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Abstract 

Age is a prominent risk factor for cardiometabolic disease, and often leads to 

heart structural and functional changes. However, precise molecular mechanisms 

underlying cardiac remodeling and dysfunction resulting from physiological aging per 

se remain elusive. Understanding these mechanisms requires biological models with 

optimal translation to humans. Previous research demonstrated that baboons undergo 

age-related reduction in ejection fraction and increased heart sphericity, mirroring 

changes observed in humans.  

The goal of this study was to identify early cardiac molecular alterations that 

precede functional adaptations, shedding light on the regulation of age-associated 

changes.  

We performed unbiased transcriptomics of left ventricle (LV) samples from 

female baboons aged 7.5-22.1 years (human equivalent ~30-88 years). Weighted-gene 

correlation network and pathway enrichment analyses were performed to identify 

potential age-associated mechanisms in LV, with histological validation. Myocardial 

modules of transcripts negatively associated with age were primarily enriched for 

cardiac metabolism, including oxidative phosphorylation, tricarboxylic acid cycle, 

glycolysis, and fatty-acid β-oxidation. Transcripts positively correlated with age suggest 

upregulation of glucose uptake, pentose phosphate pathway, and hexosamine 

biosynthetic pathway (HBP), indicating a metabolic shift towards glucose-dependent 

anabolic pathways. Upregulation of HBP commonly results in increased 

glycosaminoglycan precursor synthesis. Transcripts involved in glycosaminoglycan 

synthesis, modification, and intermediate metabolism were also upregulated in older 

animals, while glycosaminoglycan degradation transcripts were downregulated with 

age. These alterations would promote glycosaminoglycan accumulation, which was 

verified histologically. Upregulation of extracellular matrix (ECM)-induced signaling 

pathways temporally coincided with glycosaminoglycan accumulation. We found a 

subsequent upregulation of cardiac hypertrophy-related pathways and an increase in 

cardiomyocyte width. 

Overall, our findings revealed a transcriptional shift in metabolism from 

catabolic to anabolic pathways that leads to ECM glycosaminoglycan accumulation 

through HBP prior to upregulation of transcripts of cardiac hypertrophy-related 

pathways. This study illuminates cellular mechanisms that precede development of 

cardiac hypertrophy, providing novel potential targets to remediate age-related 

cardiac diseases. 
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Introduction 

Populations of older individuals have been increasing worldwide, and by 2050, 

up to one-third of the population in developed countries will be 60 years or older [1]. 

Age is recognized as a major risk factor for cardiovascular disease (CVD) including 

coronary heart disease, stroke, and heart failure [2,3]. Aging leads to CVD by 

promoting heart structural and functional alterations, contributing to cardiac 

dysfunction [2]. In the European Union, 49 million people were living with CVD in 2019, 

and it is estimated that by 2030, 130 million adults in the United States will be affected 

by CVD [4,5]. 

The heart demands substantial chemical energy, primarily adenosine 

triphosphate (ATP) production, to drive contraction. Cardiac metabolic flexibility stems 

from the tight regulation of enzymes, ion channels, and contractile, structural, and 

membrane proteins, enabling efficient energy conversion in response to stress [6,7]. 

ATP production in healthy adult myocytes is predominantly derived from fatty acid 

(FA) oxidation (70-90%) and the remaining from glucose, ketone bodies, and amino 

acid oxidation [8]. Aging significantly impacts cardiac metabolism, partially through the 

loss of flexibility on substrate usage [9]. Cardiac mitochondrial electron transport chain 

gene transcription and efficiency decrease with aging, detrimentally impacting ATP 

production [6,10]. As age increases, the cardiac use of FA oxidation decreases, and the 

dependence on and relative rate of glucose metabolism increases [11,12]. Glucose can 

be channeled to multiple metabolic pathways after uptake in the heart, including 

glycolysis, glycogen synthesis, pentose phosphate pathway, and hexosamine 

biosynthetic pathway (HBP) [13].  

The decrease in FA import through CD36, leading to a metabolic shift towards 

increased glucose utilization, hastens the transition from compensated hypertrophy 

(characterized by enhanced cardiac hypertrophy and interstitial fibrosis) to heart 

failure [8], while the preservation of FA oxidation prevents the metabolic shift and 

cardiac hypertrophy development [14]. The metabolic shift and the associated 

alterations in gene expression, metabolite signaling, and the utilization of glucose-

derived carbon for anabolic pathways play a crucial role in the physiological growth of 

the heart. Conversely, cardiac metabolic inefficiency and disrupted coordination of 

anabolic activity are now recognized as proximal factors contributing to pathological 

remodeling [15]. 

Age-related alterations in cardiac metabolism may underlie the increased 

susceptibility to CVD in older adults. Despite their potential significance, the 

implications of this natural age-related metabolic shift in cardiac physiology and its 

potential contribution to CVD remain largely unexplored. Decreased myocardial 

reserve capacity, cardiac hypertrophy, and fibrosis are hallmarks of cardiac aging [16]. 

Nevertheless, the mechanisms that relate the metabolic shift to the emergence of 

cardiac hypertrophy are not clear. In a previous study, we observed a longitudinal 

increase in apical pericardial fat, indicating potential metabolic changes, in aging 
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female baboons with no pre-existing health conditions [17]. We also observed 

compromised left and right ventricle function with aging, suggesting that even healthy 

physiological aging leads to cardiac remodeling by itself [18]. These biventricular 

adaptations include a diminished normalized average filling rate, cardiac index, and 

ejection fraction [18,19]. In addition, LV end‐diastolic sphericity index increased while 

right ventricle sphericity indices dropped with age, suggesting ventricle-specific 

remodeling [19,20]. LV mass increased with age in males but not females, after 

correction for body weight-based body surface area estimates, females but not males 

showed an age-related loss in normalized LV mass [18], highlighting sexual dimorphism 

and a notable gap in our understanding of the intricate cardiac molecular mechanisms 

driven by physiological aging in a sex-specific manner. 

During cardiac remodeling, the heart undergoes extensive extracellular matrix 

(ECM) adaptation. Accumulation of ECM is regulated by the balance of degradation 

and synthesis of its constituents [16,21]. The ECM includes fibrous and non-fibrous 

components (e.g., proteoglycan and glycosaminoglycan (GAG)) [22]. GAGs are 

polysaccharide chains that may be secreted upon synthesis (Hyaluronic Acid (HA)) or 

covalently synthesized on core proteins to form proteoglycans (PG). GAGs can differ in 

carbohydrate composition, length, and/or sulfation patterns (Chondroitin/Dermatan 

Sulfate (CS/DS), Heparin/Heparan Sulfate (HS), and Keratan Sulfate (KS)) [23]. PG/GAGs 

play roles in multiple physiological functions, extending beyond ECM formation. 

PG/GAGs participate in tissue development and cell signaling through interactions with 

ECM components, morphogens, cytokines, and growth factors and influence the 

physical characteristics of tissues [24,25]. Altered PG/GAG structure and function have 

been linked to heart disease because of their role in cardiac remodeling, hypertrophy, 

and age-related degeneration of the myocardium [23]. Accumulation of GAGs was 

previously reported in failing pediatric and adult hearts and in chronic stress [22,26]. 

However, the aging-related cellular mechanisms that lead to ECM remodeling and to 

cardiac hypertrophy, and CVD are not well understood. 

Initial studies of aging-related cardiac transcriptomics use a traditional 

comparison of two time points (young vs. old animals) [10,12,27] or more than two 

specific time points in rodents [28]. The translatability of murine models to understand 

humans cardiac aging transcriptomics is very limited due to significant developmental, 

structural and functional cardiovascular differences, including oxygen consumption, 

adrenergic receptor ratios, and heart rate [29]. Furthermore, the use of senescence-

induced animal models lacks reliability due to the non-physiological and uncoordinated 

promotion of aging mechanisms [28]. While the use of rodent models represents a 

significant limitation to human translation, the temporal analysis based on classes also 

compromises the analytical power, causality testing, and effect evaluation. Employing 

a temporal linear approach increases our understanding of cardiac aging by revealing 

that not all gene expression consistently follow a linear profile throughout the lifespan 

[30]. Therefore, our study used a highly translational model, the baboon, a nonhuman 

primate (NHP) with highly similar genetics that closely mimics human physiology. 

Cardiac morphology and function have been well characterized in this NHP. The study 
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of healthy cardiac tissue with a short post-mortem interval cannot be readily 

conducted in humans, highlighting the relevance of using NHP to unravel cardiac aging-

specific changes independent from CVD, which is highly prevalent in older individuals 

[31]. We used age as a continuous variable for a detailed analysis of transcriptional 

changes during lifespan. Furthermore, it is well-established that sex greatly impacts 

heart metabolism and response to metabolic diseases. For instance, female hearts use 

more FAs while male hearts metabolize more glucose [32,33]. Nevertheless, it is worth 

noting that previous cardiac metabolism studies, both in humans and animals, were 

predominantly conducted in males [6] so there is a scarcity of research and 

information specifically focusing on female hearts in this context. 

In the present work, we studied 35 healthy female baboons 7.5-22.1 years old 

(human equivalent ~30-88 years) [34], to investigate how age-related functional 

modulation is related to altered cardiac gene expression and consequent metabolic 

and ECM changes. 

For the first time, we identified transcriptional signatures consistent with early 

metabolic adaptations that lead to an increased flux of the HBP, providing the 

precursors for GAG synthesis. We found age-related GAG accumulation in the ECM 

that is temporally coincident with increased expression of genes in ECM-associated 

pathways. Importantly, these events precede the dysregulation of genes in cardiac 

hypertrophy-related pathways, suggesting that the cardiac metabolic shift and ECM-

GAG accumulation are early mechanisms that prime the heart to later cardiac 

dysfunction. Therefore, they represent potential diagnostic and therapeutic targets for 

preventing age-related cardiovascular abnormalities and disorders, including cardiac 

hypertrophy and subsequent CVD. 
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Material and Methods 

Animal model and tissue collection 

Thirty-five female baboons (Papio hamadryas spp., crosses of olive, hamadryas, 

and yellow baboons) between 7.5 and 22.1 years old (Figure 1A), with a median age of 

13.8, were housed in outdoor social groups composed of 3 to 19 animals at the 

Southwest National Primate Research Center (SNPRC) at Texas Biomedical Research 

Institute (TX Biomed), in San Antonio, Texas. The animals were fed normal monkey 

chow diet low in fat and cholesterol with protein primarily from plant-based sources 

(Monkey Diet 5LEO, Purina, St Louis, MO, USA) with ad libitum availability throughout 

their lifespan. Multiple lixits provided continuous water availability. Complete 

veterinary care was provided by SNPRC veterinary staff to all animals throughout their 

lives. 

Before tissue collection, baboons were medicated with ketamine hydrochloride 

(10 mg/kg intramuscular) and anesthetized using isoflurane (2%) as previously 

reported [35]. Variations from circadian rhythms were minimized by conducting all 

collections between 8:00 AM – 10:00 AM. Under general anesthesia, baboons were 

exsanguinated as approved by the American Veterinary Medical Association. Following 

cardiac asystole, heart LV tissue was collected, part was snap-frozen in liquid nitrogen, 

and stored at -80˚C  while another part was fixed for 48 hours with 4% 

paraformaldehyde solution, dehydrated, and blocked in paraffin [36]. 

All procedures were performed in facilities approved by the Association for 

Assessment and Accreditation of Laboratory Animal Care and previously approved by 

the TX Biomed Animal Care and Use Committee. TX Biomed animal programs operate 

according to all U.S. Department of Agriculture and National Institutes of Health (NIH) 

guidelines and are directed by board-certified veterinarians (DVM). SNPRC 

veterinarians made all decisions related to animal care. 

 

Morphometric and blood measurements 

Morphometric measures were obtained before animal necropsy and under 

sedation using anatomical landmarks [37,38]. Blood samples were collected from the 

femoral vein between 8:00 AM and 10:00 AM and within 5 minutes of intramuscular 

administration of ketamine in overnight fasted animals.  

Plasma lipids (total cholesterol, low-density lipoprotein (LDL) cholesterol, high-

density lipoprotein (HDL) cholesterol, and triglyceride) and glucose concentrations 

were measured on the ACE AXCEL autoanalyzer (Alfa Wasserman Diagnostic 

Technologies, West Caldwell, NJ, USA) by the Wake Forest Comparative Medicine 

Clinical Chemistry and Endocrinology Laboratory. Controls from the Centers for 

Disease Control and Prevention/National Institutes of Health Lipid Standardization 

Program (Solomon Park, Burien, WA, USA) were used to calibrate and standardize 
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plasma lipids. The assay precision was determined using 5 replicates of pooled samples 

in each assay.  

 

RNA isolation from heart samples 

Approximately 5 mg of frozen heart LV tissue was homogenized using a 

BeadBeater (BioSpec, Bartlesville, OK, USA) with zirconia/silica beads in 1 mL RLT 

buffer (Qiagen, Germantown, MD, USA). RNA was extracted using the Zymo Direct-zol 

RNA Miniprep Plus kit as recommended by the manufacturer. The quality of the RNA 

was measured using the TapeStation high-sensitivity RNA ScreenTape (Agilent) and the 

RNA was stored at -80 ˚C until further use. 

Gene expression profiling (RNA sequencing) 

 cDNA libraries were generated from the RNA samples using the Kapa RNA 

HyperPrep Kit with RiboErase (Roche, Indianapolis, IN, USA). Quality was measured by 

Agilent D1000 Screen Tape (Santa Clara, CA, USA) according to the manufacturer's 

instructions. cDNA libraries were pooled and sequenced using the Illumina Flow cell v 

1.5 reagent kit (San Diego, CA, USA) for 2x150 paired-end reads on a NovaSeq 6000 

Sequencer. 

 Before performing alignment, low-quality bases with Phred scores less than 30 

were removed. The trimmed reads were aligned using HISAT2 [39] and the olive 

baboon genome as a reference and then quantified with an expectation-maximization 

algorithm [40] with Panu_3.0 annotation (NCBI release 103). The criteria to quantify 

paired-end reads were 100% overlap between reads and the annotated transcripts, 

and the skipped regions of junction reads must match the transcripts’ introns. 
Transcripts were normalized using the trimmed mean of the M values method [41]. 

Normalized read counts in which the sum of all samples was less than 30 counts were 

filtered resulting in 35,170 transcripts that passed all quality filters. 

 

Weighted gene co-expression network analysis 

 Weighted gene co-expression network analysis (WGCNA) was used to identify 

co-correlated modules of genes. WGCNA (1.70-3) was implemented in R (RStudio 

version 4.0.5) using the recommended default parameters [42]. Briefly, a correlation 

matrix with all pair-wise genes was generated and filtered using a soft threshold, 

power=12, to construct the adjacent matrix. To assess relative gene 

interconnectedness and proximity, the adjacent matrix was transformed into a 

topological overlap matrix which allows the identification of gene co-expression 

modules based on the hierarchical clustering. The parameters used were deep‐split 
value=2; merging threshold=0.25; minimum module size=30. Using age as a continuous 

correlation trait, module eigengenes were considered significant when 

correlationg0.30 and p-valuef0.05 using Pearson correlation. 
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Pathway and network enrichment analysis 

 For annotation of genes by pathway and network enrichment analyses, the 

directionality of each gene was determined by the module correlation and denoted by 

a fold-change of -2 for negative correlations and a fold-change of 2 for positive 

correlations (for quadratic fits, the directionally after the vertex was considered), and 

the p-value of each gene was based on the p-value of the respective module. 

Transcript IDs were converted to Gene IDs. For the core analysis, Ingenuity Pathway 

Analysis (IPA) software (Qiagen) was used. Each canonical pathway p-value was 

calculated using the two-tailed Fisher’s exact test with p-value f 0.05 considered 

significant. The activation z-score was used to predict pathway directionality and 

calculated taking into consideration the impact of the transcript’s directionality on the 

pathway (ý�), the number of transcripts identified in the pathway (�), and using the 

equation: ÿ = ∑ ý��√�  

For pathways relevant to cardiac aging that were not included in IPA, manually 

curated canonical pathways were designed according to the literature reports 

[24,25,43] and a similar statistical analysis was performed. 

 

Histology 

Three 5 µm sections taken at 150 µm intervals were used for analysis from each 

animal and were stained with hematoxylin and eosin using the reagents provided in Oil 

Red O Stain Kit (Abcam, Waltham, MA, USA) for hematoxylin and eosin purchased from 

StatLab (StatLab, McKinney, TX, USA), and Alcian Blue Stain using Alcian Blue Stain Kit 

(Abcam, Waltham, MA, USA) according to providers instructions. Images were 

obtained with a Nikon Ri2 Color Camera and imaging with Nikon NIS Elements D 

Software. Six pictures (2650 x 1920 pixels) were taken at the 2, 4, 6, 8, 10, and 12 

O’clock section positions. 

Alcian Blue staining was analyzed with NIH Image J software for fraction (area 

of stained / area of the field of interest x 100%). The ages of GAG accumulation were 

calculated from the interception of the inoculum level with the tangent to the 

exponential phase as previously described [44]. The period of fast accumulation was 

calculated from the point at which the tangent to the exponential phase stops 

overlapping with the sigmoid curve. 

Cross-sectional cardiomyocyte width was measured for over 50 cardiomyocytes 

in 15 images from three independent slides per animal stained with HE as previously 

reported [45] using CymoSize macro [46] and manually validated in randomly-selected 

images. 
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Statistical analysis 

 To determine whether a gene or module of genes exhibited quadratic or linear 

association with age, we applied an extra sum of squares F test (p f 0.05) to evaluate 

the goodness of the fit using GraphPad Prism v.8.0.2 (GraphPad Software, Irvine, CA. 

USA). To evaluate whether age was significant for the trait, a comparison with the line 

or curve (þ = �0 + �1ý + �2ý2) with the null impact of age (�1 = 0 for linear; �2 = 0 

for quadratic) and p-value f 0.05 were considered significant.  

 Regressions for the pathways were done in a similar way using the average of 

the normalized and scaled expression values. For transcripts with a quadratic behavior, 

the vertex was also computed. The vertex of a pathway is represented as the average ± 

standard deviation of the vertices of all the transcripts that belong to the pathway. 

 The correlation matrix represents the normalized level of expression of a 

particular feature in a specific instance by the color of each cell, and the data were 

clustered by similarity with hierarchical clustering on Euclidean distances and with 

average linkage performed in Orange version 3.26 [47]. Row annotations include the 

gene and the canonical pathway. The Principal Component Analysis (PCA) was used to 

compute the PCA linear transformation of the input data transforming dataset with 

weights of individual instances or weights of principal components represented in a 

scatter plot. 
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Results 

Morphological and blood parameters 

In this study, 35 adult female baboons 7.5-22.1 years old were investigated to 

identify and characterize aging-related alterations in heart LV. All animals showed no 

age-related morphological alterations, as concluded from the absence of significant 

variations in body weight and body mass index (BMI), or in the abdominal, chest, 

waist, and hip circumferences (Figures 1B and S1). Heart weight at necropsy was 

consistent for all animals and independent of age (Figure 1B). 

Blood biochemical parameters suggested metabolic modulation through the 

aging process. Both glucose (p=0.03) and triglycerides (p=0.004) circulating 

concentrations increased with age even though the animals were fed a healthy chow 

diet throughout their lifespan (Figure 1B). Total cholesterol levels in the blood show a 

quadratic behavior (p=0.03; Figure S1) mostly driven by the variation of LDL 

concentrations (p=0.03) whereas HDL concentration remained constant (Figure 1B). 

 

Identification of modules of genes correlated with age 

Untargeted transcriptomics in the heart LV identified a total of 35,170 

expressed genes that passed quality thresholds. WGCNA was used to cluster correlated 

genes across the samples into modules. These modules were then correlated with 

animal ages to determine which modules contained genes that correlated with age. 

Five modules (dark magenta, dark olive green, turquoise, royal blue, and dark orange) 

containing a total of 5,975 genes negatively correlated with age, while 6,129 genes 

from eight different modules (orangered 4, dark turquoise, brown, purple, orange, 

dark red, floral white, and salmon) are positively correlated with age (Figures 1C). 

Figure 1D indicates the correlation of each significative module with age, accompanied 

by the respective p-value and number of genes involved. 

The pattern of gene expression with age is module-specific (Figure 2A). We 

observed that most of the modules best fit a quadratic function instead of a simple 

linear regression, meaning that upregulation or downregulation of the module-specific 

genes starts at a determined timepoint rather than occurring at a constant rate 

through the adult age span (Figure 2B). One exception is the purple module, which 

demonstrated a linear increase in gene expression with age in 7.5 to 22.1-year-old 

female baboons. 

 

Pathway and network analysis of the modules of genes correlated with 

age 

To better understand how variation in gene expression in the age-associated 

modules may affect LV heart cellular function, we performed pathway enrichment 
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analysis for every significantly age-correlated module. The pathways and biological 

functions associated with each module partially overlap but each has specific 

signatures (Figure 2C). Cellular functions are mostly upregulated in modules positively 

correlated with age. In fact, the most significant (i.e., p-value and z-score) canonical 

pathways identified in these modules (Figure 2D) are related to alterations in cellular 

morphology (Integrin Signaling–dark turquoise and orange modules; Rho Family 

GTPases Signaling–salmon module; GP6 (Glycoprotein VI) Signaling–purple module; 

Ephrin Receptor Signaling–salmon module), cellular growth (Cardiac Hypertrophy–
brown, dark red, and floral white modules; STAT3 (signal transducer and activator of 

transcription 3) Signaling–brown module; NFAT Signaling–dark red module), and heart 

development and homeostasis (inactivation WNT/β-catenin–purple module). 

Expression of transcripts and pathways related to metabolic functions are 

generally in modules downregulated with age and most of the metabolism-related 

genes are found in modules that are negatively correlated with age. Metabolic 

canonical pathways are the most significant among these modules with considerable 

overlap of oxidative phosphorylation (OXPHOS) (55.9%), TCA Cycle (73.9%), and the 

Inositol Phosphate Pathway (more significant in dark magenta, dark olive green, and 

royal blue modules). Some modest positive z-scores for other pathways related to 

metabolic functions are also observed in the dark turquoise and orange modules, even 

though they are not represented in the most significant canonical pathways. 

Altogether, gene co-expression related to metabolic functions appears to decrease 

with age impacting multiple pathways vital for cardiac energy production. 

Interestingly, most of these canonical pathways overlap and are mostly 

associated with cardiomyocyte structural alterations and cardiac remodeling (Figure 

2E). Indeed, when we combined the gene lists from modules with the same 

directionality (upregulated or downregulated with age) and did a subsequent pathway 

enrichment analysis, we identified the same pathways. In total, 108 canonical 

pathways were identified with z-scores greater than 2 or lower than -2 (Figure S2A). 

The canonical pathways are classified into two categories: metabolic and signaling 

pathways. By combining the modules it is possible to obtain a better overview of the 

heart's LV transcriptional modulation of cellular and molecular functions throughout 

aging. Once again, the identified canonical pathways downregulated with aging are 

primarily related to metabolism (20 out of 24, Binomial test: p = 0.002; Figure 2F). 

Consistent with these findings, only 7 in 84 of the upregulated canonical pathways are 

related to metabolism (Binomial test: p < 0.0001). 

Analysis of the biological functions associated with gene expression that 

correlated with age provides a similar perspective. The most significantly upregulated 

functions associated with age include cellular development, movement, cell-mediated 

immune response, protein post-translational modifications, and protein trafficking 

(Figure S2B). As previously observed, the majority of biological functions related to 

cellular maintenance and processes are upregulated (present significant positive z-

scores) with age. On the other hand, the downregulated biological functions include 
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mostly protein- and metabolic-related functions, namely DNA replication and repair, 

RNA post-transcriptional modifications, small molecule biochemistry, and lipid and 

nucleic acid metabolism. This is in line with the pathway enrichment analysis where 

the majority of canonical pathways identified as negatively correlated with age belong 

to metabolic pathways and functions. Indeed, while cellular, genetic, and protein 

functions are nearly equally distributed according to the biased-corrected z-score, the 

metabolic-related biological functions clearly cluster on the negative side of the axis 

(Binomial test: p < 0.0001; Figure 2G). This again suggests a consistent downregulation 

of the pathways related to metabolism on the cardiac LV of female baboons with age. 

Two major cellular cardiac alterations stand out: a general downregulation of 

metabolic pathways and an upregulation of signaling pathways related to cardiac 

remodeling. Taking this into consideration, we analyzed each metabolic pathway 

individually to understand whether and potentially how the modulation of cellular 

metabolism in the LV is related to cardiac remodeling signaling pathways. 

 

Cardiac metabolic adaptations with aging 

Cardiomyocyte metabolism and energy production are primarily dependent on 

FA oxidation, a process that includes FA uptake, activation and β-oxidation, and 

subsequent metabolism of intermediates through the TCA cycle and OXPHOS [48]. At 

least half of the transcripts from genes belonging to these pathways were 

downregulated (OXPHOS: 62.6% transcripts of 62 genes; TCA cycle: 71.4% transcripts 

of 16 genes; FA β-oxidation: 59.3% transcripts of 16 genes; FA uptake/activation: 50% 

transcripts of 9 genes) with age (Figure 3A).  

Even though lower FA utilization to produce energy in the heart is commonly 

compensated by the rise of oxidation of other substrates, glucose- (glycolysis: 55.6% 

transcripts of 10 genes), ketone bodies- (ketolysis: 50% transcripts of 4 genes), and 

amino acid-related (isoleucine, tryptophan, and aspartate degradation) oxidation 

pathways are also downregulated with age in heart LV of female baboons. 

Although glucose utilization is reduced, the expression of glucose transporter 

genes is upregulated except for the insulin-dependent transporter SLC2A4 (Figure 3). 

Yet, transcripts associated with glucose conversion to glycogen storage are also 

downregulated. Interestingly, the expression of genes of two metabolic pathways 

channeling glucose utilization is upregulated with age: pentose phosphate pathway 

(PPP: 81.8% transcripts of 9 genes) and hexosamine biosynthetic pathway (HBP; i.e. 

UDP-GlcNAc Biosynthesis: 100% transcripts of 8 genes). Other upregulated canonical 

pathways include the anabolic synthesis of triglycerides (55.6% transcripts of 20 genes) 

and the citrulline pathway (38.5% transcripts of 5 genes). 

Surprisingly, gene expression associated with these canonical pathways is not 

always linear but rather better fits a quadratic function (Figure 3B). This relationship 

was observed in downregulated pathways for, but not exclusively, OXPHOS, TCA cycle, 
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FA β-oxidation, and glycolysis. Accordingly, the upregulation of glucose uptake, PPP, 

and HBP also follows a quadratic regression. All of these pathways present a constant 

gene expression with age until female NHP reached 12.93±0.32 years old when these 

canonical pathways change the trajectory and start decreasing or at 13.32±0.36 years 

old when gene expression starts increasing. 

Overall, our results indicate that transcripts relevant to cardiac metabolism are 

modulated during the normal (healthy) aging process resulting in a general decrease in 

the catabolic pathways and an increase of anabolic pathways at specific ages mostly 

related to glucose intermediate metabolism (Figure 3C).  

 

Glycosaminoglycans accumulation 

Stimulation of the UDP-GlcNAc biosynthesis via HBP can result in increased O-

GlcNAcylation and the synthesis of GAGs. Glycosaminoglycans are a family of 

polysaccharides that are distributed at the cell surface or in the ECM attached to core 

proteins (PGs), or released while synthesized as in the case of the hyaluronan [25]. Of 

the four different types of GAGs, it is important to highlight that 

Chondroitin/Dermatan biosynthesis is one of the metabolic canonical pathways 

correlated with age in our analysis (Figure S2A). To examine if the cardiac metabolic 

shift is associated with increased GAG synthesis, we focused on the expression of 

genes associated with GAG-related precursor synthesis, intermediate metabolism, and 

GAG synthesis, modification, and degradation. We performed cluster analysis of the 

genes previously identified as upregulated or downregulated with age (Figure 4A). 

Interestingly, this analysis clustered only genes associated with GAG degradation. The 

other cluster included the genes of all the other classes, suggesting a similar age-

related longitudinal profile among them. These findings were corroborated by a 

Principal Component Analysis of the same genes (Figure 4B). 

GAG-related precursors synthesis includes genes in the metabolic pathways 

associated with UDP-GlcNAc, uridine diphosphate N‐acetylgalactosamine (UDP-

GalNAc), D-glucuronic acid (GlcA), and Galactose synthesis. These genes present an 

overall positive z-score (Figure 4C) and a significant increase in their expression with 

age (p<0.01) after 14.21±0.30 years old in female baboons (Figure 4D). Nonetheless, 

the genes related to galactose synthesis (required for KS synthesis) present a negative 

z-score while all the other precursors show a positive z-score. Genes related to 

intermediate metabolism (i.e., glutamate/glutamine, acetyl-CoA; UTP, and protein 

backbone preparation to glycosylation) present increased expression with age (p<0.01) 

after 14.29±0.37 years old in female baboons and positive z-score, suggesting that the 

heart LV metabolism modulation is promoting these metabolites pools and, 

consequently, contributing to GAGs synthesis. 

The general overview of the genes related to GAG metabolism shows an 

increase in the expression of transcripts associated with GAG synthesis (z-score=2.9; 

p<0.01) and modification (i.e., sulfation; z-score=2.8; p<0.01) with age, while genes 
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related to GAG degradation show decreased expression with age (z-score=-2.1; 

p<0.01). Altogether, cardiac gene expression appears to favor increases in GAG 

numbers or the length of the polysaccharide chains. This is consistent for the four 

classes of GAGs (Figure 4E), except for gene expression related to KS modification 

which showed no alteration in expression throughout aging. Indeed, genes specifically 

related to KS present modest z-scores (synthesis: z-score=1; degradation: z-score=-0.6; 

modification: z-score=0). Together with the downregulated metabolism of galactose, 

data suggest that KS is the GAG least impacted by age in the female heart's LV. 

Metabolism related to CS/DS and HA presents the most consistent z-scores for 

each function, more than 50% of genes are upregulated in the GAG pool, with no 

contradictory gene expression (Figure 4C). Even though almost half of the genes are 

concordant with HS accumulation, one gene related to HS synthesis is downregulated 

and another responsible for HS degradation is upregulated. Nonetheless, overall the 

transcript profiles are consistent with increased synthesis of CS/DS (p<0.01), HA 

(p<0.01), and HS (p=0.04) with age. The quadratic analysis suggests that the cardiac 

alteration of the gene expression related to GAG metabolisms starts at 13.65±0.57 

(Figure 4E). Transcripts associated with GAG degradation of CS/DS (p=0.04), HA 

(p=0.03), and HS (p=0.04) and for CS/DS (p<0.01) and HS (p=0.03) sulfation appear to 

be decreasing with age. It is important to note that transcript expression of PG is also 

upregulated for decorin, betaglycan, versican, and lumican with age, but remains 

unaltered for the other PGs. 

Alterations in gene expression related to GAG metabolism suggest GAG 

accumulation with age in the ECM of the cardiac LV. This was indeed confirmed with 

Alcian blue staining histological analysis (Figure 5A). Age-related GAG staining follows a 

sigmoidal curve (Figure 5B), which allows the estimation of two phases of 

accumulation: the total range of accumulation between 11.3 to 21.3 years old (~45–85 

human equivalent years), and the interval of faster accumulation between 13.5 to 18.0 

years old (~54–72 human equivalent years). GAG accumulation is generally associated 

with increased ECM stiffness, which is commonly seen with cardiac remodeling, ECM-

induced intracellular signaling, and cardiac hypertrophy [49,50]. 

 

Age-related cardiac remodeling 

The development of cardiac hypertrophy is considered a hallmark of aging [16]. 

Nevertheless, whether this phenotype is a trigger for age-related CVD or merely a 

consequence of a cascade of events is not clear. We measured cardiomyocytes' cross-

sectional width using hematoxylin-eosin stain to assess cardiac hypertrophy. We 

identified an increase in cardiomyocyte width, which was first evident at 13.0 years old 

(~52 human equivalent years), 95% CI [12.6, 13.2]. This increase in cardiomyocyte 

width followed a quadratic growth pattern. The development of cardiac hypertrophy 

with age is consistent with the canonical pathway identified in our transcriptomics 

analysis. The pathway-enrichment analysis identified seven signaling pathways related 
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to cardiomyocyte growth with z-scores greater than two (Figure 6A). The vertices of 

the transcripts associated with these pathways show that the change in gene 

expression trajectory occurs at 14.63±0.18 years in female baboons (~58 human 

equivalent years) for the pathways related to the development of cardiac hypertrophy 

with age. 

To evaluate the relationship between GAG accumulation and cardiac 

remodeling, we evaluated how the signaling pathways related to ECM modulation 

change with age. Generally, ECM-induced signaling increases with age (Figure 6B) and 

most of the genes fit a quadratic curve in which the gene expression starts increasing 

at ~14 years (approximately 56 human years). When compared to other cellular 

mechanisms associated with age, upregulation of the ECM-induced signaling occurs at 

a similar age when GAGs begin rapidly accumulating in the ECM, matching the vertices 

of transcripts from GAG-related metabolic pathways (Figure 6C). These alterations 

appear to follow the downregulation of cardiac metabolism and precede the 

upregulation of genes in hypertrophy-related pathways. 

Collectively, our results demonstrate a strong correlation between gene 

expression in female primate heart LV and age (34.4% of the transcripts). Transcript 

profiles related to cardiac metabolism, mostly catabolic pathways like FA oxidation, 

glycolysis, and ketone bodies metabolism, were largely consistent with metabolic 

downregulated as one of the earliest observable changes during aging. Nonetheless, 

the expression of some genes related to metabolic pathways increases with age, 

including HBP and PPP, critical to GAG synthesis. The most evident GAG metabolism-

associated gene expression alterations appear to favor increased numbers and/or 

length of CS/DS and HA (potentially also HS) chains by upregulating synthesis pathways 

and downregulating degradation pathways, thus promoting GAG accumulation. These 

cardiac adaptations are coincident with the ECM-induced pathways and precede 

cardiac hypertrophy-related gene expression (Figure 6D). 
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Discussion 

Worldwide demography has changed over recent decades with increased 

median age and proportion of older adults [51]. Aging has been considered one of the 

major risk factors for CVD, and the recent demographic trend accentuates the overall 

number of individuals living with CVD [52]. Other risk factors for CVD are circulating 

triglycerides, total cholesterol, LDL and HDL cholesterol [53]. In our study, in which 35 

female baboons were studied across the adult age span, we showed that glucose, 

triglyceride, and total and LDL cholesterol circulating concentrations were significantly 

associated with age in opposition to HDL cholesterol. The linear increase in glucose and 

triglycerides is consistent with previous reports in women [54,55]. In baboons, LDL 

blood concentrations vary in a quadratic profile with higher levels at middle-adult 

ages. Our study of animals living in a controlled environment fed a healthy diet is 

consistent with lipoprotein and morphological changes seen with aging in women [56]. 

Cardiac aging in NHP recapitulates physiological, cellular, and molecular 

mechanisms of normative aging in humans [57]. Due to the inability to collect cardiac 

LV tissue from healthy humans, cardiac studies in humans are frequently conducted on 

non-healthy individuals without CVD-related disorders or in cases of sudden death and 

accident victims. Nevertheless, tissue collection in such cases may interfere with the 

quality of the analysis. It is worth noting, that we attempted similar analyses on human 

heart transcriptomic data available at the Genotype-Tissue Expression Portal. 

However, our bioinformatic approach did not reveal any age-correlated transcripts, 

potentially due to variability resulting from disparity in post-mortem intervals, life 

style, and other contributors. Thus, the use of NHP represents a unique opportunity to 

study molecular signatures of physiologic heart aging in healthy primates with 

relevance to humans. We performed a comprehensive statistical and pathway-

enrichment analysis on untargeted transcriptomes in LV heart from a longitudinal age-

related female baboon cohort.  

Cardiomyocyte aging includes multiple cellular adaptations to the age-related 

accumulation of defective molecules, protein dysfunction, and impairment in 

reparative mechanisms [58,59]. Cardiac remodeling is a physiological process that is 

initially compensatory, but when sustained can be detrimental to cardiac function [3]. 

Age-associated increased cardiac LV wall thickness is a consequence of the elevation in 

afterload or the pressure against which the heart must work to eject blood [16]. The 

progressive loss of cardiomyocytes and hypertrophy of those remaining increases 

inflammation and cardiac fibrosis while compromising heart pumping capacity and 

interfering with cardiomyocyte electrical coupling [58]. We previously observed age-

related decreased LV ejection fraction and rate, loss of myocardial mass, and 

augmented LV end‐diastolic sphericity index in female baboons [18,19]. Consistent 

with the imaging results, we found increased cardiomyocyte width in addition to 

upregulation of cardiac hypertrophy-related gene expression and associated canonical 

pathways including STAT3 and NFAT signaling. The upregulation of STAT3 

transcriptional activity via SIRT2 downregulation was previously reported in geriatric 
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NHP along with increased cardiomyocyte enlargement and sarcomere structural 

abnormalities [60]. Interestingly, the age at which cardiomyocyte width begins to 

increase precedes the inflection points of gene expression associated with cardiac 

hypertrophy. It is possible that altered expression of those genes regulates 

maladaptive cardiac hypertrophy resulting from GAG accumulation and that the initial 

increase of cardiomyocyte size results from a natural compensatory mechanism 

concomitant with the downregulation of metabolism-related genes. 

Due to the elevated demand for oxygen and energy on hypertrophic 

cardiomyocytes, heart remodeling includes modulation of the ECM, which can regulate 

the extracellular milieu and other systemic factors (e.g., inflammation, growth factors) 

[58,61]. Dysregulated ECM homeostasis in aged hearts leads to cardiac fibrosis [16] in 

multiple species including mice [62], rats [63], dogs [64], and humans [65]. As 

compensation for cardiomyocyte loss, the ECM content increases in a process mostly 

controlled by the balance of ECM constituent synthesis and degradation [21,58]. We 

showed here for the first time that the machinery of synthesis of GAGs, related 

intermediate metabolism, and availability of precursors are upregulated 

transcriptionally in a process temporally coincident with GAG increased accumulation 

rate with normative aging in the NHP female cardiac LV. Since GAG regulation is 

delicately controlled by synthesis and degradation enzymes, and performed by the 

different myocardial cell types [21], our findings in heart bulk transcriptomics unveil 

hints of transcriptionally regulated age-related GAG accumulation. Indeed, overall 

gene expression of GAG degradation enzymes is decreased with age. Previous reports 

show higher LV total GAG concentrations in failing pediatric and adult hearts, chronic 

stress, and pressure-overload cardiac remodeling [21,22,26,66,67]. Nevertheless, our 

study demonstrates that GAG accumulation is transcriptionally regulated and occurs as 

a natural consequence of physiological aging. Additionally, previous studies have 

indicated that GAGs tend to accumulate in disease-prone areas of the vascular system, 

such as branch points, aligning with lipid deposition [67]. Consistent with these 

findings, our earlier research reported an increase in apical pericardial fat in aging 

female baboons [17]. 

Higher CS and HS levels are aligned with increased LV posterior wall thickness 

and enlarged average cardiomyocyte size due to chronic stress in mice [22], similar to 

our findings. Indeed, CS accumulates in the LV end-stage cardiomyopathic heart in 

humans and in a rat model of pressure-overload cardiac remodeling [21]. The existing 

literature consistently suggests that GAG accumulation is involved in heart 

pathophysiology. Nevertheless, our novel findings indicate that GAG accumulation may 

occur prior to cardiac hypertrophy, play a role in physiological aging, and may directly 

contribute to the development of CVD. 

Congenital heart and vascular defects (e.g., heart septal defect, bicuspid aortic 

valve, and aortic root dilatation) are found in individuals with mutations in enzymes 

related to GAG metabolism [25,68–72]. Genetic variance in GAG-related genes appears 

to be linked with multiple cardiovascular dysfunctions (Table 1) [73–97]. Proteoglycans 
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rich in GAG were found to be increased in the heart’s ECM in CVDs [98–101]. Indeed, 

increased versican protein was reported, when comparing pediatric with adult control 

hearts [26], and lumican knock-out mice show higher susceptibility to aging and 

increased mortality due to reduced systolic function during the age-induced structural 

remodeling of the heart [102]. GAG sulfation patterns critically affect the binding 

affinity to other proteins such as anti-thrombin III, heparin cofactor 2, bFGF, heparin-

binding protein, and transforming growth factor‐β (TGF-β) [22,26,27,103–106]. GAG 

sulfation and numbers can directly modulate inflammation-related processes [107]. 

Corroborating our findings, an age-dependent increase of GAG sulfation in the LV, but 

not in circulation was previously described [66]. 

Besides their role as an extracellular reservoir, GAGs also modulate tissue 

stiffness. Hyaluronan is of major importance for cardiac ECM remodeling and the 

mechanical integrity of the matrix [107]. In this study, we found transcriptional 

upregulation of the enzymes responsible for HA synthesis and downregulation of 

degrading enzymes, suggesting HA accumulation. In addition, we suggest a cardiac 

metabolic shift that may promote glucose consumption through HBP. The final product 

of HBP is UDP‐GlcNAc whose intracellular concentration directly regulates the rate of 

HA synthesis [108]. Deficiency in hyaluronidase 2 is linked to heart failure [109] and 

HAS2 deletion causes embryonic lethality due to cardiac malformation [110]. While 

HA-binding proteins can modulate ECM's pro-inflammatory state, and recruitment and 

retention of other cell types (e.g., fibroblasts, macrophages) [111], increased HA 

accumulation is associated with increased ECM stiffness [49] while syndecan-4 

knockout mice display reduced myocardial stiffness [112]. These observations 

reinforce our previous findings, which indicated a decline in the LV cardiac index, 

normalized myocardial mass, normalized average filling rate, and ejection fraction, 

along with cardiac remodeling due to a higher LV end-diastolic sphericity index in aging 

female baboons [18–20]. 

It was previously proposed that GAG number, composition, and sulfation in the 

heart allow the ECM to serve as an extracellular reservoir for growth factors, 

hormones, and cytokines [22,26,103–105]. Our results document GAG accumulation in 

the heart’s ECM as well as an upregulation of gene expression of the sulfation 

machinery, which increases the negative charge of the proteoglycans and modulates 

the cardiac cellular microenvironment and consequent intercellular communication 

and other external signaling pathways [24]. In addition, we found evidence for 

increases in some PG core protein expression (i.e., decorin, betaglycan, versican, and 

lumican) but not all PGs, which are required for the synthesis of DS, CS, HS, and KS. It is 

possible that more than PG levels, increases in overall numbers and or lengths of GAG 

chains are occurring with age. Concomitant with GAG accumulation, we report 

increased transcript levels for ECM-induced signaling pathways, suggesting a role in 

cellular function regulation from GAG accumulation.  

Heart ECM stiffness can transfer physical signals to the intracellular matrix 

through mechanical conduction, modulating intracellular signaling pathways [49]. 
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Among the key players in the relationship between ECM stiffness and intracellular 

signaling, Integrin and Rho GTPases signaling emerge as two major components 

[49,103]. These two canonical pathways were identified as upregulated coincident 

with the period of GAG fast accumulation, corroborating the hypothesis of an age-

associated increase in cardiac ECM stiffness due to GAG accumulation and 

modification. Cardiomyocytes and endomysial fibroblasts sense the ECM network 

through integrin ECM receptors, which are activated by the engagement of ECM 

ligands regulating intracellular signaling. Downstream effectors include PI3K/Akt 

signaling via FAK and the promotion of GLUT1 and GLUT3 gene expression 

[103,113,114] or the increased expression of amino acid transporters [49,115]. In 

concordance, we show upregulated transcripts for amino acid transporters and GLUT1 

and GLUT3 (but not GLUT4) with aging in the heart LV of female baboons. Through Akt, 

integrin receptors can also regulate lipid metabolism by promoting triglyceride 

biosynthesis [116], which we also identified as a canonical pathway stimulated with 

aging in the female heart's LV. ECM stiffness can also impact cellular metabolism 

through Rho/ROCK signaling by affecting the actin cytoskeleton that regulates 

glycolysis-enzymes activities [117–119]. 

Indeed, multiple studies report cardiac metabolism adaptations along with 

aging namely resulting in the loss of metabolic flexibility, mitochondrial efficiency, and 

ATP depletion in rodents [6,9–12,48]. We observed lower expression of mitochondrial-

related genes for OXPHOS and FA oxidation with aging as previously reported [10,11] 

including in NHP [60]. As a compensatory mechanism, previous studies suggest a 

metabolic shift that favors glucose oxidation instead of FA oxidation resembling fetal 

cardiomyocyte-like metabolism, in a process transcriptionally regulated [11,12,120]. In 

this study, we observed an increase in glucose transporters gene expression however, 

genes related to glucose oxidation (e.g., glycolysis) and storage (e.g., glycogen 

biosynthesis and degradation) are downregulated. In fact, in our analysis, almost all 

the canonical pathways downregulated with age are related to metabolism and those 

are the earliest alterations detected in the cardiac LV tissue with age preceding GAG 

accumulation and cardiac hypertrophy. This suggests that cardiac metabolism slows 

throughout aging, compromising heart pumping, and might be the cause of decreased 

ejection fraction and rate in these animals [18]. It was proposed that lower FA uptake 

and oxidation and an increase in glucose utilization accelerate the development of 

cardiac hypertrophy, yet the underlying mechanisms are not well understood [8,14]. 

We observed higher expression of genes related to the pentose phosphate pathway 

and HBP which channel glucose consumption that may promote GAG accumulation 

and later cardiac hypertrophy.  

HBP flux is mostly dependent on nutrient availability through the uptake and 

intermediary metabolism (glutamine, acetyl-CoA, UTP) [121]. While acute HBP 

activation increases UDP-GlcNAc and O-GlcNAcylation levels and FA oxidation [122], 

HBP chronic upregulation under hemodynamic stress induces pathological cardiac 

hypertrophy and heart failure [13], similar to our results. The final product of HBP, 

UDP‐GlcNAc, can undergo the synthesis of GAG or be used for O‐GlcNAcylation [121]. 
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Moreover, persistent induction of GFPT1, the first and rate-limiting enzyme of HBP, in 

the heart can activate mTOR signaling whose role in both physiological and 

pathological hypertrophic growth is well-described [50]. Indeed, cardiac hypertrophic 

growth generally requires the activation of multiple signaling pathways including 

PI3K/AKT, mTOR, and p70S6K [30] which were all identified as upregulated with age 

and that can be stimulated by an increased ECM stiffness. Another consequence of 

higher synthesis of UDP-GlcNAc is increased protein O‐GlcNAcylation which has been 

implicated in sensing cellular stressors, cell‐cycle alterations, transcription, protein 
turnover, calcium handling, bioenergetics, and nutrient levels [123] associated with a 

variety of heart diseases (e.g., hypertrophic heart, ischemia, and heart failure) [124–
126]. Proteins involved in cardiac hypertrophic growth are among the targets of 

O‐GlcNAcylation, including NFAT whose activity is O-GlcNAcylation-dependent [127]. 

Therefore, metabolism-mediated changes in gene expression, metabolite signaling, 

and the channeling of glucose-derived carbons toward anabolic pathways seem critical 

for the age-related GAG accumulation, ECM stiffness, and intracellular signaling 

modulation that culminate in the pathological hypertrophy of the heart. 

The work reported here has several unique features. By using a NHP model 

across the adult lifespan we can efficiently recapitulate the aging effect on the heart’s 
LV in similar individuals, living in the same conditions, being exposed to the same 

environment, and eating a healthy low-fat and low-simple sugar diet. These animals 

live an optimal healthy life. In contrast, the available human heart transcriptomics data 

have failed to provide significant insights into cardiac healthy aging, likely due to the 

interplay of multiple variables encompassing environmental factors, and the 

challenges associated with tissue collection, including post-mortem collection times. 

This highlights the significance of investigating healthy heart tissue collected using 

rigorously defined and standardized protocols, thereby increasing the relevance of this 

study. While some aspects of cardiac aging in NHP exhibit a degree of independence 

from sex [18], which is a limitation of our study, it is imperative to acknowledge that 

this investigation was conducted exclusively on the understudied female subjects. 

Consequently, future studies of a similar nature encompassing male subjects are 

required to ascertain whether the mechanisms elucidated herein maintain their 

prominence or manifest sex-specific variations. While this is the largest reported study 

of NHP, and we have applied robust statistical methodology involving longitudinal 

regression, the inclusion of more animals in future validation studies will likely offer 

additional insights into the temporal sequence of the identified mechanisms in a large 

number of animals and further help in preventing cardiac stiffness- and hypertrophy-

derived cardiac dysfunction. Changes in the many different cell types in the heart and 

their individual contributions to the overall GAG synthetic machinery and GAG content 

in the heart can be relevant in future studies, as fibroblasts and myofibroblasts are 

responsible for a large proportion of the GAG/ECM production. The identification of 

the temporal order of events during heart aging that culminate in CVD is critical to 

improving early diagnosis. Moreover, preventing cardiac metabolic remodeling and 

GAG accumulation may result in therapeutic approaches to prevent age-related CVD. 
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Figures legends 

Figure 1 - Aging effects on baboon morphometrics, blood clinical data, and cardiac 

transcriptomics. (A) Schematic representation of the experimental design. (B) 

Variation of morphometric (body and heart weight) and blood clinical (glucose, 

triglycerides, HDL, and LDL) measurements with age. (C) Modules positively, in red, 

and negatively, in green, correlated with age and number of transcripts in each 

module. The size of the bar is proportional to the number of transcripts from each 

module. (D) Modules that significantly correlate with age. Each bar is the color of the 

module and the size represents the regression (top axis), and the dots indicate the 

module’s p-value (bottom axis) and their size represents the number of transcripts 

from the respective module. 

 

Figure 2 - Pathway and network analysis of age-correlated modules of genes in the 

heart's left ventricle. (A) Heatmap of age-related gene expression in the NHP female 

cardiac LV of the most significant transcripts from each module and respective number 

of transcripts. (B) Longitudinal profile of the average ±95% confidence interval of the 

gene expression of all transcripts from the module. (C) Cellular (yellow), metabolic 

(green), protein-related (blue), and genomic (purple) biofunctions were identified in 

the pathway enrichment analysis for each module. Circles represent the -log(p-value) 

of each biofunction for the module, their color the z-score (red negative, green 

positive), and the size the percentage of the genes from each biofunction identified in 

the respective module. (D) Most significant pathways enriched for each module, the 

respective -log(p-value), and the percentage of the genes from the pathway identified 

in the respective module. (E) The network between the pathways identified in the 

enrichment analysis. The color represents the color of the module, big circles contain 

pathways identified in the same module, and the size of the connections represents 

the number of genes in common between pathways. (F) Pathways identified in the 

module-combined pathways enrichment analysis with absolute z-score greater than 2. 

Dots in orange represent pathways associated with signaling functions and in blue 

pathways related to metabolic functions. (G) Biofunctions identified for the pathway 

enrichment analysis. The color of each dot represents cellular (in yellow), metabolic (in 

green), protein-related (in blue), and genomic (in purple) biofunctions. Assy. – 

assembly; Exp. – expression; Fam. – family; Funct. – function; GR – growth; I. – 

inhibition; Maint. – maintenance; Met. – metabolism; Mol. – molecular; Morph. – 

morphology; Org. – organization; OXPHOS – oxidative phosphorylation; Prod. – 

production; Prolif. – proliferation; Prot. PTMs – protein post-translational 

modifications; Pw. – pathway; Rep. – replication; RNA PTMs – RNA post-transcriptional 

modifications; Rpr. – repair; Sig. – signaling; Sur. – survival; TCA - tricarboxylic acid; 

Transp. – transport. 
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Figure 3 - Pathway enrichment analysis of the transcripts that correlate with age and 

are involved in the NHP female cardiac metabolism. (A) The pathways related to 

metabolism identified in the pathway enrichment analysis are depicted. The ratio of 

the genes from each canonical pathway identified and directionality (downregulated – 

green; upregulated – red; unchanged – grey), Z-score from the respective pathway, 

and the -log(p-value) of the regression of the relative transcripts expression with age 

for the downregulated and upregulated genes. (B) Longitudinal profile of relative 

transcript expression with age, boxplot with transcripts tipping points (red – 

upregulated, green – downregulated), and the average age of the tipping point (grey) 

from the metabolic canonical pathway. (C) Schematic representation of the relation 

between the identified pathways. Downregulated metabolic pathways are represented 

in green and upregulated mechanisms in red. AA – amino acid; Act. – activation; 

Biosynth. – biosynthesis; Degr. – degradation; Lact. – lactate; Mit. – mitochondrial; 

OXPHOS – oxidative phosphorylation; PDH – pyruvate dehydrogenase; PPP – pentose 

phosphate pathway; Pw. – pathway; Pyr. – pyrimidine; TCA - tricarboxylic acid. 

 

Figure 4 - Glycosaminoglycan-related pathways transcriptomics in heart with aging. 

(A) Heatmap showing the longitudinal relative gene expression of transcripts related to 

GAG degradation (red), GAG modification (orange), GAG synthesis (green), 

intermediate metabolism (blue), and precursors synthesis (yellow). (B) Principal 

component analysis of the age-associated profile of gene expression. (C) Z-score of the 

glycosaminoglycan-related pathways from their transcript expression, percentage of 

the genes from the pathway with a concordant (green), inconsistent (red) and 

unchanged (grey) behavior with age, and circles represent the pathway’s -log(p-value) 

of regression. Transcripts associated with GAG synthesis in green circles, with GAG 

modification in orange circles, and with GAG degradation in red circles. (D) 

Longitudinal profile of the variation of the normalized transcript expression with age 

for the proteins associated with intermediate metabolism and precursor synthesis, and 

(E) with the synthesis, degradation, and modification of each type of 

glycosaminoglycan. Boxplots with transcripts tipping points, in red, represent 

upregulated transcripts, in green downregulated transcripts, and the age of the 

average tipping point in grey. GAG – glycosaminoglycan; Sulf. – sulfate. 

 

Figure 5 - Glycosaminoglycan accumulation with age in the NHP female heart's left 

ventricle. (A) Histological staining of glycosaminoglycans and hematoxylin and eosin in 

heart tissue, (B) respective quantification of glycosaminoglycan with age (depicted 

ages of GAG accumulation in light grey and of fast accumulation in dark grey), and (C) 

variation of left ventricle cardiomyocyte size with age (each dot represents the 

mean±95% confidence interval for each individual; grey line the age of the vertice 
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calculated from the quadratic curve). GAG – glycosaminoglycan; HE - hematoxylin and 

eosin staining. 

 

Figure 6 – Temporal progression of age-related molecular events in the NHP female 

heart's left ventricle. (A) Cardiac hypertrophy-related and (B) ECM-induced pathways 

with absolute z-score greater than 2. Bars represent the z-score and boxplot the 

vertices of the transcripts with quadratic behavior from each pathway (in red 

transcripts upregulated with age and in green transcripts downregulated with age). (C) 

Comparison of baboon ages (and human equivalent age) from the calculation of the 

tipping points predicting the ages at which the transcriptomics aging-related changes 

for different pathways, periods of GAG accumulation, fast accumulation, and increased 

cardiomyocyte size. (D) Schematic representation of the novel molecular proposed 

mechanisms associated with cardiac aging. ECM – extracellular matrix; GAG – 

glycosaminoglycan; OXPHOS – oxidative phosphorylation; PDH – pyruvate 

dehydrogenase; Pw. – pathway; Sig. – signaling; TCA - tricarboxylic acid. 

 

Figure S1 - Impact of aging on baboon morphometrics and blood clinical data. 

Variation of morphometric (BMI, abdominal, chest, waist, and hip circumference) and 

blood clinical (total cholesterol) measurements with age. Circ. – circumference. 

 

Figure S2 - Cardiac age-related transcriptomic pathway enrichment analysis in NHP 

females. (A) Comparison of canonical pathways predicted activation and inhibition 

(absolute z-scoreg2) with age. Positive z-scores are represented in red, negative z-

scores in green, and the p-value in blue. The color depicts metabolic (blue) or signaling 

(orange) canonical pathways. (B) Biofunctions identified for the pathway enrichment 

analysis. Each dot represents the -log(p-value) of a biofunction. The color represents 

cellular (in yellow), metabolic (in green), protein-related (in blue), and genomic (in 

purple) biofunctions. Each circle represents the bias-corrected z-score and the 

respective color a negative, in green, or a positive, in red, directionality. Act. – 

activation; Assy. – assembly; Bioch. – biochemical; Biosynth. – biosynthesis; Dam. – 

damage; Degr. – degradation; Enh. – enhanced; Exp. – expression; FA – fatty acid; 

Funct. – function; GR – growth; Immun. – immunity; Interact. – interaction; Junct. – 

junction; Maint. – maintenance; Met. – metabolism; Met. – methylation; Mol. – 

molecular; Morph. – morphology; Neuromus. – neuromuscular; Org. – organization; 

OXPHOS – oxidative phosphorylation; Phosph. – phosphate; Prod. – production; Prolif. 

– proliferation; Prot. PTMs – protein post-translational modifications; Pw. – pathway; 

Rad. – radical; RE. – response; Red. – reductase; Reg. – regulatory; Rep. – replication; 

Repr. – Repression; RNA PTMs – RNA post-transcriptional modifications; Rpr. – repair; 

Scv. – scavenger; Sig. – signaling; Sm. – small; Sur. – survival; Syst. – system; TCA - 

tricarboxylic acid; Transcr. – transcriptional; Transp. – transport; Vit. – vitamin. 
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Figure S3 – Longitudinal gene expression of pathways involved in metabolism in the 

NHP female heart. Longitudinal profile of relative transcript expression with age, 

boxplot with transcripts tipping points (red – upregulated, green – downregulated), 

and the age of the average tipping point (grey) from the metabolic canonical pathway.  
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Table 

 

Table 1 – Cardiovascular phenotypes associated with genetic variance in 

glycosaminoglycan metabolism, synthesis, and degradation. 

Phenotype Genes Reference 

Abnormal QRS Duration CHPF [73] 

Irregular Ascending Aorta  HAS 2 [74,85,91,92] 

Pulse Pressure Linked To LV Hypertrophy HAS 2 [93] 

Coronary Artery Disease CHST3 [94] 

Small Vessel Stroke CHST3 [95] 

Altered Diastolic Blood Pressure UST and CHST12 [75,76,96,97] 

Atrial Fibrillation UST and SULF2 [77–81] 

Resistance Hypertension CHST1 [82] 

Abnormal Pulse Pressure CHST11 [83] 

Carotid Artery Intima-Media Thickness CHST11 and HS6ST3 [84] 

Coronary Artery Disease CHST12 [86] 

Impaired Systolic Blood Pressure 
CHST12, NAGLU and 
HS6ST3 

[75,87–89,97] 

Abnormal Rate Variability Measurement HS6ST1 [90] 

Irregular Pulse Pressure Measurement HS6ST3 [83] 
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