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Abstract 

Despite the wide palette of clinically available investigative tools, not all deep molecular phenomena 

governing the cardiovascular system can be studied on living humans. Therefore, a reasonable 

alternative is to explore such phenomena on animal models, given that the two-circuits centered on 

a tetra chamber heart practically did not evolve since the crocodilians. This review presents our two 

decades-long experience with mouse, rat and dog models of Chagas disease, metabolic syndrome, 

post ischemic heart failure, and pulmonary hypertension. We studied also the transcriptomic 

consequences of cell treatment of Chagas and ischemic cardiomyopathies, genetic engineering, and 

exposure to hypobaric hypoxia, oxygen deprivation, low salt and high fructose diets. Among others, 

the investigations revealed heart transcriptomic sex dichotomy and inter-chamber differences, as well 

as changes in the subcellular localization of the heart rhythm determinants: connexin43, plakophilin-

2, N-cadherin and plakoglobin during the female estrogen cycle. Use of these animal models 

considerably enriched our understanding of the cardiovascular system pathophysiology. 

Keywords: chagas disease; chamber transcriptomic specificity; hypoxia; low-salt diet; metabolic 

syndrome; sex dichotomy; post-ischemic heart failure; pulmonary hypertension 

 

1. Introduction 

Human cardiovascular system is composed of a tetra-chambered heart that pumps the blood 

alternatively through the interconnected pulmonary and systemic vasculature circuits under the 

command of the sinoatrial node acting like a pacemaker [1]. The cardiovascular system’s organization 

and function were practically conserved in the animal kingdom during the evolution starting with 

crocodilians stage [2]. Therefore, one can explore its physiopathology on vertebrate models, free of 

the legal, moral and religious constraints limiting experiments on living humans. Although the 

investigator has to follow the protocol approved by the local Institutional Animal Care and Use 

Committee (IACUC), animal models allow studies never permitted on living humans. IACUC’s 

protocols should adhere to internationally recognized ethical principles [3] and respect the Guide for 

the Care and Use of Laboratory Animals [4]. 

In addition to species [5,6], the characteristics of the animal model depends on strain [7], sex [8], 

age [9], hormonal status [10], diet [11], housing [12], medical history (disease stage and applied 

treatments) [13], stress [14], and external stimuli [15] to name just a few. This review presents what 

we have learned from investigating the cardiovascular systems of mouse, rat and dog models. 
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2. Materials and Methods 

2.1. Transcriptome Analyses 

2.1.1. Platform Used, Filtering and Normalization of Gene Expression Data 

We carried out the genomic studies on Duke [16], Einstein [17], Rockefeller, and Yale [18] 

university microarray facilities, as well as on Agilent microarrays [19], using inhouse improved wet 

protocols and original mathematical algorithms and computer software. In order to choose the right 

platform, we quantified also the technical noise of Affimetrix microarrays, Illumina expression 

BeadChips and Illumina next generation MiSeq and NextSeq 550 RNA-sequencing by profiling 

technical replicates. Raw data and experimental protocols were deposited on the publicly accessible 

Gene Expression Omnibus of the (U.S.A.) National Center of Biotechnology Information within the 

National Library of Medicine. 

Any spot with saturated or corrupted pixels, or with fluorescence foreground less than twice the 

background in one microarray was eliminated from the analysis in all microarrays hybridized in that 

experiment. Background subtracted fluorescence signal of every valid spot in a microarray was 

normalized the median of net signals of all valid spots of that microarray. When the slide was printed 

with several pins (like AECOM microarrays), the normalization was carried out separately for each 

pin-domain to minimize the errors of dropping slightly different amounts of cDNA. 

2.1.2. Transcriptomic Characterization of Individual Genes 

Gene expression data from four biological replicas of a particular tissue region in a given 

condition were fully exploited to characterize the individual genes by three independent measures: 

AVE = average normalized expression level across biological replicas, REC = relative expression 

control and COR = expression correlation with each other gene. 

∀𝑔𝑒𝑛𝑒 𝑖 & ∀𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛/𝑡𝑖𝑠𝑠𝑢𝑒 𝑐 → 𝑅𝐸𝐶𝑖
(𝑐) ≡ 𝑙𝑜𝑔2 (

〈𝑅𝐸𝑉(𝑐)〉

𝑅𝐸𝑉𝑖
(𝑐) )   (1) 

𝑤ℎ𝑒𝑟𝑒: 𝑅𝐶𝑆𝑖
(𝑐) ≡

〈𝑅𝐸𝑉(𝑐)〉

𝑅𝐸𝑉𝑖
(𝑐)  is the relative control strength (1a) 

〈𝑅𝐸𝑉(𝑐)〉 is the median 𝑅𝐸𝑉 = 𝑐ℎ𝑖 − 𝑠𝑞𝑢𝑎𝑟𝑒 𝑚𝑖𝑑𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 

𝑅𝐸𝑉𝑖
(𝑐) ≡ 

𝜎𝑖
(𝑐)

2𝐴𝑉𝐸
𝑖
(𝑐) (√

𝑟𝑖

𝜒2(𝛽;𝑟𝑖)
− √

𝑟𝑖

𝜒2(1−𝛽;𝑟𝑖)
)    (1b) 

Positive REC’s indicate stronger expression control while negative values indicate looser control 

with respect to that of the control of median gene in the profiled region. We consider genes critical 

for the cell phenotype expression, survival, and proliferation to be subjected to a stricter control of 

their expression levels, while those used for adapting the environmental changes are allowed to 

fluctuate. 

COR is the pair-wise Pearson correlation coefficient of the (log2) of the normalized 

expression levels of the genes i and j in tissue/condition. We proved recently [20] that the set of 

all COR coefficients is a reasonable approximation of the transcriptome configuration function. We 

used also COORD = percentage of (p < 0.05) statistically synergistically expressed gene pairs plus 

percentage of antagonistically expressed pairs minus percentage of independently expressed genes 

within the analyzed pathways. Together, the percentage of synergistically expressed gene pairs and 

the percentage of antagonistically expressed pairs indicate how much coupled (i.e., influencing each-

other’s expression) the genes are in the functional pathway. 

The three independent features of individual gene expression are complemented with the 

derived characteristic GCH—gene commanding height: 

∀𝑖 & ∀𝑐 →  𝐺𝐶𝐻𝑖
(𝑐) ≡ 𝑒𝑥𝑝 (𝑅𝐸𝐶𝑖

(𝑐)
+ 〈(2𝐶𝑂𝑅𝑖,𝑗

(𝑐)
)
2
〉𝑗)    (2) 

GCH is used to hierarchize genes according to their expression control and coordination with 

expression with other genes. We assumed and verified [21] that manipulation of genes with higher 
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GCH has larger consequences on the transcriptome, the top gene, named Gene Master Regulator 

(GMR) being the most influential, so that its silencing might be lethal for the cell. 

2.1.3. Genomic Fabric Landscape Through Full Characterization of Gene-Pairs 

We defined the Pair-Wise Relevance (PWR) score that incorporates the entire expression 

information about the paired genes to construct the genomic fabric landscapes of individual 

functional pathways and of their interplay: 

𝑃𝑊𝑅𝑖,𝑗
(𝑐)
≡

〈𝑅𝐸𝑉(𝑐)〉

〈𝐴𝑉𝐸(𝑐)〉
|𝐶𝑂𝑅𝑖,𝑗

(𝑐)
|√

𝐴𝑉𝐸𝑖
(𝑐)
𝐴𝑉𝐸

𝑗
(𝑐)
 

𝑅𝐸𝑉𝑖
(𝑐)
𝑅𝐸𝑉

𝑗
(𝑐)      (3) 

2.1.4. Expression Regulation of Individual 

Expression of a gene is considered significantly regulated in a particular cardiovascular 

condition or tissue location with respect to the healthy counterpart or another tissue location it 

satisfies the composite criterion of the absolute fold-change “x” exceeding the cut-off “CUT” and the 

p-value is less than 0.05 p-value of the heteroscedastic t- test of means’ equality. “CUT” is computed 

for each gene and encompasses both the technical noise of the gene expression technology and the 

biological variability:{
|𝑥𝑖
(𝑑𝑖𝑠𝑒𝑎𝑠𝑒 𝑣𝑠 𝑛𝑜𝑟𝑚𝑎𝑙)| > 𝐶𝑈𝑇𝑖

(𝑑𝑖𝑠𝑒𝑎𝑠𝑒 𝑣𝑠 𝑛𝑜𝑟𝑚𝑎𝑙)

𝑝𝑖
(𝑑𝑖𝑠𝑒𝑎𝑠𝑒 𝑣𝑠 𝑛𝑜𝑟𝑚𝑎𝑙) < 0.05 

  (4) 

 

Where: 𝑥𝑖
(𝑑𝑖𝑠𝑒𝑎𝑠𝑒 𝑣𝑠 𝑛𝑜𝑟𝑚𝑎𝑙) =

{
 
 

 
 𝐴𝑉𝐸𝑖

(𝑑𝑖𝑠𝑒𝑎𝑠𝑒)

𝐴𝑉𝐸𝑖
(𝑛𝑜𝑟𝑚𝑎𝑙) , 𝑖𝑓 𝐴𝑉𝐸𝑖

(𝑑𝑖𝑠𝑒𝑎𝑠𝑒) > 𝐴𝑉𝐸𝑖
(𝑛𝑜𝑟𝑚𝑎𝑙) 

−
𝐴𝑉𝐸𝑖

(𝑛𝑜𝑟𝑚𝑎𝑙)

𝐴𝑉𝐸𝑖
(𝑑𝑖𝑠𝑒𝑎𝑠𝑒) , 𝑖𝑓 𝐴𝑉𝐸𝑖

(𝑑𝑖𝑠𝑒𝑎𝑠𝑒) ≤ 𝐴𝑉𝐸𝑖
(𝑛𝑜𝑟𝑚𝑎𝑙)

  (4a) 

𝐶𝑈𝑇𝑖
(𝑑𝑖𝑠𝑒𝑎𝑠𝑒 𝑣𝑠 𝑛𝑜𝑟𝑚𝑎𝑙) = 1 + √

2

100
((𝑅𝐸𝑉𝑖

(𝑑𝑖𝑠𝑒𝑎𝑠𝑒))
2
+ (𝑅𝐸𝑉𝑖

(𝑛𝑜𝑟𝑚𝑎𝑙))
2
)    (4b) 

Expression regulation of certain critical genes was “validated” through two-step quantitative 

real-time polymerase chain reaction (qRT-PCR) SYBR Green method (Applied Biosystems) as 

described in [22]. However, given the technical noises of both microarray and qRT-PCR, confirmation 

of small expression ratios was doubtful. In parallel, we used also Western Blotting and 

immunolabeling and epifluorescence microscopy to determine abundances of several critical proteins 

and their subcellular localization. Nevertheless, validation of the regulation of a few of the genes 

identified by a high throughput method has no statistical relevance. 

2.1.5. Regulation and Remodeling of Individual Genes and Functional Pathways 

Our analyses were focused on the genes selected by KEGG (Kyoto Encyclopedia of Genes and 

Genomes as included in several specialized functional pathways) [23]. The functional pathways were 

globally characterized by median REC of the individual genes and the network of the (p < 0.05) 

significantly synergistically and antagonistically expressed genes. 

Alterations of gene expression profiles are usually quantified by the percentages of significantly 

up- and down-regulated genes that implicitly consider each affected gene as an equal +1 or −1 

contributor. Therefore, for a comprehensive characterization of the transcriptomic alteration of a 

functional pathways “Γ” to the expression difference between the compared phenotypes, we 

introduced the Weighted Individual (Gene) Regulation (WIR) and the Weighted Pathway Regulation 

(WPR): 

 𝑊𝐼𝑅𝑖
(𝑑𝑖𝑠𝑒𝑎𝑠𝑒 𝑣𝑠 𝑛𝑜𝑟𝑚𝑎𝑙) ≡ 𝐴𝑉𝐸𝑖

(𝑛𝑜𝑟𝑚𝑎𝑙)(|𝑥𝑖
(𝑑𝑖𝑠𝑒𝑎𝑠𝑒 𝑣𝑠 𝑛𝑜𝑟𝑚𝑎𝑙

| − 1)(1 − 𝑝𝑖
(𝑑𝑖𝑠𝑒𝑎𝑠𝑒 𝑣𝑠 𝑛𝑜𝑟𝑚𝑎𝑙

) (5) 

  𝑊𝑃𝑅(𝛤)
(𝑑𝑖𝑠𝑒𝑎𝑠𝑒 𝑣𝑠 𝑛𝑜𝑟𝑚𝑎𝑙

=
1

𝐶𝑎𝑟𝑑(𝛤)
√∑ (𝑊𝐼𝑅𝑖

(𝑑𝑖𝑠𝑒𝑎𝑠𝑒 𝑣𝑠 𝑛𝑜𝑟𝑚𝑎𝑙))
2

𝑖∈𝛤    (6) 

WIR takes into account the absolute change of the expression level and the statistical confidence 

of the expression alteration of an individual gene, while WPR extends this measure to all pathway 

genes. 
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The transcriptomic distance TD(c2 vs c1) between two conditions c1 and c2 is defined as the 

Euclidian distance separating condition c2 from the origin (c1) of the 3D dimensional space (AVE, 

REC, COR) where each axis is normalized to the respective median in c1: 

𝑇𝐷𝛤
(𝑐2→𝑐2)

≡ √
1

𝑁
(∑ (

(𝐴𝑉𝐸𝑖
(𝑐2)

−𝐴𝑉𝐸𝑖
(𝑐1)

)

〈𝐴𝑉𝐸(𝑐1)〉
)

2

𝑖∈𝛤 + (
(𝑅𝐸𝐶𝑖

(𝑐2)
−𝑅𝐸𝐶𝑖

(𝑐1)
)

〈𝑅𝐸𝐶(𝑐1)〉
)

2

+ ∑ (
(𝐶𝑂𝑅𝑖

(𝑐2)
−𝐶𝑂𝑅𝑖

(𝑐1)
)

〈𝐶𝑂𝑅(𝑐1)〉
)

2

𝑗∈𝐽 ) (7) 

2.1.6. Transcriptomic Recovery 

Transcriptomic alterations of a functional pathway “Γ” associated to a cardiovascular disease 

can be totally or partially recovered with respect to the normal state “Π” by an adequate treatment, 

“Θ”. We quantified the transcriptomic effect of treatment with respect to not treated disease “Ω” by 

two measures, TRE = transcriptomic recovery efficiency and PRE = pathway restoration efficiency. 

TRE relies on the percentages of significantly regulated genes in diseased untreated and diseased 

treated subjects. 

𝑇𝑅𝐸(𝛤)
(𝛩)

= 
𝐷(𝛤)
(𝛺)

𝑋(𝛤)
(𝛩)

+𝑈(𝛤)
(𝛺)

𝑋(𝛤)
(𝛩)

−𝑋(𝛤)
(𝛺)

𝐷(𝛤)
(𝛩)

−𝑋(𝛤)
(𝛺)

𝑈(𝛤)
(𝛩)

𝐷(𝛤)
(𝛺)

𝑋(𝛤)
(𝛩)

+𝑈(𝛤)
(𝛺)

𝑋(𝛤)
(𝛩)

+𝑋(𝛤)
(𝛺)

𝐷(𝛤)
(𝛩)

+𝑋(𝛤)
(𝛺)

𝑈(𝛤)
(𝛩)

+𝐷(𝛤)
(𝛺)

𝐷(𝛤)
(𝛩)

+𝑈(𝛤)
(𝛺)

𝑈(𝛤)
(𝛩)

+𝐷(𝛤)
(𝛺)

𝑈(𝛤)
(𝛩)

+𝑈(𝛤)
(𝛺)

𝐷(𝛤)
(𝛩) × 100% (8) 

𝑤ℎ𝑒𝑟𝑒: 𝐷, 𝑈, 𝑋 = 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑠𝑖𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑛𝑡 𝑑𝑜𝑤𝑛−, 𝑢𝑝− , 𝑛𝑜 𝑟𝑒𝑔𝑢𝑙𝑎𝑡𝑖𝑜𝑛 

There are four possible outcomes: 

{
 
 

 
 𝑇𝑅𝐸(𝛤)

(𝛩)
= 100%

0 ≤ 𝑇𝑅𝐸(𝛤)
(𝛩)

≤ 100%

→
→

𝑖𝑑𝑒𝑎𝑙 (𝑛𝑜 𝑟𝑒𝑔𝑢𝑙𝑎𝑡𝑒𝑑 𝑔𝑒𝑛𝑒𝑠 𝑎𝑓𝑡𝑒𝑟 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡)
𝑝𝑜𝑠𝑢𝑡𝑖𝑣𝑒 (𝑓𝑒𝑤𝑒𝑟 𝑟𝑒𝑔𝑢𝑙𝑎𝑡𝑒𝑑 𝑔𝑒𝑛𝑒 𝑎𝑓𝑡𝑒𝑟 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

𝑇𝑅𝐸(𝛤)
(𝛩)

= 0% → 𝑛𝑢𝑙𝑙 (𝑢𝑛𝑐ℎ𝑎𝑛𝑔𝑒𝑑 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑔𝑢𝑙𝑎𝑡𝑒𝑑 𝑔𝑒𝑛𝑒𝑠)

𝑇𝑅𝐸(𝛤)
(𝛩)

< 0% → 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 (𝑚𝑜𝑟𝑒 𝑟𝑒𝑔𝑢𝑙𝑎𝑡𝑒𝑑 𝑔𝑒𝑛𝑒𝑠 𝑎𝑓𝑡𝑒𝑟 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

  (9) 

𝑃𝑅𝐸(𝛤)
(𝛩)

= (1 −
𝑊𝑃𝑅(𝛤)

(𝛩 𝑣𝑠 𝛱)

𝑊𝑃𝑅
(𝛤)
(𝛺 𝑣𝑠 𝛱)) × 100%         (10) 

There are four possible outcomes: 

{
 
 

 
 𝑊𝑃𝑅(𝛤)

(𝛩 𝑣𝑠 𝛱)
= 0 →

0 < 𝑊𝑃𝑅(𝛤)
(𝛩 𝑣𝑠 𝛱)

< 𝑊𝑃𝑅(𝛤)
(𝛺 𝑣𝑠 𝛱)

→

𝑃𝑅𝐸(𝛤)
(𝛩)

= 100% 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑

0 < 𝑃𝑅𝐸(𝛤)
(𝛩)

< 100% 𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑑

𝑊𝑃𝑅(𝛤)
(𝛩 𝑣𝑠 𝛱)

= 𝑊𝑃𝑅(𝛤)
(𝛺 𝑣𝑠 𝛱)

 →

𝑊𝑃𝑅(𝛤)
(𝛩 𝑣𝑠 𝛱)

> 𝑊𝑃𝑅(𝛤)
(𝛺 𝑣𝑠 𝛱)

 →

𝑃𝑅𝐸(𝛤)
(𝛩)

= 0% 𝑛𝑢𝑙𝑙

𝑃𝑅𝐸(𝛤)
(𝛩)

< 0% 𝑤𝑜𝑟𝑠𝑒

    (11) 

By evidence, PRE is a more realistic transcriptomic evaluation of treatment efficiency in restoring 

the normal gene expression profile. 

2.2. Physiology Studies 

2.2.1. Analyses 

On a dog model of the metabolic syndrome, we performed echocardiography with an Acusan 

356 Sequoia in both longitudinal and M-mode views [24] to determine the heart rate, stroke volume 

and left ventricle systole and diastole diameter. In addition, cardiac output, fractional shortening, 

coronary vascular resistance and total peripheral resistance were also measured. Hemodynamic 

investigations included measurement of coronary blood flow with a Doppler flow transducer, of 

systolic, diastolic, mean arterial and end-diastolic blood pressure with a recording pressure 

transducer, and of the left ventricle pressure rise with an operational amplifier. Blood samples were 

used to determine the concentrations of glucose, plasma insulin, angiotensin II, uric acid, 

homocysteine, and both high- and low-density lipids. 

2.2.2. Data Transformation and Pathology Quantification 

One of the most difficult tasks of the medical doctor is to make sense of the wide diversity of the 

parameters to consider when establishing the diagnostic and decide about the therapeutic approach. 

What is worst, a blood sugar (GLU) of 129 mg/dL (reference range 65–99 mg/dL), 1.97 mg/dL 
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creatinine CRE, (reference 0.70–1.28 mg/dL), or 0.3 mlU/L thyroid stimulating hormone (TSH, 

reference range 0.4–4.5 mlU/L)? Since it is practically impossible to correct everything at once and 

almost all treatments have side effects, it is very important to decide what altered characteristic(s) 

should be corrected first. Therefore, we used to transform the concrete parameters into non-

dimensional pure numbers using their considered physiological intervals that can be compared and 

integrated into a mathematical model. 

𝑧𝑖 =
𝑎𝑖−𝜇𝑖

𝜎𝑖
, 𝑤ℎ𝑒𝑟𝑒: 𝑧𝑖𝜖(−1,+1) 𝑖𝑠 𝑡ℎ𝑒 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 𝑝ℎ𝑦𝑠𝑖𝑜𝑙𝑜𝑔𝑖𝑐𝑎𝑙 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙,   (12) 

(𝑎𝑖
(min), 𝑎𝑖

(max)) 𝑖𝑠 𝑡ℎ𝑒 𝑟𝑒𝑎𝑙 𝑝ℎ𝑦𝑠𝑖𝑜𝑙𝑜𝑔𝑖𝑐𝑎𝑙 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙,       (12a) 

 𝜇𝑖  ≡
𝑎𝑖
(min)

+𝑎𝑖
(max)

2
, 𝜎𝑖  ≡

𝑎𝑖
(max)

−𝑎𝑖
(min)

4
         (12b) 

Thus, the dimensionless measures of the above values become: GLU = 5.53, CRE = 6.76, TSH = -

2.10, indicating for this set that creatinine alteration is the worst of the three and should be carried 

out first. 

The dimensionless z-scores were used to build a multi-dimensional pre-Hilbert space of 

physiological and pathological states. This space has as many dimensions as many independent 

parameters are considered. Then one may compute the so-called “patholog” P of the disease D as the 

normalized Euclidian distance between the point representing the actual state and the unit, 0-

centered hypersphere representing the subspace of stable physiological states. Change of patholog 

due to progression of the disease or in response to a treatment is quantified by the score “F” [25]. 

𝑃(𝑑𝑖𝑠𝑒𝑎𝑠𝑒) = {

1

𝑁
√∑ (𝑧𝑖

(𝑑𝑖𝑠𝑒𝑎𝑠𝑒)
)
2

𝑖 − 1 𝑖𝑓 ∑ (𝑧𝑖
(𝑑𝑖𝑠𝑒𝑎𝑠𝑒)

)
2

𝑖 > 1

0 𝑖𝑓 ∑ (𝑧𝑖
(𝑑𝑖𝑠𝑒𝑎𝑠𝑒)

)
2

𝑖 ≤ 1

     (13) 

𝐹(𝑟𝑒𝑠𝑢𝑙𝑡)
(𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡)

≡ (1 −
𝑃(𝑓𝑖𝑛𝑎𝑙)
(𝑑𝑖𝑠𝑒𝑎𝑠𝑒)

𝑃(𝑖𝑛𝑖𝑡𝑖𝑎𝑙)
(𝑑𝑖𝑠𝑒𝑎𝑠𝑒)) × 100%         (14) 

There are four interesting cases: 

{
 
 

 
 𝑃(𝑓𝑖𝑛𝑎𝑙)

(𝑑𝑖𝑠𝑒𝑎𝑠𝑒) = 0 →

0 < 𝑃(𝑓𝑖𝑛𝑎𝑙)
(𝑑𝑖𝑠𝑒𝑎𝑠𝑒) < 𝑃(𝑖𝑛𝑖𝑡𝑖𝑎𝑙)

(𝑑𝑖𝑠𝑒𝑎𝑠𝑒) →

𝐹(𝑟𝑒𝑠𝑢𝑙𝑡)
(𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡)

= 100% 𝑐𝑢𝑟𝑒𝑑

0 < 𝐹(𝑟𝑒𝑠𝑢𝑙𝑡)
(𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡)

< 100% 𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑑

𝑃(𝑓𝑖𝑛𝑎𝑙)
(𝑑𝑖𝑠𝑒𝑎𝑠𝑒) = 𝑃(𝑖𝑛𝑖𝑡𝑖𝑎𝑙)

(𝑑𝑖𝑠𝑒𝑎𝑠𝑒) →

𝑃(𝑓𝑖𝑛𝑎𝑙)
(𝑑𝑖𝑠𝑒𝑎𝑠𝑒) →

𝐹(𝑟𝑒𝑠𝑢𝑙𝑡)
(𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡)

= 0% 𝑛𝑢𝑙𝑙

𝐹(𝑟𝑒𝑠𝑢𝑙𝑡)
(𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡)< 0% 𝑤𝑜𝑟𝑠𝑒

   (15) 

2.3. Histology and Apoptosis Detection 

Surgically removed hearts were immersed overnight in 4% paraformaldehyde and then 

transferred to 75% ethanol before being stained with hematoxylin-eosin and embedded in paraffin. 

Cardiomyocyte transversal area was evaluated using image AxioVision 4.1 software (Zeiss, 

Thornwood, NY). 

We used TUNEL assay (Roche Applied Science) to identify and counted with AxioVision 4.1 at 

fluorescence microscope the apoptotic nuclei stained with DAPI in deparaffinized and rehydrated 

heart sections. 

3. Results 

3.1. Sex is an Important Transcriptomic Regulator 

Duke mouse microarrays [16] were used to profile separately the gene expressions in the 

ventricles and atria of four adult C57Bl/6j male and their sibling females (in diestrus) mice], 

experimental protocol (approved by AECOM IACUC and raw data publicly available in the Gene 

Expression Omnibus of the National Center for Biotechnology Information (NCBI/GEO) [26]. We 

quantified the expression levels, control and correlation of 66 selected heart rhythm determinant 
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(HRD) genes [27] and found that they have on average larger expression in male than in female atria, 

but lower average expression in male than in female ventricles. 

This study has shown for the first time the substantial sex differences in the HRD expression 

control of individual genes [27], although the averages were practically the same for the two sexes in 

both atria and ventricles. For instance, the expression control of Atp1a2 (ATPase Na+/K+ Transporting 

Subunit Alpha 2), encoding a sodium-potassium pump that protects against beta-adrenergic 

desensitization in myocardial infarction [28], is in the 98th percentile in female atria but only in the 

11th percentile in males. However, control of Gja5 (encoding connexin 40, the main gap junction 

protein interconnecting the atrial cardiomyocytes [29]) and that of Gja1 (encoding connexin 43, the 

main gap junction protein linking the ventricle cardiomyocytes [30]) were practically the same for 

both sexes. The (p < 0.05) statistically significant networking (measured by the sum of the percentages 

of synergistically and antagonistically expressed pairs) of HRD genes was stronger in female than in 

male atria, while the networking was stronger in male than female ventricles. These results may 

partially explain why the PR interval is longer in men, while women have higher resting heart rate 

and longer QT interval [31,32], as well as the implications of the female estrous cycle [33]. 

3.2. Heart Transcriptome Topology Changes During Development 

We profiled the gene expressions in the ventricles of CD1 mice of 1, 2 and 4 weeks of age with 

27k cDNA microarrays printed by AECOM Microarray facility [17]. It was part of a complex study 

of developing mice under normal atmospheric conditions or to chronic intermittent or constant 

hypoxia [22] funded by a 10y NIH PPG with protocols approved by AECOM and Yale University 

IACUCs. Looking to the expression data [34], we found over 40% (sic!) of the genes as significantly 

up or down-regulated between the two successive developmental stages. Interestingly, some genes 

kept the same tendency in the second interval, while other being oppositely regulated. For instance, 

Stard10 (START domain containing 10) was up-regulated in both intervals (x(2w vs 1w) = 3.78, x(4w vs 2w) = 

2.42) and Shkbp1 (Sh3kbp1 binding protein 1) was down-regulated in both intervals (x(2w vs 1w) = -10.33, 

x(4w vs 2w) = -2.40). For other genes, regulation in first interval was corrected in the second. Thus, the up 

regulation of Pdcd8 (Programmed cell death 8) in the first interval was fully corrected in the second 

(x(2w vs 1w) = 4.60, x(4w vs 2w) = -4.97, resulting x(4w vs 1w) = -1.08). By contrast, the downregulation of Disp1 

(Dispatched homolog 1) was corrected in the second (x(2w vs 1w) = -38.45, x(4w vs 2w) = 27.71, resulting x(4w 

vs 1w) = -1.39). 

3.3. Each Heart Chamber Has a Distinct Transcriptomic Topology 

Agilent 4x44K Whole Mouse Genome Microarrays [35] were used to profile separately the gene 

expressions in the myocardial wall of each atrium and ventricle from hearts of 4 adult C57bl/j male 

mice (AECOM IACUC approved protocol and raw data in [36,37]). The purpose of this study [38] 

was to determine whether there is any transcriptomic basis for the distinct function of each chamber 

[39–41]. Interestingly, out of 16,886 quantified unigenes in every chamber, 2661 (i.e., 15.76%) were 

differently expressed between the left atrium and the left ventricle, 2786 (16.50%) between the right 

atrium and the right ventricle, while 979 (5.8%) between the two atria and only 202 (1.2%) between 

the two ventricles. The large differences between the atrium and ventricle from each side, and the 

much smaller between the two ventricles can be explained how the mouse heart developed from 

mesodermal cells starting with E7.5 with the formation of the heart tube. The heart tube splits initially 

into an atrium and a ventricle, then the atrium subdivides into the left and the right atria, followed 

at the last stage by the splitting the ventricle into the left and the right ventricles [42]. We have shown 

for the first time that the transcriptomic distinction among the heart chambers extends to the 

expression control and networking of genes encoding membrane ion channels and transporters. 

Moreover, [38] results indicate that each chamber has its own transcriptomic topologies of the 

adrenergic signaling in cardiomyocytes [43], calcium signaling [44], cardiac muscle contraction [45], 

glycolysis/gluconeogenesis [46], and oxidative phosphorylation pathways [47]. 
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3.4. Expression Level and Subcellular Localization of Intercalated Disk Proteins Changes During Estrogen 

Cycle in Female Heart 

An in-house improved procedure and quantification of Western blotting [48] was used to 

determine the abundances of selected cardiomyocyte intercalated disk proteins in atria and ventricles 

of 8 weeks old 12 C57Bl/6j mice. The experimental protocol was approved by AECOM IACUC. The 

mice were split in three groups of 4: Gr.1: males, Gr.2: females in estrus and Gr.3: females in diestrus. 

The phase of the estrus cycle was determined daily by vaginal lavage and cytology examination at 

microscope [49]. Subcellular localizations of connexin43, plakophilin-2, N-cadherin and plakoglobin, 

ankyrin-2 and actin were determined using methods inspired from the Musil and Goodenough 

protocol to separate the level of connexin43 in membrane and cytosol by differential solubilization in 

Triton X-100 [50]. We concluded that not only the gene expression profiles, control and networking 

are different between the two sexes but even the subcellular localization of several proteins involved 

in mechanical and electrical coupling of the cardiomyocytes change during the female estrous cycle 

[48]. Therefore, one needs to consider also the sex hormonal status in studies on female animal models 

[51,52]. 

3.5. Transcriptomic Consequences of Low Salt Diet 

We have proved that the benefic effects of law-salt diet [53] partially result from the remodeling 

of the transcriptomic topology of metabolic and signaling functional pathways. For this, we profiled 

the gene expression in the left ventricles of 16 adult C57Bl/6j male mice fed for the last 8 weeks with 

regular (0.4% Na) or law-salt (0.05% Na) diet [54]. Experimental studies (protocol approved by 

NYMC IACUC) has shown that the law-salt diet increased the expression control of fatty-acids 

biosynthesis [55] but decreased that of steroid hormones [56]. We noted also [57] that the law-salt diet 

had substantial effects on the transcriptomic topology of functional pathways responsible for Chagas 

disease [58] and diabetic [59], dilated [60] and hypertrophic [61] cardiomyopathies. It has significantly 

reduced the transcriptomic correlation between glycolysis/gluconeogenesis [46] and cardiac muscle 

contraction [45] pathways, as well as that between hypertrophic cardiomyopathy pathway with 

cardiac muscle contraction [45] pathway through the adrenergic signaling [43] pathway. In terms of 

Weighted Pathway Regulation (WPR, eq. 6), the most affected pathways were: Cardiac Muscle 

Contraction (WPR = 45.30 for 75 quantified unigenes) and Oxidative Phosphorylation (WPR = 37.42, 

110 genes), substantially larger than the WPR = 15.67 for all 19,605 properly quantified unigenes. 

3.5. Transcriptomic, Morphological and Physio Pathological Consequences of Chronic Constant  

Hypoxia (CCH) 

We used a mouse model to determine the genomic mechanisms that may be responsible for the 

effects of chronic constant hypoxia (CCH) [22,62] as it happens in pulmonary disease or living at high 

altitude (> 2500 m) on heart morphology and physiology [63]. For this purpose, we compared the 

heart results of CD1 mice housed in Biospherix chambers starting postnatal day 2 for 1, 2 or 4 weeks, 

where oxygen concentration was constantly maintained at 11% with their sibling housed at normal 

atmospheric conditions (oxygen concentration 21%). Experimental protocols were approved by 

AECOM and Yale University IACUCs. Gene expressions were profiled with AECOM 27k mouse 

oligodendrocyte microarrays [17], gene expression data in [34]). Our CCH study revealed 

significantly slower development (less than normal increase of bodyweight), but substantial heart 

enlargement (especially of the right ventricle), more total protein content and higher hematocrit. 

Hypoxia induced substantial alterations of the expression level, control and inter-coordination of 

numerous genes and remodeled several major functional pathways. Genes such are: Ccnb1, Eif3s2, 

Eif4ebp2, Fhl1, Hif1a, Miki67, Pcna, Tbx5, and Tro exhibited significant changes of the maturation 

profile compared to the corresponding normoxic profiles [62]. We found also upregulation of both 

gene expression and protein levels of the eukaryotic translation initiation factors Eif2a and Eif4e. The 

observed enhanced apoptosis was in relation with the upregulation of pro-apoptotic genes and 
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downregulation of anti-apoptotic ones. Overall, the coordination degree was reduced from 20% to 

8%. However, the significant expression intercorrelations of Hif1a (hypoxia-inducible factor 1-alpha, 

[64]) and 32 genes involved in the heat shock response [65] increased from 7% synergistic and 7% 

antagonistic to 35% synergistic and 12% antagonistic justifying the roles of these genes in the vascular 

development [64]. 

3.6. Transcriptomic, Morphological and Physio Pathological Consequences of Chronic Intermittent  

Hypoxia (CIH) 

Snoring and sleep apnea are recognized causes of cardiovascular diseases [66–68]. Such 

conditions were mimicked by housing CD1 mice in Biospherix chambers starting postnatal day 2 for 

1, 2 or 4 weeks, where oxygen concentration was switched every 4 min between 11% and the normal 

21% (intermittent hypoxia) [22,69]. Transcriptomic consequences of this intermittent oxygen 

deprivation were severe, yet significantly different than those of constant hypoxia. A notable 

difference was the downregulation of Eif4e (eukaryotic translation initiation factor 4E), an oxygen-

regulated switch in protein synthesis [70], in contrast with its up regulation in constant hypoxia 

suggesting the role of the encoded protein in cardiac hypertrophy. The maturational profiles of Ccnb1, 

Eif3s2, Eif4ebp2, Fhl1, Hif1a, Miki67, Pcna, Tbx5, and Tro were again altered, yet differently of what 

was found in constant hypoxia. In [71] we reported the regulation of the expression of heart rhythm 

determinant genes, significant decoupling of their inter-coordination and remodeling of the Ca+2 [72] 

and Wnt [73] signaling pathways. Importantly, the transcriptomic alterations in hypoxia exposed 

mice with respect to the normoxic ones decreased from the first week to the fourth, suggesting a kind 

of adaptation to the oscillating atmospheric conditions. 

4. Animal Models 

4.1. Chagas Disease 

Chronic Chagas Cardiomyopathy (CCC), affecting people in Latin America for more than 9,000 

years, was first described in 1909 by the Brazilian doctor Carlos Chagas. CCC is observed in 10 to 

30% of individuals infected with the hemoflagellated protozoan parasite Trypanosoma cruzi [74] leads 

to cardiomegaly associated with arrhythmias and congestive heart failure (CHF), resulting in over 

10,000 worldwide annual deaths [75]. The disease is endemic in the entire Latin America but evolved 

into a global disease due to international travel and migration of infected individuals. CCC is 

characterized by inflammatory infiltration with myonecrosis and myocytolysis, intense interstitial 

fibrosis, apical ventricular aneurysm], and arrhythmia [76–78]. Remodeling of the myocardium and 

vasculature is the result of damage to the extracellular matrix and the replacement of myocytes 

and/or vascular cells by fibrous tissue leading to myocardium thinning and hypertrophy of the 

remaining cardiac myocytes. [77] 

4.1.1. Experimental Methods 

For over two decades, IacobasLab was involved in collaborative research with Chagas Institute 

from Rio de Janeiro (Brazil) on mouse ([79]) and rat [80] (expression data in [81]) models of Chagas 

disease, both at the level of ventricular walls [82] (expression data in [83]) as at isolated 

cardiomyocytes [84] (expression data in [85]). We have also compared the transcriptomic effects of 

cardiomyocyte infection with four major strains of Trypanosoma cruzi [80]: Brazil, CL (Colombian) 

Brener, Tulahuen, and Y [86–88], identifying Tulahuen strain as the most disruptive from the four 

[80]. 

The entire animal work was performed at Chagas Institute from Rio de Janeiro, Brazil, whose 

IACUC approved the experiments. Left ventricular function was routinely evaluated using 

echocardiography and cardiac electrophysiology. Right ventricular dilatation, an important index of 

the severity of Chagas disease in infected mice, was measured with cardiac gated MRI as chamber 
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diameter and volume in both systole and diastole. Delayed gadolinium enhancement MRI was used 

to identify fibrosis regions in vivo. Multimodality microPET/microCT with a contrast agent (Exitron 

Nano 12000, Viscover) was used for contrast between the ventricular blood and myocardium. With 

18F-FDG our collaborators observed alterations in heart glucose uptake before structural or 

functional changes were detected by MRI or echocardiography [89–91]. 

4.1.2. Parasite Infection and Development of Chagas Disease 

Chagas disease was induced in C57Bl/6j, BALB/c and 129 mouse strains through intraperitoneal 

injection of ~104 CL, Brazil or Tulauen trypomastigotes, in many cases collected from cultures of 

infected Rhesus Macaca Mulatta LCC-MK2 cells [92]. The studies revealed alterations of major 

functional pathways including the immune response, JAK/STAT signaling and cell cycle pathways 

[93–95]. We explained the observed impairment of the synchronous heat contractions by the 

downregulation of the gene Gja1 (Gap Junction Protein Alpha 1, [96]) and the abundance of connexin 

43 that it encodes [97]. We [98] and other groups [99–102] proved the mitochondrial collapse as one 

major factor of the Chagas cardiomyopathy. 

Figure 1 presents the PWR (computed with equation 3) landscape of the HRD and Immune 

Inflammatory Response (IIR) genomic fabrics and their interplay in the left ventricle of control and 

infected mice. Of note is leveled HRD fabric in infected mice, meaning reduced heart rhythm 

determinant activity, while the IIR fabric exhibits substantial increase of peak values, indicating 

elevated immune response through inflammatory cytokines like interferons and tumor necrosis. It is 

also interesting to observe changes in the PWRs of HRD-IIR pairs in the infected mice, suggesting 

alteration of the interaction of the two fabrics. 

4.1.3. Cell Therapy for Chagas Disease 

What is the most effective, yet affordable, therapeutic response too CCC is still under debate. 

Administration of specific anti-parasitic drugs to humans in the acute phase clears the peripheral 

blood of parasites but does not stop the progression to CCC [103]. There have been numerous 

attempts to develop anti-T. cruzi vaccines (e.g., cruzipain [104], Traspain [105]), but none so far 

proved reliable enough to be included in clinical trials [106]. For individuals with CCC and CHF, 

heart transplantation is often the only therapeutic option. However, heart transplantation is 

expensive and associated with a variety of problems including reactivation of the infection [107]. As 

alternative therapy, we [108] and other groups [109] have tested stem cell-based treatment in 

experimental mouse [110] and dog models [111]. 

Bone marrow cells (BMCs), known to normally migrating to the inflamed heart once released in 

the blood [112], were collected from femurs and tibias of 6 weeks old BALB/c, C57BL/6 EGFP, or 

B6.129 Gtrosa26 mice to be administrated to Chagasic mice [113,114]. Mesenchymal mononuclear 

cells (MSC) were obtained by purifying 15 min centrifugation at 1000g in Ficoll gradient then washed, 

filtered and resuspended in saline. 3x106 MSCs were injected intravenously in each Chagasic mice six 

months after parasitic infection. Blood circulation drives the stem cells to the heart. The treatment 

substantially reduced the right ventricular enlargement [110], and the abundances of the 

inflammatory infiltrates (quantified by the galectin-3 level, [108]) and the interstitial fibrosis [114]. 
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Figure 1. PWR landscape of the Heart Rhythm Determinant (HRD) and Immune-Inflammatory Response (IIR) 

genomic fabrics and their interplay in control and infected mice, indicating also the most prominent gene-pairs. 

Note that infected mice have reduced transcriptomic roles of heart rhythm determinant (HRD) genes but 

substantial increase of the inflammatory-immune response (IIR) ones together with the remodeling of the 

transcriptomic interplay of the two genomic fabrics. Important genes: B2m (beta-2 microglobulin), Casq2 

(calsequestrin 2), Csrp3 (cysteine and glycine-rich protein 3), Fabp4 (fatty acid binding protein 4, adipocyte), H2-

K1 (histocompatibility 2, K1, K region), Jup (junction plakoglobin), Mif (macrophage migration inhibitory factor), 

Prkaca (protein kinase cAMP-activated catalytic subunit alpha), Sqstm1 (sequestosome 1), Ttn (titin). 

Cell treatment recovered the normal expression of most of the affected genes even though it also 

altered expression of a few other genes (Figure 2) so that for the entire profiled transcriptome the two 

scores were: TRE = 84% [108] and PRE = 72% [115]. 

 

Figure 2. Venn diagrams indicating recovery of gene expression in response to cell treatment of mouse 

Trypanosoma cruzi infected heart. In infected heart, 1197 genes were found as upregulated, and all but 31 were 

restored to normal level, while other 46 genes were upregulated by the treatment. In addition, 516 genes were 
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downregulated by infection, 390 of which were restored to normal levels, while 62 additional genes were 

downregulated by the treatment. . 

Moreover, the treatment adjusted the expression control and remodeled the gene networks of 

several functional pathways, including the cardiac muscle contraction [45], chemokine signaling 

[116], Chagas disease [58] and mitochondrial respiratory chain [47]. 

4.2. Post-Ischemic Heart Failure 

Ischemic cardiomyopathy, a major cause of death worldwide (~800,000 patients in U.S.A. alone), 

occurring when heart blood supply is reduced below critical levels by partial occlusion of coronary 

arteries, leads to myocyte loss from the heart walls [117]. Myocardial necrosis is responsible for 

increased systolic and diastolic stress and heart rate, ventricular hypertrophy until rupture and 

aneurism [118]. Infarction scar generates a strong inflammatory response through accumulation of 

polynuclear leukocytes and release of cytokines [119]. Ischemic cardiomyopathy is usually assessed 

through computer tomography of the myocardial perfusion [120]. 

Our studies on a mouse model of post-ischemic heart failure (developed by our collaborators 

from Universidade Federal do Rio de Janeiro with local IACUC approval) revealed substantial 

increases of total serum immunoglobulin M (by 5.2x) and G (by 3.6x), circulating cytokines (IFN-γ by 

3.1x, IL-1 by 3.8x, IL-8 by 13.0x and TNF-α by 6.0x,) [121]. Myocardial infarction has direct impact 

on all other organism systems, including substantial increase of the depression prevalence [122], with 

Chemokine (C-X-C motif) ligand 12 (CXCL12) and Chemokine (C-C motif) ligand 2 (CCL22) 

potentially responsible for inducing depression after post-ischemic heart failure [123]. 

4.2.1. Induction of Ischemic Heart Failure in a Mouse Model 

Anesthetized by ketamine (40 mg/Kg) intraperitoneal injection and intubated with a 100 

cycles/min ventilator, 8w-old male and female C57Bl/6 had ligated the descending branch of the left 

coronary at 1mm from the left atrium tip. Control mice were subjected to the same surgical procedure 

excepting coronary ligating [121]. Ventricle myocardia were collected from all sham operated, 

infarcted not treated and cell treated mice and the gene expressions were profiled using AECOM 32k 

mouse oligonucleotide microarrays [17]. 3-lead electrocardiogram was continuously recorded 

starting 24 h post-surgery and heart rate, P, QRT, T wave amplitude and the PR, QRS and QT intervals 

were analyzed. Blood was collected from the caudal vein before and 3 days post-surgery, and several 

serum markers including cardiac troponin and creatinine kinase were dosed. In addition, heart 

contractions were imaged with a GE vivid 7 Megas color echocardiograph. The animal work was 

carried out at Universidad Federal do Rio de Janeiro with the approval of the local IACUC and the 

tissues were shipped to AECOM IacobasLab for transcriptomic profiling. 

4.2.2. Heart Transcriptomic Changes in Infarcted Mice 

Overall, the induced ischemia regulated 2158 (18%) of the 11981 unigenes properly quantified 

[121]. Microarray detected expression regulations of genes such are: Hif1a, Ifnar1, Mmp23, Nos2 and 

Tlr4 were qRT-PCR validated beyond the inherent technical noises of the two methods, with a 

Pearson pair-wise correlation coefficient of 0.968. The significantly up-regulated genes include 

chemokines (Clc8, Ccl9, Cxcl14), chemokine-like receptors (Ifnar1, Ifngr1, Ifngr2), interferon activated 

genes (Ifi204, Ifi205, Isg20, Icsb1, Ifih1, Ifi1), interleukins (Il113, Il1f9), interleukin receptors (Il1r1, 

Il13ra1, Il2rg, Il22ra1), interleukin-1 receptor-associated kinases (Irak1, Irak2, Irak3, Irak4), and tumor 

necrosis factor receptors (Tnfrsf1a, Tnfrsf1b, Tnfrsf10b, Tnfrsf12a, Tnfrsf19l, Tnfrsf22, Tnfrsf25). 

Importantly, no inflammatory/immune response gene was found to be significantly downregulated. 

Among others, we found that 22 out of 32 quantified genes from Complex 1 of the respiratory chain 

[47], 2/3 from Complex 2, 4/8 from Complex 3, 4/8 from Complex 4 and 4/6 were downregulated by 

ischemia. In addition, the inter-complexes expression coordination scores were substantially reduced 

from 16.25% in control to -2.50% for Cx1-Cx2, from 14.81% to 7.41% for Cx2-Cx3, from 16.67% to -
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1.19% for Cx3-Cx4, and from 13.57% to 2.14% for Cx4-Cx5. Positive COORDs indicate prevalence of 

significantly synergistically and antagonistically expression coordination, while negative values 

indicate that more genes were independently than coordinately expressed. Thus, cellular respiration 

was twice affected: first by reduced expression levels of the responsible genes and then by their 

diminished expression synchrony, important for the normal electron transfer between complexes 

[124]. These findings justify development of therapeutic strategies targeting mitochondria in cases of 

heart ischemic failure [125]. We reported also the infarct-triggered remodeling of Adra1b (alpha-1B 

adrenergic receptor (α1B-adrenoreceptor) expression correlation within the functional pathway 

Adrenergic signaling in cardiomyocytes [43], including switching the synergistic expression with 

Crem (CAMP-responsive element modulator) in healthy mice to antagonistic in infarcted animals 

[126]. 

4.2.3. Cell Therapy for Post Ischemic Heart Failure 

We used the same cell therapy procedure for ischemic as for the Chagasic mice, excepting that 

stem cells were injected directly into the heart scar, and compared the results of saline treated with 

MSC treated infarcted animals. Treated animals exhibited better electrocardiograms (absence of the 

Q wave), systolic performance and oxygen consumption, and reduced ventricular dilatation. 

Administration of bone marrow derived mononuclear restored the normal expression of 2099 (96.2%) 

from the regulated genes in untreated animals, although 286 genes not affected by ischemia were 

regulated by cell treatment [127]. The treatment even reversed the upregulation of some genes. For 

instance, the expression ratio of Ankrd1 (Ankyrin repeat domain 1, cardiac muscle, important cardiac 

repair [128]) switched from +2.09x in saline treated to -2.29x in cell treated with respect to healthy 

mice. Expression ratio of Snx5 (Sorting nexin 5, critical for resisting cardiac failure through ventricle 

hypertrophy [129]) switched from +1.90x to -8.07x. The treatment restored partially the inter-

complexes expression coordination to: 3.75% for Cx1-Cx2, 7.41% for Cx2-Cx3, 7.14% for Cx3-Cx4, and 

6.43% for Cx4-Cx5. 

4.3. Pulmonary Hypertension 

The main features of the hemodynamic condition termed pulmonary hypertension (PH) are: 

mean pulmonary arterial pressure (mPAP) over 20 mmHg, pulmonary arterial wedge pressure 

(PAWP) less than 15 mmHg, and over 2 Wood Units pulmonary vascular resistance (PVR) [130]. PH 

comes from pathophysiology of both large and micro blood vessels. Stenosis of large vessels leads to 

intraluminal obstruction, vascular wall thickening and extrinsic compensation, while the 

morphological alteration of microvasculature translates into their occlusion, functional stenosis and 

pressure-backward transmission [130]. Clinically, PH development occurs in six stages: 1) 

hypertrophy of the arteriole middle layer, 2) intima thickening, 3) intimal fibrosis, 4) formation of 

plexiform lesions, 5) extensive fibrosis and hemosiderosis, 6) vascular necrosis [131,132]. 

4.3.1. Induction of Pulmonary Hypertension in Rat Models 

Currently, one can study the molecular characteristics of PH on mouse, rat, rabbit, swine, sheep, 

and dog animal models (e.g., [133–138]). In addition to species, strain is also important in choosing 

the right model as revealed by the differences between the Wistar and Sprague-Dawley rats [139]. 

There are several methods to induce PH in animal models, the most popular being subcutaneous 

injection with monocrotaline (MCT), an alkaloid first extracted from the pea plan Crotalaria spectabilis 

[140] and hypobaric hypoxia [141] like at living at high altitude [142]. 

We [143] have used three PH models developed on 150–175g Sprague-Dawley rats purchased 

from Charles River Laboratories (Wilmington, MA, USA) under NYMC IACUC approved protocol. 

The models were obtained by: 1) subcutaneous injecting 6 weeks old males with single 40 mg/kg 

monocrotaline (MCT), or 2) by keeping them for 4 weeks in hypobaric (380 mmHg) hypoxia (10% 

oxygen), or 3) by applying both monocrotaline injection and hypobaric hypoxia. The experiments 
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were performed at New York Medical College with the approval of the local IACUC on four groups 

of 4 rats each: CO (normal atmospheric conditions no MCT), HO (hypoxia but no MCT), CM (normal 

atmospheric conditions + MCT), HM (hypoxia + MCT). All three models exhibited decreased weight 

gain, hypertrophy and systolic pressure increase of the right ventricle, and medial wall thickening. 

As expected, the most severe PH manifestations occurred when both MCT and hypobaric hypoxia 

were applied (CM group) with neointima formation and occlusion of artery lumen [143]. Moreover, 

we reported [144] altered levels of Ngf (nerve growth factor), Nfe2l2 (nuclear factor erythroid-derived 

2-like 2), and Slc2a1 (glucose transporter solute carrier family 2). 

4.3.2. Lung Transcriptomic Consequences of Pulmonary Hypertension 

All three models exhibited substantial alterations of the expression profiles of genes included in 

the KEGG-determined: chemokine signaling [116], vascular smooth muscle contraction [145], cell-

cycle [94], and glycolysis/gluconeogenesis [46, citrate cycle [146] and fructose and manose [147] 

metabolism pathways. PH had a strong effect on the immune inflammatory gene network. However, 

the effects are not uniform among the models. For instance, HO turned the significant synergistic 

expression of Ccl21 and Ccl9 in control rats into a significant antagonistic expression, while CM and 

HM had no significant effect on the expression correlation of these two genes. Overall, the 

transcriptomic distance (defined by equation 7) with respect to CO of the three models were: 55.13 

(CM), 62.84 (HO) and 91.10 (HM) [144]. 

4.4. Metabolic Syndrome 

People affected by metabolic syndrome (MetS) [148,149] are obese (men waist circumference > 

102 cm, women >90 cm), have elevated blood pressure (≥ 130/85 mmHg), triglycerides (≥150 mg/dL) 

and fasting glucose (≥ 100 mg/dL), but reduced high density lipids (men < 40 mg/dL, women (< 50 

mg/dL. Experimental evidence blames the high fructose from the corn syrup and other sweets for the 

increasing incidence of MS [150,151]. In addition to MS, high fructose diet results also in hypertension 

[152,153], intra-cranial atherosclerosis [154], hyperurecimia [155], and dyslipidemia [156]. 

4.4.1. Induction of Metabolic Syndrome in a Dog Model 

Currently there are several animal models of MetS, including Ossabaw and Göttingen minipigs 

[157], C57Bl’6j mice [158], Wistar and Sprague Dawley rats [158–160] and several dog strains (20 

mentioned in [161]). In our studies, MetS was induced in six adult mongrel male dogs by including 

in their diet 60% isocaloric fructose for seven weeks owing to the certified impact of such diet 

[162,163]. Coronary blood flow, mean coronary flow, systolic (SBB) and diastolic (DBP) blood 

pressures, mean arterial pressure, end-diastolic pressure (LVEP) and rate of the left ventricle pressure 

rise were measured weekly and reported to the hemodynamic features at the start of fructose diet. 

Hemodynamics measurements were complemented with echocardiographic determination of the 

heart rate, stroke volume and left ventricle diameter in both systole and diastole, and blood 

concentrations of insulin (INS), angiotensin II (ANG II), uric acid (UA), homocysteine (HC), high 

(HDL) and low (LDL) density lipids [164]. 

4.4.2. Progression of the Metabolic Syndrome 

The initial (reference) values were: SBP = 123 ± 4 mmHg, DBM = 83 ± 8 mmHg, LVEP = 4.4 ± 0.5 

mmHG, LDL = 71 ± 3 mg/dL, INS = 12.1 ± 3.5 μM/mL, ANG II = 5.9 ± 1.5 pM/mL, HC = 7.8 ± 4.1, UA 

= 1.2 ± 0.4 mg/dL. After seven weeks, we found increased cardiac weight, altered dobutamine 

inotropic response and shifted the cardiac substrate utilization toward carbohydrate metabolism 

from 13.5 ± 3.8% of ATP production to 47.4 ± 4.0%. The dimensionless standard scores z of the three 

most affected features after seven weeks were: zINS = 13.71, zSBB = 8.42, zLDL/HDL = 7.53. Figure 3 presents 

the evolution of the patholog (computed with formula 13) during the entire seven weeks high 

fructose diet as resulted from quantifying 15 studied characteristics. 
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Figure 3. Evolution of the “patholog” associated to 15 features during the seven weeks high fructose feeding. 

Note that although according to pathophysiology observations, the metabolic syndrome was installed after 4 

weeks of high fructose feeding, the “patholog” doubled after next 3 weeks fructose and continues to increase 

without any indication of saturation. 

Moreover, we identified positive correlations between the seven weeks dynamics of SBP and 

INS (COR = 0.817), LDL/HDL and INS (COR = 0.821), SBP and DBP (COR = 0.810), HC and SBP (COR 

= 0.812), UA and INS (COR = 0.810), and HC and INS (COR = 0.831). The statistical significance of 

these correlations (from p-value = 0.025 for COR = 0.810 to p-value = 0.20 for COR = 0.831) indicate 

strong inter-conditioning of the considered characteristics. 

4. Discussion 

Decades of experimental studies of cardiovascular diseases molecular mechanisms on animal 

models taught us about the advantages but also the limitations of such models. We have been 

involved in all stages of gene expression studies: technology development, taking care of animal 

colonies and cell cultures, performing experiments with several platforms and in-house optimized 

wet protocols, developing mathematically advanced algorithms and computer software, and 

completing bioinformatics analyses. Moreover, we developed a mathematical approach to make 

comparable pathophysiological features of a wide diversity. 

We proved that in addition to the strain of the infecting parasite, the animal species, strain, sex, 

age, hormonal status, heart chamber, diet and atmospheric conditions are important transcriptomic 

regulators. All these factors should be considered when translating the findings in the animal model 

to human diseases. Although originated in Latin America, Chagas disease is now present in: 

Australia, China, France, India, Indonesia, Italy, Japan, Portugal, Spain, UK, and U.S.A. [165] 

Our finding of the down-regulation of Gja1 in Chagas disease [96] complements other reports of 

the impact on the heart rhythm [166,167] and other cardiac diseases [168] of the deficiency of 

Connexin43 that it encodes. The effects of Gja1 expression alteration might be explained by this gene 

controlling multiple functional pathways [169]. 

Most animal studies of the cardiac infarction were carried out on Wistar and Sprague-Dawley 

rats [170], although genetically engineered C57BL/6j mice (by knocking out ApoE, Ldlr, or Srbi genes) 

were also used in numerous studies [171]. Nevertheless, each model accounts for certain features of 

the human disease and might shred light on the responsible molecular mechanisms. 
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Altered levels of Ngf, Nfe2l2 and Slc2a1 in pulmonary hypertension justifies the choice of Ngf 

as a potential PH therapeutic target [172], the cellular protection role of Nfe2l2 [173], and the 

importance of Slc2a1 for response to hypoxia [174]. A significant limitation of our study is the use of 

only male rats although PH is more frequent in women [175], most likely because of the hormonal 

status. 

Although considered in many experimental studies, simulation of the metabolic syndrome in 

dogs raised several issues, including the lack of fasting hyperglycemia and atherogenic 

hyperlipidaemia in obese dogs [176]. Anyhow, we consider that a complex condition like MetS is 

better characterized by replacing the natural parameters with dimensionless standard scores and 

quantify it evolution with what we termed “patholog”. 

5. Conclusions 

Although affected by numerous limitations, the animal models are still essential tools for 

deciphering the molecular mechanisms of the cardiovascular diseases. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

AECOM Albert Einstein College of Medicine 

AVE Average normalized expression level of a gene 

CCC Chronic Chagas Cardiomyopathy 

CCH Chronic Constant Hypoxia 

CHF Congestive Heart Failure 

CIH Chronic Intermittent Hypoxia 

CRE Creatinine 

COORD 
percent of statistically synergistically expressed gene pairs + percent of antagonistically expressed pairs minus 

percent of independently expressed genes within the analyzed pathways 

COR 
pair-wise Pearson correlation coefficient of the (log2) of the normalized 

expression levels of two genes in the same condition/region 

GCH Gene Commanding Height 

GLU Blood sugar  

IACUC Institutional Animal Care and Use Committee 
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KEGG Kyoto Encyclopedia of Genes and Genomes 

MetS Metabolic Syndrome 

P Patholog 

PH Pulmonary Hypertension 

PRE Pathway Restoration Efficiency  

PWR Pair-Wise Relevance 

REC Relative Expression Control 

REV Relative Expression Variation 

TD Transcriptomic Distance 

TRE Transcriptomic Recovery Efficiency 

TSH thyroid stimulating hormone 

WIR Weighted Individual (Gene) Regulation 

WPR Weighted Pathway Regulation 
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