688 on cardiac function, hy-
pertrophy, inflammation and fibrosis in failing hearts arise from a syn-
ergistic modulation of the metabolic function, in particular favoring
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mitochondrial fatty acid metabolism.

There are also several potential limitations of the study which we are
aware of. We did not include a study arm with sham-operated animals
following treatment with ALY688. Molecular analyses were performed
at termination of the study and it is possible there are secondary effects
that might exist based on differences in contractile function. It would be
advantageous to perform another follow up study using AdipoR1/2
knockout mice in order to further verify the specificity of ALY688 action,
as has been done in cellular models [81]. We observed no change in
circulating adiponectin levels between groups in this study yet analysis
of myocardial AdipoR expression may be of value. Finally, a higher
number of animals in each group would potentially allow current trends
in data to become statistically significant.

In summary, we show that ALY688 attenuates the development of
cardiac dysfunction induced by PO and that underlying this favourable
outcome are beneficial metabolic, anti-inflammatory, anti-hypertrophic
and anti-fibrotic effects on the myocardium. Accordingly, this work
identifies ALY688 as a promising therapeutic agent for cases of HFrEF
and likely other types of heart failure.
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