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Abstract

Chronic unresolved inflammation is the primary determinant of cardiovascular disease. Precise
mechanisms that define the genesis of unresolved inflammation in heart failure with preserved
ejection fraction (HFpEF) are of interest due to the obesity epidemic. To examine the obesity
phenotype and its direct/indirect consequences, multiple approaches were employed using lipoxin
receptor (abbreviated as ALX) dysfunction mouse model. Indirect calorimetry analyses revealed
that deletion of ALX dysregulated energy metabolism driving toward age-related obesity. Heart
function data suggest that obesity-prone ALX deficient mice had impaired myocardium strain.
Comprehensive measurement of chemokines, extracellular matrix, and arrhythmogenic arrays
confirmed dysregulation of multiple ion channels gene expression with amplified inflammatory
chemokines and cytokines response at the age of 4 months compared with WT counterparts.
Quantitative analyses of leukocytes demonstrated an increase of proinflammatory Ly6CNCCR2*
macrophages in the spleen and heart at a steady-state resulting in an inflamed splenocardiac axis.
Signs of subtle inflammation were marked with cardiorenal, endothelial defects with decreased
CD31 and eNOS and an increased iNOS and COX2 expression. Thus, ALX receptor deficiency
serves as an experimental model that defines multiple cellular and molecular mechanisms in
HFpEF that could be a target for the development of HFpEF therapy in cardiovascular medicine.
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Introduction

Heart failure (HF) is a multi-morbidity clinical syndrome and recently has been classified
into two main types; heart failure with preserved ejection fraction (HFpEF) and heart failure
with reduced ejection fraction (HFrEF) (1). In recent years, with an increased incidence of
patients with metabolic dysregulation, obesity, aging, and hypertension are associated with
the risk of HFpEF syndrome (2-5). Epidemiological data indicate that due to the obesity
epidemic, HFpEF poses as a global health problem that is relatively higher than ischemic
cardiomyopathy due to differential diagnostic criteria (6),(7). Moreover, >50% of patients
with clinical HF syndrome have HFpEF which is commonly associated with physical
limitations, immune, and metabolic dysregulation that impair life quality (8). There are a
total of 7 million HFpEF patients, of them 80% present an obesity phenotype (9) and two-
thirds of HFpEF patients develop arrhythmia either before, after, or during the diagnostic
progression (10),(11). In the majority of HFpEF patients, aging is a common, universal, and
inevitable factor that overlaps with obesity. Thereby, the impact of age-related obesity on
cardiac health remains of interest (12),(13). Obesity and aging are the prime triggers of low-
grade, remote, and suboptimal inflammation at multiple levels including hemodynamic,
metabolic, inflammatory, and hormonal perturbations (14). Given the HFpEF prevalence, it
is unclear whether leukocytes trigger the non-resolving, suboptimal inflammation, or chronic
inflammatory coexisting conditions serve as a major contributor to HFpEF
pathophysiological phenotype that includes endothelial inflammation and kidney
dysfunction (15).

Many experimental animal models such as systemic hypertension rat (SHR), Zucker rat,
db/ob genetically altered mice are proposed to mimic the HFpEF syndrome to describe its
molecular and cellular pathways; however, there is limited success in developing a
comprehensive HFpEF model in cardiovascular medicine (16). To date, no precise treatment
or genetically modified model is available to mimic aging, non-resolving chronic
inflammation along with cardiorenal syndrome as a multi-factor risk entity to study HFpEF
(17). Our previous report indicates that ALX/FPR2 receptor (synonym FPR2; referred to as
ALX in the text) is essential for cardiometabolic health and ALX dysfunction drives obesity
and cardiorenal inflammation in aging mice (18). This leukocyte expressed ALX receptor is
essential for action of inflammation-resolution entity such as lipoxinAy, aspirin-trigger
lipoxins, and resolving D1 (19-21). In this study, we tested whether the age-associated
alteration in leukocyte profiling due to ALX receptor deficiency can qualify as an
experimental model of HFpEF based on multi-organ and systems biology criteria. We
demonstrate that leukocyte directed immune dysregulation in progressive obesogenic
phenotype in spleen and heart. Sustained inflammation with amplified endothelial
dysfunction of heart and kidney are primary outcomes as signs of age-related
cardiomyopathy of obesity and HFpEF.
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Animal compliance

Animal monitoring was conducted according to the “Guide for the Care and Use of
Laboratory Animals” (81" Edition. 2011), and AVMA Guidelines for the Euthanasia of
Animals: (2013 Edition) and were approved by the Institutional Animal Care and Use
Committees at the University of Alabama at Birmingham, and University of South Florida,
Tampa, USA.

Study design of obesogenic aging

Food intake

The C57BL/6J (WT) mice were procured from the Jackson laboratory and ALX/FPR2~/~
(ALX~") male mice were obtained originally from Idorsia Pharmaceuticals Ltd
(Switzerland, formerly known as Actelion) and in-breed for future experiments. Mice were
randomized to groups at the age of 2 and 4 months of age, maintained on standard lab chow
diet and used to investigate age-related obesogenic phenotype. The age of 4 months old is
considered middle-aged mice based on our previous life span measurement in ALX ~/~ mice
(18). Two sets of age groups were compared with WT age-matched controls for molecular,
cellular, and histological experiments. To comply with a systems biology approach, tissue
organs such as spleen, heart, and kidney from all four groups were used to define the role of
ALX receptor in obesity and aging-induced suboptimal inflammation in the progression of
cardiovascular disease (Figure 1A; study design).

measurements using indirect calorimetry measurements

The exact measurement of food intake is a key component in the analysis of energy
metabolism. The WT and ALX ™~ mice of 2 and 4 months of age were separated into single
cages 10 days before to assure a smooth transition and to avoid single cage-related isolation
stress. Food was placed in the cage of the mice after the first acclimation day and measured
daily for 5 days. Food intake was measured as food consumed per gram/day (22). Indirect
calorimetry was performed using the doubly-labeled water method. An isotope-elimination
technique used to measure the metabolic rate of small free-living animals, which are
released in the field between two-time points to measure O, and CO, consumption (mi/h).
The energy expenditure is calculated based on the amount of O, consumed and CO,
produced. Total energy expenditure (TEE, kcal/h, and kcal/24h), resting energy expenditure
(REE, kcal/hr and kcal/24h) were exported for four groups of WT and ALX ™/~ mice at 2 and
4 months-old. Quantitative graphs were plotted and results distinguished per day/night for
precise analysis (23),(24).

Quantitative Magnetic Resonance Imaging

The body composition of WT and ALX ™/~ mice in each group was differentiated in fat mass,
lean mass, and water content. Body weight was measured at designated time points of 2 and
4 months, and graphs were plotted as content per gram (25).
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Echocardiography and ECG measurements

Heart function echocardiography of WT and ALX ™/~ mice were performed using Vevo 3100
equipped with transducer MX-400 (18-38 MHz) (VisualSonics Inc., Toronto, Canada) as
described previously (26),(18). In brief, mice were anesthetized using 1- 2% isoflurane with
a 100% oxygen mix and placed on the temperature-regulated platform (36-37 °C) on supine
position. Three color-coded recording electrodes were subdermally inserted into both upper
limbs and the left lower limb. The ambient room temperature was monitored using a
temperature controller (LA CROSSE) technology. Mice that had an average heartbeat below
400 beats/min were excluded from the study. The recording electrodes were connected to an
iX-228/S data acquisition unit (iWorx Systems). Signals were filtered between 3 and 500 Hz.
The input range was within 5 mV. Signals were also digitized with 16-bit precision at a
sampling rate of 1,000 samples/s. The ECG signal was continuously recorded for 10 min for
baseline analysis. Only data from recordings of stable ECG signals were included. Data
were then analyzed with Lab chart 8 software (AD Instruments) (27).

Flow cytometry

Single mononuclear cells were isolated from the heart and spleen of WT and ALX ™/~ mice
at 4 months of age due to distinct obesity phenotype as previously described (28, 29). Data
were acquired on BDTM LSRII Flow Cytometer and analyzed with FlowJo software,
version 7.6.3. For the absolute cell counts, e-beads (123count™ eBeads -Thermo Fischer
Scientific) were used as per manufacturers’ instruction. The absolute count has been
normalized to the weight of the organ tissue (heart and spleen).

Left ventricle (LV) and endothelial vessel immunostaining using confocal microscopy

The LV and kidney sections from each group were fixed using 4% paraformaldehyde and
permeated using 0.1% Triton X-100. The tissues were blocked for 1 h in 10% goat serum.
For endothelial cells staining LV and kidney tissues were incubated with CD31 (14—
0311081, 1:100, ebiosciences) and F4/80 (macrophages detection in the LV (ab16911,100,
Abcam) antibodies overnight. Sections were washed three times with 1XPBS and Alexa
555-labeled anti-rabbit secondary antibody (Molecular Probes, A21422) and wheat germ
agglutinin (WGA)-647 for LV and WGA-488 for kidney (W32466, 1:1000; Molecular
Probes) was added to sections for 60 min, followed by Hoechst staining for 5 min. All the
stained sections were washed with 1X PBS three times and mounted with anti-fade and
acquired using Nikon Al confocal microscope (18).

RealTime? profiler ECM, inflammatory, and arrhythmogenic PCR array and network

analysis

RNA was isolated from LV samples using trizol method. cDNA synthesis was performed
using RT? First Strand Kit (330401, Qiagen) according to manufacturer’s instruction. Real-
Time RT2-PCR gene array for inflammatory cytokines and receptors (Qiagen,
PAMM-011E), ECM and adhesion molecules (Qiagen, PAMM-013E) and customized
arrhythmogenic genes (Qiagen, CAPM14006E were performed to quantify gene expression
levels as per manufacturer’s protocol, on ABI7900HT. Gene levels were normalized by
using the geometric mean of housekeeping genes control (hypoxanthine
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phosphoribosyltransferase (Hprt-1), actin and GAPDH). The results were reported as 27ACt
(AACH) values. Network analysis was done using STRING: functional protein association
networks analysis database (18).

LV and kidney RNA isolation and real-time quantitative PCR

RNA was extracted from LV and kidney tissues using the trizol method. For cDNA, 2 g of
RNA was used and synthesis was done SuperScript Vilo cDNA Synthesis Kit (11754250,
Thermo Fisher Scientific). Quantitative PCR for eNOS (Mm00443258 _m1), /INOS
(MmO01336189_m1), CD31 (MmO00485172_m1), FFAR-1 (Mm01324470_m1l), FFAR-2
(MmO00506686_m1), FFAR-3(Mm01176615_gl), FFAR-4(Mm00477214_m1), and COX-2
(MmO00478374_m1) genes were performed using TagMan (Applied Biosystems, CA, USA)
as previously reported (10). Gene expression was normalized with hypoxanthine
phosphoribosyltransferase-1 (HPRT-1). The results were reported as 22"2CT. RT-PCR
experiments were performed in technical duplicates with n =4 mice per group (18),(28).

Western Blotting

Immunoblotting was done using 10-15 pg of LV tissues from 4 months old WT and ALX ™/~
mice. Briefly, LV lysates were prepared using radio-immunoprecipitation assay (RIPA) lysis
buffer (Sigma) and protease inhibitor cocktail (Roche GmbH, Germany). The proteins were
electrophoresed. The blots were probed with primary CD31 antibody (Cat# ab124432,
Abcam, 1/1000), eNOS (Cat# ab76198, Abcam, 1/1000), peNOS (Cat# ab184154, Abcam,
1/1000), COX-2 (Cat# ab15191, Abcam, 1/1000), iNOS (Cat#ab15323, Abcam),1:1000 or
GAPDH (cat# ab9485, Abcam; 1/5000) kept overnight at 4 °C followed by respective
secondary antibody (Biorad) as described previously. The proteins were detected using the
Femto chemiluminescence detection system (Pierce Chemical, Rockford, IL, USA). After
exposure, blot membrane image were acquired using myECL™ Imager (Thermo Scientific,
USA). Densitometry data were normalized to GAPDH or total eNOS expression using
Image J software (NIH, USA) (21).

Glomerular filtration rate (GFR)

GFR measurement in WT and ALX ™/~ for 4-5 mice per group was performed at the age of 4
months. In brief, mice were anesthetized using 1.5-2% isoflurane, and then a small portion
of hair was removed from the dorsal side of each mouse. GFR was monitored using a
solution of 15 mg/mL of FITC-sinistrin dissolved in 0.9% sterile saline that was injected
intravenously. Then, mice were returned to their respective cages for the next 2 h. Data were
analyzed using elimination kinetics as described previously (30).

Statistical analysis

Data are expressed as mean = SEM. At least 4-8 mice/group is used for each experiment.
Statistical analyses were performed using Graphpad Prism 8. Analysis of variance One-way
ANOVA or two-way ANOVA followed by Newman-Keuls posthoc test was used for
multiple comparisons between 2- and 4-months WT and ALX ™/~ groups respectively. p <
0.05 was considered as statistically significant.
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Dysfunction of ALX receptor provoked an age-related obesogenic phenotype

To understand the age-related obesogenic phenotype in ALX ™/~ mice and whether the
dysfunction of ALX receptor can advance obesity-mediated different abnormalities from an
early age, we applied comprehensive and systems biology approaches summarized in the
study design (Figure 1A). For phenotype characterization, the body fat mass and food intake
were determined in WT and ALX ™/~ groups at the age of 2 and 4 months without high-fat
diet intervention. Food intake results suggested that ALX ™/~ mice developed hyperphagia at
early age of 4 months with a significant increase in food intake (24%, p<0.05) with
increased body mass (23%, p<0.05) compared to the age-matched WT mice (Figure 1B, C).
The results highlighted a crucial role of the ALX receptor in controlling age-related
hyperphagic behavior and body fat mass.

Dysregulation of ALX receptor impaired total and resting energy expenditure

Since ALX ™~ mice developed an age-related obesogenic phenotype, the energy dynamics of
hyperphagia-induced obesity was determined using indirect calorimetry. The volume of O,
(VO,) and CO, (VCO5,) consumption is calculated in both WT and ALX ™/~ mice at the age
of 2 and 4 months that outlined the total and resting energy expenditure (TEE and REE).
Compared to WT mice, VO, consumption increased to 14% in day and 12% at night-time
while VCO, increased up to 15% at both day and night in ALX ™/~ mice at the age of 4
months (Figure 1D, E). Likewise, total Energy Expenditure (TEE) was higher in ALX ™/~
mice at 2 months (green lines) which further amplified at 4 months (red lines) compared
with age-matched WT mice (Figure 1F). The ALX ™~ mice show dysregulated TEE, which
is a known primary mechanism underlying the obese and lean phenotypes (31), which were
further confirmed by measurements of body composition in the same mice and at the same
time point by quantitative magnetic resonance imaging (QMRI). Compared with WT
groups, ALX ™~ mice increased body mass with higher fat mass (64%) with a proportional
increase in lean mass (7%) at 4 months age (Figure 1G, H), with no difference in the water
content.

To understand whether the age-associated increase in TEE (FigurelF) in ALX ™/~ mice (4
months) is due to the metabolic activity of the lean mass or consequence of genotype effect,
we normalized TEE and REE to the lean mass that reflects the metabolic energy of the fat
mass independent of lean mass. ALX ™~ mice showed 8% decrease in TEE ratio compared
with WT mice (Figure 11) indicating metabolic dysregulation began at the early age of 2
months, in the absence of weight gain. However, no change was observed in REE at 2
months in ALX ™/~ mice compared with WT mice (Figure 1J). Thus, in ALX™/~ mice energy
dysregulation is the primary and early cause of obesity-mediated metabolic defects.

At 4 months of age, REE was increased in ALX ™/~ mice by 13% without affecting TEE
compared with the WT group at the respective age indicative of higher consumption of basal
energy relative to lean mass development (Figure 11, J). On the other hand, as expected with
normal development, age-matched WT mice decreased their TEE by 12% and REE by 15%
when normalized with respective lean mass gain compared with ALX ™/~ (Figure 11, J).
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Energy hemodynamics data suggest that ALX ™~ mice dysregulated total and resting energy
expenditure that contributed to metabolic abnormalities in the obesogenic phenotype at an
early age.

Deficiency of ALX receptor reduced myocardium strain and impaired electrocardiogram in
obesogenic aging

Obesity is the primary determinant in HFpEF and myocardium pathology. Compared to age-
matched WT mice, ALX ™~ mice increased end-diastolic volume (EDV, 25%; p<0.05)
(Figure 2A), end-systolic volume (ESV, 60%; p<0.05) at 4 months (Figure 2B) with a
decrease in global longitudinal strain (GLS, 11%; p<0.05) at 2 months of age determined
using high-resolution echocardiography (Figure 2C). No significant change was observed in
radial circumferential strain between both groups (Figure 2D). LV cardiac morphology
assessed by measuring myocyte area cross-sections using WGA-Hoechst staining. At 4
months of age, ALX ™/~ mice myocardium revealed an increase in the surface area of
myocyte, compared with WT controls (Figure 2E). The observed enlargement of
cardiomyocyte may compress the non-myocyte cells like endothelial and residential
macrophages that may affect the electrical cardiac conduction. Besides myocardium strain
dysfunction and hemodynamic load, obesity has additionally adverse effects on heart
function that includes arrhythmia. Electrocardiogram (ECG) analyses revealed abnormal
electrical conductance in ALX ™/~ mice compared with WT mice. ECG analysis suggest that
ALX™~ mice have shorter atrial depolarization (P wave; 20%) compared with lean WT mice
at 4 months (Figure 2F). Compared with WT group in ALX™~ mice, R wave increased at 2
and 4 months by 49% and 66% respectively (Figure 2G), while at 4 months Q and ST waves
were decreased by 120% and 41% respectively (Figure 2H, I). The observed electrical
variations are suggestive of perturbed and pathological ventricle depolarization in ALX ™/~
mice. Defective ECG pattern illustrated as one heartbeat from ECG analyses of WT and
ALX™"~ mice (Figure 2J). Thus, obesity-prone ALX ™/~ mice impaired myocardium with
defective electrical conduction.

Insufficiency of ALX ™~ intensified arrhythmogenic gene expression profile in obesogenic

mice

Observations with humans and mice suggest that obesity has a direct impact on the electrical
conductivity of the heart (32). To understand the impact of obesity in ALX™/~ mice,
arrhythmia gene expression was determined using an array including 84 customized genes of
gating and trafficking channels in 4 months age mice. Globally, out of 84 genes, 8 genes
were significantly upregulated, and 4 genes expression were downregulated in ALX ™~ mice
compared with WT mice. Thus, dysregulation of ion channels gene expression suggests an
arrhythmogenic effect and supports defective ECG functional data in obesogenic mice. An
increase in MRNA expression of voltage-gated Na channels, specifically Na, 1.5, which is
encoded by the gene SCNADS (3 fold, p<0.05) was noticed in ALX ™~ mice compared with
WT mice. Higher expression of SCN1B and SCN3B were observed in ALX ™~ mice when
compared with WT mice (3.53 fold and 52 fold) (Figure 2K). These genes code for the entry
of /n;which controls the initial phase of the cardiac action potential (33). Genes that
regulate active K* channel physiology have significant effects on membrane action potential
(34). Higher expression in mMRNA level of the potassium inwardly-rectifying channel,
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subfamily J, member 2 and 8 was observed (KCN.JZ, 2.31 fold KCNJS, 2.68 fold, p<0.05)
which encode for the channel subunits composed of Kir2.1 and Kir 6.1 respectively in ALX
=/~ mice compared with WT mice. Also, a marked increase in potassium voltage-gated
channel, shal-related family, member 3 (Kcnd3)that code for Kv4.3 (1.76 fold, p<0.05)
(Figure 2L) was observed in ALX ™~ mice compared with WT mice counterparts. The
upregulation in mRNA expression of calmodulin 3 (2.25 fold, p<0.05), Cav1.2 (2.40 fold,
p<0.05) and Cav 3 (6.10 fold, p<0.05) in ALX ™~ mice indicated modulation of calcium
sensor stimuli compared with age-matched WT mice (Figure 2M). Amplified L-type Ca?*
channels expression explains the pathological increase in QRS amplitude in ALX ™~ mice
(Figure 2N). Thus, lack of ALX ™~ in mice developed obesity and further dysregulated the
cluster of Na*, K*, and Ca* channels expression with ECG defects and impaired
myocardium strain.

Lack of ALX receptor expanded CCR2* population in spleen

Next, to determine whether age-related obesity impacts the immune cell profile with no-
injury, we investigated the leukocyte phenotypes in spleen and heart using flow cytometry.
In the spleen, ALX ™~ mice expressed higher Ly6CNCCR2* macrophage population
compared with WT (12446 vs 55+13 cells/mg of tissue, p<0.05) suggestive of the inflamed
spleen in steady-state (Figure 3A—C). A similar trend was observed in the heart of ALX ™/~
mice (24112 vs 7£1 cells/mg) compared with WT mice (Figure 3D-F). Quantitative
immune profiling in the heart demonstrated the abundance of inflamed macrophages in ALX
=/~ mice compared with WT mice. There was non-significant increase in Ly6C!°CCR2* and
Ly6C!°CCR2" resident macrophages in ALX ™~ mice compared to WT mice in the heart
(Figure 3D-H). As expected, in the steady myocardium neutrophils (Ly6G*) population was
limited in WT mice, but was higher in ALX ™'~ mice compared with WT mice (1.2%+0.2 vs
0.6%=0.1, p<0.05) exemplified in comprehensive doughnut chart (Figure 31). The observed
neutrophil expansion could be explained by the higher Ly6CNICCR2* macrophages
population observed in the spleen. Thus, dysfunction of ALX receptor drives inflammatory
splenic leukocytes activation suggestive of low-grade and suboptimal inflammation.

Defective ALX receptor over primed chemokines in the heart

Activation of the innate immune cell indicated an inflammatory state due to insufficiency of
the ALX receptor. To determine the leukocyte-directed inflammatory milieu, 84 gene RT#
PCR profiler inflammation and cytokines gene array were screened as altered levels of pro-
inflammatory cytokines are also associated with prolongation of interval action potential
(AP) in patients with inflammatory diseases (35). Activated splenic leukocyte in spleen and
heart stimulated trafficking and migration supporting chemokines, especially the CCL (Cc/2,
Ccl3, Ccl4, Ccl6, Ccl7, Ccl20, Ccl24) and TNF-a superfamily genes clusters (7nf, Tnfsf10,
Tnfsf13, Tnfsfi3b, Tnfsf4, Mif, Osm, Cd40lg) family compared with age-matched WT
controls (Figure 4A-D). A significant change in ECM deposition and degradation genes
expression was observed in ALX ™/~ mice compared with WT control group (Figure 4E and
F). ECM deposition genes (/tgax, Lamal, Col2al, Cnitnl, CtnnaZ2) were significantly
upregulated in ALX ™~ mice compared to WT mice suggestive of activated fibroblasts
(Figure 4E). Likewise, the mRNA expression of ECM degradation genes (MMP10, 14, and
15) were increased compared with WT controls (Figure 4F) suggestive of an imbalance
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between degradation and deposition of ECM. Genes that regulate cell adhesion molecules
(Pcdh19, TgfB3, Prri2, Ema, Cptla, Ctnna3) were amplified suggestive of immune
activation (Figure 4G), demonstrating the presence of dynamic relation between non-
immune cells secreting ECM and leukocyte directed chemokines cluster in the heart of ALX
=/~ mice. Thus, amplified splenic leukocytes activated cytokines and perturbed extracellular
matrix (ECM) homeostasis in the myocardium.

ALX deficiency-induced myocardium endothelial dysfunction

Multiple evidence suggests that classical Ly6CNCCR2* macrophages immune activation
contribute to cardiac dysfunction and impair endothelial function (36). Expansion of splenic
Ly6CNCCR2* macrophage primed CCL2 cluster chemokines in the heart, which led to the
foundation to determine whether ALX deletion contributed to endothelial dysfunction. Thus,
we determined the expression of endothelial markers in response to ALX deletion. First, at
the level of blood vessel structure, obesity-prone ALX ™~ mice showed lower expression of
CD31 (red color) on the basement membrane of tunica intima with the absence of positive
F4/80 (green color) macrophages. In contrast, WT mice vessel indicated the presence of
CD31, determined using immunostaining as F4/80* macrophages surrounding the vessel and
CD31 expression on-base membrane of the vessel (Figure 5A). Second, in the myocardium,
LV mid-cavity showed (WGA purple color) high CD31 expression supporting the presence
of endothelial cells with less F4/80 positive cells (macrophages) in WT when compared to
the ALX ™/~ mice exhibiting an inverse profile (Figure 5A). These data demonstrated that
ALX receptor dysfunction impacted capillary density in ALX ™/~ mice. We further validated
the molecular basis of endothelial dysfunction mRNA and protein expression of CD31,
eNOS, and total eNOS in the heart (left ventricle) that were quantitated using RT-PCR. In
agreement with immunohistochemistry results, the reduced levels of CD31 protein and
mRNA expression (0.50 and 0.84 fold, p<0.05) were observed in ALX ™~ mice compared
with WT mice (Figure 5B, C, D). Paired with these data, a significant decrease in the ratio of
peNOS/total eNOS protein expression along with lower gene expression of eNOS (0.44 and
0.83 fold, p<0.05) were observed in ALX ™/~ mice compared with age-matched WT control
(Figure 5 E, F, G), indicative of significant endothelial dysfunction since CD31/peNOS
pathway is altered.

Parallel to the eNOS/NO pathway, COX2 and iNOS gene expression was determined in the
heart since the LV environment is inflamed due to age-related obesity in ALX ™/~ mice.
Higher expression of COX2 (1.66 fold, p<0.05) and iNOS (1.25 fold, p<0.05) were observed
in ALX ™"~ mice compared with WT mice (Figure 5H, I). At the protein level, both COX2
and iNOS expression were mirrored with the observed mRNA gene expression results
(Figure 5J, K, L) suggestive of chronic inflammation related to endothelial dysfunction.
Taken all together, inflamed spleen feed-forward the inflammatory leukocytes to heart with
signs of impaired endothelial dysfunction. To validate the metabolic dysregulation, fatty
acids receptors (FFARL1 to FFAR4) gene expression were determined. Importantly, FFAR2
(2.29-fold, p<0.05) and FFAR3 (3.45 fold, p<0.05) were increased in ALX ™~ mice
compared with WT mice (Figure 5M, N). A decrease in FFAR1 (0.42 fold, p<0.05) (Figure
50) and FFAR4 (0.19 fold, p<0.05) (Figure 5P) were observed in ALX ™~ mice when
compared with WT mice. Thus, our results showed that activated splenic leukocytes in the
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steady-state leads to endothelial dysfunction in the heart. This is an indirect impact of
resolution receptor dysfunction and source of non-resolving inflammation due to obesity
with profound alteration in immune metabolism.

Obesity increased hyper-filtration and kidney dysfunction in ALX™~ mice

In the obesogenic setting, the heart and kidney coordinate the vicious cycle of
pathophysiological stress and dysfunction of one feed-forward the maladaptive response to
others (37). Since ALX ™/~ mice displayed an age-related obesity phenotype with signs of
inflamed myocardium and defects in ECG, we determined whether obesity of ALX ™/~ mice
impacts kidney function. Kidney functional data suggest higher glomerular filtration rate
(GFR) (1.22 fold, p<0.05) as a sign of hyperfiltration in ALX ™~ group compared with WT
group (Figure 6A) with no change in t¥2 (Figure 6B). These findings are in agreement with
a human study that ranks obesity as a major confounding factor in the glomerular hyper-
filtration (38). Further, to understand the molecular mechanism behind the observed
glomerular hyper-filtration, we determined markers of endothelial function (CD31) because
endothelial integrity serves as a pivotal barrier in the control of permeability using
immunofluorescence-staining (Figure 6C, D, E). Histological data suggest a significant
decrease of CD31" (red color) in the medulla, especially in the tublo-interstitial area in ALX
~/~ mice compared with WT (Figure 6E). In the cortex zone, the total absence of CD31
positive cells was observed in ALX ™~ mice compared with WT control (Figure 6C, D). Few
endothelial cells were observed inside and surrounding the vessel in ALX ™~ mice compared
to WT mice (Figure 6E). Histological results further were validated by the evaluation of the
molecular markers which revealed a decline of eNOS (0.35 fold, p<0.05) and CD31 (0.72
fold, p<0.05) gene expression (Figure 6F, G) in ALX ™/~ mice when compared with age-
matched WT mice. Thus, the observed capillary rarefaction in the kidney is accompanied by
an increase of COX-2 expression (3 fold, p<0.05) (Figure 6H) with limited change in /NOS
(Figure 61) in ALX ™~ mice compared with WT mice. Thus, obesogenic aging in ALX ™~
mice intensified renal dysfunction with suggestive signs of a remote systemic inflamed
network, and age-related kidney endothelial dysfunction.

Discussion

An obesogenic phenotype and non-ischemic heart dysfunction are known to impair immune
function (39). Every aspect of the immune response including presentation of CCR2,
complex MHCII, immune cell differentiation, and leukocytes class switching activity in
wound healing intimately links with cell metabolism and resolution of inflammation (40—
42). Previous reports suggest that endogenous/exogenous/agonist-based action of the ALX
receptor facilitates the resolution of inflammation, anti-inflammatory action, and cardiac
repair, in contrast, the dysfunction of ALX receptor leads to non-resolving inflammation
with lower survival (43-45) (18),(21, 46). Here, we present that obesity-prone ALX ™/~ mice
drives; (i) dysregulation of energy metabolism thereby developing an obesogenic phenotype
leading to structural remodeling, perturbed electrical changes, and weakened myocardium
strain of the heart; (ii) activation of splenic CCR2* macrophages that over prime CCL
cluster of chemokines with the initiation of arrhythmogenic gene expression in the left
ventricle; and (iii) age-related cardiorenal and endothelial dysfunction. Thus, our multiple
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complementary approaches confirm the critical role of ALX receptor in cardiometabolic
health and thus ALX deficiency could qualify as an experimental model of HFpEF.

First, at the phenotypic level, the role of the ALX receptor was defined in energy balance,
structural, functional, and electrical remodeling. Our previous study indicates that ALX is
essential for survival in obesity-prone male mice and to resolve inflammation (18).
Compared to male, female ALX ™/~ mice are resistant to spontaneous obesity phenotype
contrast to humans because menopause-related estrogen decline and obesity might
contribute to HFpEF onset (47). The dysfunction of ALX in mice develops an obesogenic
phenotype from 4 months of age due to bulimia. Based on calorimetry data, the likely
explanation is that uneven energy dynamics provide the obesity-related pathophysiological
structural remodeling that occurs within the heart as an adaptation to the increase of body
mass in mice/humans. Obese patients and mice undergo dilation of the left ventricle with
signs of disturbed electrical conduction (48) (49). In ALX ™~ mice, heart structural
remodeling and electrical disruption co-exist with signs of diastolic dysfunction without
major defects in contractility at an early age. Recent reports identified that the impairment of
the metabolic activity is linked with the alteration of cardiac electrophysiology (50), which
led us to explore the ion channel expressions in the absence of a resolution sensor.

Second, at the molecular level, important findings are amplified Na*, K*, and Ca2* ion
channels gene expression following the deletion of ALX. The increase of Kcnj2and Kenf5
favor more towards the risks of re-entrant ventricle arrhythmias (51). However, SN5a gain-
of-function study defines the cause of ventricular arrhythmias and early-onset atrial
fibrillation (33). In multiple studies using the myocardial infarction model, it is apparent that
inhibition of re-expressed T-type Ca2* like Cav 3 channels had a beneficial role in limiting
infarct size, and ventricular remodeling (52). Dysregulated ions channels data supports our
findings and align with the ECG impairment marked by the increase in QRS duration in
obesity-prone ALX null mice. Hence, maintenance of Na?* and ca?* homeostasis is crucial
for electrical stability and heart function homeostasis (53, 54). However, it remains to be
resolved if the upregulation of these genes is a cause or a consequence of functional
arrhythmias in the heart of ALX null mice. Prescribed changes presented in the manuscript
are a snapshot of an arrhythmogenic profile at early age suggestive of critical role in sudden
cardiac death of ALX null mice (18).

Third, the innovative outcome is the cellular activation of splenic leukocytes; dysregulation
of lipids and proteins that could particularly compromise the integrated metabolic response
of macrophages (42, 55). Dysfunction of ALX receptor in mice primes over activation of
chemokines and disruption of matrix homeostasis as the primary signs of suboptimal
inflamed state reflected by the increase of Ly6CNCCR2* population in the spleen and to
some extent in the heart. Clinical and experimental data support that suboptimal
inflammation often manifests in endothelial dysfunction as the beginning of atherogenesis
that progresses to atherosclerosis with time (56),(57). This outcome bridges the gap between
ALX receptor defects that drives an obesogenic phenotype related to non-resolving
inflammation and endothelial dysfunction, which is of high relevance to cardiomyopathy of
obesity. The cardio-renal endothelium dysfunction indicates a part of direct (feed-forward)
or indirect (feed-backward) consequences of age-related ALX dysfunction. The declining
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expression of the endothelial markers such as endothelial nitric oxide synthase in both
myocardium and kidney of ALX null mice drives activation of induced nitric oxide synthase
expression along with cyclooxygenase expression suggestive of suboptimal inflammation in
steady-state. Furthermore, data are of translational significance as the endothelium-
dependent dysfunction is a prime determinant in clinical studies when free fatty acids are
experimentally increased in metabolic syndrome subjects (58). Recent crystal structure data
of ALX/FPR2 indicate that this sensor has an unusual site compared to pro-inflammatory
receptors that can accommodate proresolving mediators such as lipoxin A4 and resolvin D1
(59). This novel proresolving structure within the receptor offers a basis for structure-based
drug design for disorders that are at epidemic proportions in the Western world, these could
include resolvin D1 and lipoxin A4 mimetics (42). In contrast, pharmacological inhibition of
ALX post-ischemia, dysregulated leukocyte trafficking in spleen and heart with signs of
non-resolving inflammation (60). Presented data along with previously published reports
underscore that the suboptimal and remote inflammation is a consequence of impaired
biosynthesis of resolution bioactive lipids and either absence through enzyme or receptor
dysfunction leading to the impairment of immune responsive metabolism (18), (42, 61).

Limitations

The presented results has some limitations. Current study focused on the genesis of non-
resolving inflammation using monogenic mouse model, however in clinical setting the
multi-organ remote inflammation originates from polygenic sources such as imbalanced
nutrient intake/energy expenditure, altered sleep/wake up cycle, lack of exercise or
antecedent/genetic predisposition. Due to spontaneous obesity, the development of insulin
resistance, hyperglycemia, and diabetes that suggest possible role of neuro-endocrine system
is understudied.

Conclusion

The deletion of ALX receptor triggers non-resolving inflammation appears to have a multi-
dimensional role extending from cardiometabolic disorder to cardiorenal endothelial
dysfunction. These profiles are different arms to one common syndrome, HFpEF in
obesogenic aging. Data could be of interest in identifying novel mechanism(s) of action in
cardiovascular medicine and target(s) for HFpEF pathobiology.
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Ca?* channel calcium channel
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Figure 1. ALX™"" mice onsets early age obesity and energy imbalance.
(A) Study design summarizing input and output parameters of obesogenic aging in WT and
ALX™~ mice. (B, C) Dot plots showing food intake and body weight changes, (D, E)
Indirect calorimetry measurement of VO, and VCO, during day- and night-time, (F) Line
> kinetics of the total energy expenditure (TEE) at day and night time, (G, H) Quantitative
% magnetic resonance imaging (QMRI) analysis of change in fat and lean mass, (I, J) Dot plot
) graph representing indirect calorimetry measurements of total energy expenditure (TEE),
< resting energy expenditure (REE) in WT and ALX ™~ mice at the age of 2 and 4 months.
% *p<0.05 vs respective 2 months ALX ™/~ group; $ p<0.05 vs respective 2 months WT group;
c .
9 n= 4 mice/group; Values are means + SEM.
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Figure 2. Multiple levels of heart dysfunction following deletion of ALX receptor.
Echocardiography parameters presenting (A) end-diastolic volume (EDV), (B) end-systolic

volume (ESV), (C) global longitudinal strain (GLS), (D) radial circumferential strain (RCS)
measured in WT and ALX ™/~ group at the age of 2 and 4 months (n=4-8 mice/group). (E)
Representative immunofluorescence images of LV stained with wheat germ agglutinin
(WGA-green) showing changes in cardiomyocyte area in WT and ALX ™/~ mice at the age of
4 months. Images are representative of 4-5 sections, n =4 mice/group. Magnification, 60x.
Scale bars, 25um. ECG parameters presenting (F) P duration, (G) R wave, (H) Q wave, (1)
ST wave, and (J) images of one ECG beat of WT and ALX ™~ mice at the age of 4 months.
Dotted lines indicate differences between ALX ™~ and WT in QRS complex. mMRNA
expression with increase of (K) sodium (Na2*) channels, (L) potassium (K*) channels, (M)
calcium (Ca2*) channels, (N) Fold change of arrhythmia gene expression analyzed using
customized array in LV of ALX ™~ mice at 4 months of age. The fold change is calculated by
normalizing expression of respective genes to WT. mRNA expression of genes normalized
to the geometric mean of HPRT, GAPDH, and actin; *p<0.05 vs respective 4 months WT
group; n= 4-6 mice/group; Values are means + SEM.
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Figure 3. Deletion of ALX receptor-activated inflamed immune population in splenocardiac

manner.

(A) Representative flow cytometry pseudoplots of the activated macrophages (Ly6C/CCR2)
in the spleen of ALX ™/~ and WT mice at the age of 4 months. (B) Representative overlay of
Ly6CNCCR2* expression in spleen of WT and ALX ™/~ mice. (C) Bar graph showing
Ly6CNCCR2* population in the spleen of WT and ALX ™/~ mice at the age of 4 months. (D)
Representative flow cytometry pseudoplots of activated macrophages (Ly6CNCCR2*) in the
heart of ALX ™/~ and WT mice at the age of 4 months. (E) Representative overlay of
Ly6CNCCR2* expression in heart of WT and ALX ™/~ mice. Bar graph showing (F)
Ly6CNCCR2", (G) Ly6C!°CCR2", (H) Ly6C!°CCR2~ population in the heart of WT and
ALX™~ mice at the age of 4 months. (1) Summary of doughnut plots representing different
percentages of the major cell population analyzed in both groups in the heart. Each color
indicates the same cell population percentage in ALX ™~ and WT groups at the age of 4
months. *p<0.05 vs WT; n=4-5 mice/group; Values are means = SEM. The cell population

is represented as the absolute number of cells per mg of tissue.
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Figure 4. Age-related obesogenic phenotype dysregulated cytokines, chemokines, and
extracellular matrix genes.

(A) mRNA expression of macrophage trafficking and migration chemokines, (B) CCL2
oriented protein-protein interaction network generated through STRING, (C) mRNA
expression of TNFa superfamily cytokines, (D) TNFa superfamily oriented protein-protein
interaction network generated through STRING. mRNA expression of (E) extracellular
matrix (ECM) deposition genes, (F) ECM degradation genes, and (G) ECM and cell
adhesion molecules genes. mMRNA expression of genes normalized to the geometric mean of
HPRT, GAPDH, and actin. *p<0.05 vs WT; n= 4 mice/group; values are means + SEM.
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Figure 5. The absence of ALX set off the myocardium endothelial dysfunction.
(A) LV immunofluorescence images showing a decrease in CD31 (red) expression in ALX

=/~ mice. The upper panel images are of CD31(red) and F4/80 (green) cells around vessels
which showing ALX ™/~ vessels have the low number of macrophages and reduced CD31
staining. The lower panel shows LV without a vessel. Yellow arrow denotes CD31 staining
and white arrow denotes F4/80 staining. WGA (purple) is used for marking cell boundaries.
Nuclei are stained with Hoechst (blue). Images are representative of 4-5 sections, n =4 mice/
group. Maghnification, 60x. Scale bars, 25um, (B) Immunoblot of CD31 LV protein
expressions, (C) Densitometry analysis of CD31, (D) mRNA expression of CD31, (E)
Immunoblot of phospho (S1177) eNOS and total eNOS protein expression, (F)
Densitometry analysis of phospho (51177) eNOS/TeNOS, mRNA expression of (G) eNOS
(H) /NOS (1) cOX-2(J) Immunoblot of INOS, COX-2 and GAPDH protein expression.
Densitometry analysis of (K) iNOS, (L) COX-2, and (M-P) mRNA expression of FFAR-1,
-2-3 and —4. The gene and protein expression are measured in LV of WT and ALX ™/~
mice at the age of 4 months. Protein expression is normalized to GAPDH and mRNA
expression is normalized to HPRT-1. *, p<0.05 vs WT. n= 3-4 mice/group. values are means
+ SEM.
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Figure 6. Obesity in ALX™~ mice advances kidney and endothelium dysfunction at the age of 4
months.

Bar graphs presenting (A) glomerular filtration rate (GFR) and (B) half time of injected
FITC-sinistrin in the kidney of WT and ALX ™~ mice. Representative immunofluorescence
images of (C) cortex, (D) vessel, and (E) medulla stained with WGA (green)-CD31(red) in
kidney of ALX ™/~ and WT mice. Images are representative of 4-5 sections, n =4 mice/
group. Magnification, 60x. Scale bars, 50um. Representative graph of mRNA gene
expression in the kidney of (F) CD31, (G) eNOS, (H) COX-2, (1) INOS in the WT and ALX
I~ mice. mRNA expression is normalized to HPRT-1. *p<0.05 vs WT; n= 6 mice/group;
values are means + SEM.
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Figure 7. Summary of HFpEF model presenting splenocardiac and cardiorenal inflammation in
obesity-prone ALX-deficient mice.

Obesity prone ALX null mice develops HFpEF phenotypes with leukocyte-directed
suboptimal inflammation and dysregulation of energy dynamics with endothelial
dysfunction.
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