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Abstract 21	  

Left- ventricular hypertrophy (LVH), a risk factor for heart failure and death, is characterized by 22	  

cardiomyocyte hypertrophy, interstitial cell proliferation, and leukocyte infiltration. Chemokines 23	  

interacting with G protein-coupled chemokine receptors may play a role in LVH development 24	  

by promoting recruitment of activated leukocytes or modulating left-ventricular remodeling. 25	  

Using a pressure overload-induced kinetic model of LVH in rats, we examined during 14 days 26	  

the expression over time of chemokine and chemokine receptor mRNAs in left ventricles from 27	  

aortic-banded vs sham-operated animals. Two phases were clearly distinguished: an 28	  

inflammatory phase (D3-D5) with overexpression of inflammatory genes such as il-1ß, tnfa, 29	  

nlrp3, and the rela subunit of nf-kb, and a hypertrophic phase (D7-D14) where anp 30	  

overexpression was accompanied by a heart weight/body weight ratio that increased by more 31	  

than 20% at D14. No cardiac dysfunction was detectable by echocardiography at the latter time 32	  

point. Of the 36 chemokines and 20 chemokine receptors analyzed by a Taqman Low Density 33	  

Array panel, we identified at D3 (the early inflammatory phase) overexpression of mRNAs for 34	  

the monocyte chemotactic proteins CCL2 (12-fold increase), CCL7 (7-fold increase), and 35	  

CCL12 (3-fold increase), for the macrophage inflammatory proteins CCL3 (4-fold increase), 36	  

CCL4 (2-fold increase), and CCL9 (2-fold increase), for their receptors CCR2 (4-fold increase), 37	  

CCR1 (3-fold increase), and CCR5 (3-fold increase), and for CXCL1 (8-fold increase) and 38	  

CXCL16 (2-fold increase). During the hypertrophic phase mRNA expression of chemokines and 39	  

receptors returned to the baseline levels observed at D0. Hence, this first exhaustive study of 40	  

chemokine and chemokine receptor mRNA expression kinetics reports early expression of 41	  

monocyte/macrophage-related chemokines and their receptors during the development of LVH 42	  

in rats, followed by regulation of inflammation as LVH progresses.  43	  
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Introduction 44	  

Left-ventricular hypertrophy (LVH) commonly follows chronic pressure or volume overload in 45	  

diseases such as essential arterial hypertension and aortic valve stenosis. Insufficient relief of 46	  

the left-ventricular workload will ultimately result in an irreversible state of cardiac dysfunction 47	  

leading to arrhythmias, heart failure, or even death. Numerous stress stimuli can increase 48	  

cardiomyocyte protein synthesis and cell volume [1-3]; these changes are accompanied by 49	  

energy metabolism deficits, vascular dysfunction, and alterations of the extracellular matrix 50	  

composition [4-6]. In addition, pressure overload causes interstitial cell proliferation (vascular 51	  

smooth muscle and endothelial cells and fibroblasts) that causes increased vascular stiffness 52	  

[7, 8], accompanied by inflammatory signals generated by the vessel wall (endothelium) [9-11]. 53	  

The role of inflammatory response in cardiac hypertrophy was first suggested by in vitro studies 54	  

of rat neonatal cardiomyocytes, where activation and nuclear translocation of NF-kB (nuclear 55	  

factor kB) are required for hypertrophic cardiomyocyte growth [12, 13]. Macrophages and 56	  

neutrophils are reported to accumulate in the hypertrophic left ventricle of a mouse model of 57	  

aortic constriction 3-6 days after surgery [14, 15]. Similarly, the observation of newly recruited 58	  

leukocytes in biopsies from hypertrophic hearts of patients with aortic valve stenosis suggests 59	  

that hypertrophy is associated with a persistent proinflammatory response [16], which in turn 60	  

has been related to the production of profibrotic factors (TGF-ß, transforming growth factor-ß) by 61	  

newly infiltrated immune cells [17, 18]. 62	  

In proinflammatory disease conditions, the trafficking of immune cells to sites where 63	  

inflammatory stress is occurring is regulated mainly by the action of chemokines binding to their 64	  

G protein-coupled receptors (GPCR) [19-21]. In cardiac hypertrophy, upregulated expression of 65	  

a small number of chemokines is reported both in animal models [22, 23] and in patients with 66	  

cardiac hypertrophy [24-26]. Elevated levels of CCL2 are found in cardiac biopsies from 67	  



	   4	  

patients with cardiac hypertrophy due to aortic stenosis [16]. Similarly, CXCL16 is found at high 68	  

levels in the plasma of patients with right-ventricular hypertrophy due to pulmonary stenosis and 69	  

those with LVH in heart failure [27, 28]; in the latter case, expression levels correlated with 70	  

disease severity. In addition, CX3CL1, an atypical chemokine that, like CXCL16, exists in both 71	  

membrane-bound and soluble forms, is also detected in hearts and serum of patients with heart 72	  

failure [26, 29]. Levels of circulating CCL2, CCL3, and CCL5 chemokines are high in patients 73	  

with cardiac hypertrophy and congestive heart failure [24], and CCL21 is found at significantly 74	  

higher than normal levels in the serum of patients with LVH due to aortic stenosis and pressure 75	  

overload [30]. Finally, high CXCL12 plasma levels are found in patients with hypertrophic 76	  

cardiomyopathy, LVH, and heart failure, and CXCL12-dependent fibrocyte migration increases 77	  

when diffuse fibrosis is present [31, 32]. These data suggest that chemokine and chemokine 78	  

receptor interactions play a pivotal role in the establishment of cardiac hypertrophy.  79	  

To obtain deeper insight into the molecular factors associated with LVH development, we 80	  

undertook a comprehensive analysis of mRNA expression of chemokines and their receptors in 81	  

the initiation and progression phases of cardiac hypertrophy in a rat model of aortic banding. 82	  

 83	  

Material and Methods 84	  

Animals  85	  

Male Lewis rats weighing 100-110 g were purchased from Janvier (Le Genest-Saint-Isle, France) 86	  

and maintained on a 12/12-hour light/dark cycle, in standard T3 cages, with food and water 87	  

available ad libitum. In this protocol no analgesia or antibiotics were given as the opioid 88	  

analgesics and anti-inflammatory drugs may impair the inflammatory response during 89	  

hypertrophy. Antibiotics can alter the expression of chemokines, which might interfere with our 90	  
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results [33, 34]. Animal experimentation was performed in accordance with the national 91	  

guidelines, and the protocols were approved by the "Strasbourg Regional Ethics Committee for 92	  

Animal Experimentation CREMEAS” (#02438.01) in accordance with European regulations. 93	  

 94	  

Aortic banding 95	  

Aortic banding was performed as described [3]. Briefly, rats were anesthetized by pentobarbital 96	  

(Ceva, 6742145; 50 mg/kg i.p. in saline). After laparotomy, a polyurethane ring 1 mm in 97	  

diameter was placed around the suprarenal abdominal aorta to create stenosis. Sham 98	  

operations were performed without ring placement. The abdominal wall was sutured with a 4.0 99	  

surgical suture (Ethicon, USA). After operation, animals are placed on a heating plate (35°C) 100	  

until they wake up. Rats were then kept individually in T3 cages. The survival rate in this study 101	  

was 88%; fourteen of the animals (all from aortic-banded group) died during the experiment. 102	  

Five out of 14 animals did not wake up after surgery and died from technical surgical failure on 103	  

day (D) 0 of surgery. Five rats were found unexpectedly dead in the morning on D4-D6 post-104	  

operation. Four rats had to be euthanized by 100 mg/Kg pentobarbital because of unhealthy 105	  

appearance with red and sunken eyes, ruffled hair, hunched body and/or changes in the 106	  

locomotion on D4-D6 post-operation, most probably due to hypertensive crisis. Animal 107	  

monitoring was performed twice a day. Body weight did not differ at any point during the study 108	  

between these rats and the sham-operated group. Hearts were harvested on D0, 1, 3, 5, 7, and 109	  

14 from n=6 rats in each group; their atria were removed and the ventricles weighed. Right 110	  

ventricles were removed and a transversal slice of the left ventricle (LV) was cut and paraffin-111	  

embedded for histological study. The remaining part of the LV was frozen in liquid nitrogen for 112	  

biochemical analyses.  113	  

 114	  
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Echocardiography 115	  

Serial echocardiographic-Doppler assessment of cardiac anatomy, function, and hemodynamics 116	  

was performed on D0, 1, 3, 5, 7, and 14 after operation (n=6 per group). Rats were weighed, 117	  

anesthetized by pentobarbital (40 mg/kg i.p.), and studied with a Sonos 5500 echocardiography 118	  

machine (Philips, USA) equipped with a 12-MHz sectorial transducer. The animal's body 119	  

temperature was maintained at 37°C with a controlled heating pad (homeothermic blanket 120	  

control unit, Harvard Apparatus). Interventricular septum and posterior wall thickness were 121	  

measured on the parasternal short-axis view of the LV in diastole. The end-diastolic and end-122	  

systolic left ventricle diameters (EDLVD and ESLVD) were measured on the parasternal LV 123	  

short-axis view from M-mode. The fractional shortening (FS = [(EDLVD-ESLVD) / EDLVD] x100) 124	  

and the ejection fraction (EF = [(EDLVD3-ESLVD3)/EDLVD3] x 100) were calculated. All 125	  

measured and calculated indices are means of four consecutive beats. 126	  

 127	  

Histology 128	  

A transversal slice from the basal part of the LV tissue (n=6 per group) was fixed in 129	  

paraformaldehyde 4% for 24 h and paraffin-embedded after successive lavages in ethanol (70-130	  

100%) for 1 h each and incubation in xylene for 3 h. Then 5-µm sections were cut and mounted 131	  

on Superfrost glass slides (Fisher Scientific). After deparaffinization in xylene and successive 132	  

rehydration, sections were stained with hematoxylin-eosin. The LV wall area and the LV cross-133	  

sectional thickness (15 measurements for each section) were measured with ImageJ 1.47v 134	  

software. Sections were observed on a Leica DM4000B microscope with an Olympus DP72 135	  

camera and analyzed with CellSensDimension software. 136	  

 137	  
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RNA extraction, reverse transcription, and qPCR 138	  

Total RNA was extracted both from the apex and the base of the LV (30-40 mg tissue for each) 139	  

with TriReagent® (Euromedex) and purified after binding on silica columns under high-salt 140	  

conditions (RNeasy Mini kit, Qiagen). RNA quantity and purity were assessed by absorption 141	  

spectra analysis (Nanodrop®) and fluorescence absorption (Qubit® Fluorimetric RNA assay, 142	  

Invitrogen). RNA quality was evaluated by the absorption ratios A260/A280 and A260/A230 143	  

between 1.8 and 2.2. The concentration ratio between Qubit® and Nanodrop® ranged from 0.9 144	  

to 1.1. RNA integrity was analyzed with the Agilent 2100 Bioanalyzer with an RNA 6000 Chip 145	  

and 2100 Expert software (Agilent Technologies). All samples had an RNA integrity number 146	  

higher than 8. RNA (1 µg) was then reverse-transcribed with the high-capacity cDNA Reverse 147	  

Transcription kit containing MultiScribe Reverse Transcriptase from the murine moloney 148	  

leukemia virus (Applied Biosystems). Real-time qPCR was performed on the ABIPrism 7900 149	  

Thermocycler (Applied Biosystems) with 384-well Taqman Low Density arrays (Applied 150	  

Biosystems) designed for the analysis of the 36 chemokines and 20 chemokine receptors for 151	  

which primers were then available for rats (S1 Table). We also analyzed nine inflammatory 152	  

genes (crp (c-reactive protein), il-1ß (interleukin-1ß), il-6, il-17a, ifng (interferon g), tnfa (tumor 153	  

necrosis factor a), nlrp3 (NOD-like receptor family, pyrin domain containing 3), scf (stem cell 154	  

factor, kit ligand), and rela) and five housekeeping genes: gapdh (glyceraldehyde-3-phosphate 155	  

dehydrogenase), 18S, hprt1 (hypoxanthine phosphoribosyltransferase), hmbs (hydroxyl-156	  

methylbilane synthase), and tbp (TATA box binding protein) (S1 Table). The stability of the 157	  

reference genes was analyzed (DataAssist®, Applied Biosystems), with lower scores indicating 158	  

more stable reference genes [35]. The lowest score was observed for gapdh (0.84). Other 159	  

samples showing good Ct stability were 18S (0.89), hprt1 (0.89), and hmbs (0.86) (S1 Fig). The 160	  

only unsatisfactory score was 2.22 for tbp. Results were therefore referenced to the most stable 161	  

gene, gapdh, and compared to those referenced to the geometric mean of the 4 stable genes: 162	  
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both analyses showed similar results. anp (atrial natriuretic peptide) and bnp (brain natriuretic 163	  

peptide), the endogenous regulators of cardiac hypertrophy, were used as positive controls for 164	  

the hypertrophic phenotype. The cutoff for gene expression was set at Ct<32. Results are 165	  

presented as mean mRNA expression in the qPCR results from each part of the LV base and 166	  

apex. 167	  

 168	  

Data analysis and statistics 169	  

Statistical analyses were performed by one-way ANOVA followed by Bonferroni‘s multiple 170	  

comparison tests. Differences in the LV area and wall thickness for the two groups were 171	  

compared by a t-test. Means were considered statistically significantly different when P<0.05.  172	  

 173	  

Results 174	  

Inflammation occurs before hypertrophy in the rat LVH model 175	  

We performed a kinetic study of the mRNA expression of pro-inflammatory and pro-hypertrophic 176	  

genes in the aortic-banded model. At D0, the pro-inflammatory genes il-1ß, tnfa, nlrp3, scf, and 177	  

rela were expressed both in aortic-banded and sham groups (Ct<32), whereas crp, il-6, il-17a, 178	  

and ifng were not (Fig 1A). At D3, expression of IL-1ß and TNFa mRNA increased by 3.4±1.5-179	  

fold (P<0.01) and 1.9±0.6-fold (P<0.05), respectively, in aortic-banded vs sham-operated 180	  

animals (Fig 1A). NLRP3 mRNA that encodes a protein of the inflammasome, also increased at 181	  

D3 by 1.9±0.5-fold (P<0.05) (Fig 1A). At D5, expression of the RelA subunit of NF-kB was 182	  

1.7±0.4-fold higher in the aortic-banded rats (P<0.05). Expression of SCF did not change over 183	  
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time and between aortic-banded and sham-operated animals (e.g. 0.88±0.14-fold at D3 and 184	  

1.08±0.11-fold at D5) (S2 Fig). 185	  

Fig 1. Inflammatory and hypertrophic genes mRNA expression in rat LVH. (A) mRNA 186	  

overexpression of inflammatory genes in aortic-banded vs sham-operated groups (n=6 per 187	  

group). (B) mRNA expression of the atrial natriuretic protein (ANP) and of the brain natriuretic 188	  

peptide (BNP), positive controls for cardiac hypertrophy in aortic-banded vs sham-operated 189	  

animals (n=6 per group). Expression is calculated as 2(-ΔCt) where the calibrator is the mRNA 190	  

level of the gapdh reference gene. Data are presented as mean ± SEM. *P<0.05 **P<0.01 191	  

compared to sham group. 192	  

 193	  

In contrast to the expression of inflammatory genes that peaked at D3 or D5, the expression of 194	  

ANP mRNA the endogenous hypertrophic marker, increased progressively in the aortic-banded 195	  

vs sham-operated groups, with statistically significantly higher levels at D5 (50±24-fold, 196	  

P<0.001), decreasing at D7 (34±20-fold, P<0.01) and D14 (18±9-fold, P<0.01) (Fig 1B). BNP 197	  

mRNA expression, another positive control for cardiac hypertrophy, also increased significantly 198	  

in the aortic-banded vs sham-operated groups, with statistically higher levels at D3 (7.3±2.9-fold, 199	  

P<0.001), at D5 (3.6±1.1-fold, P<0.05), at D7 (3.2±0.6-fold, P<0.05) and at D14 (3.7±1-fold, 200	  

P<0.01) (Fig 1B). The manifestation of hypertrophy at this later phase was confirmed 201	  

macroscopically by the heart weight/body weight ratio that increased progressively over time in 202	  

the aortic-banded vs the sham-operated group (Fig 2A): it was significantly higher at D7 (15.9% 203	  

increase, P<0.05) and D14 (20.4% increase, P<0.001). LVH at this later stage was visualized by 204	  

histological analysis of the LV wall area and thickness, which were significantly larger in the 205	  

aortic-banded (41.6±1.9 mm2 and 1.9±0.1 mm, respectively) than the sham-operated animals 206	  

(34.0±1.0 mm2 and 1.6±0.1 mm, P<0.05 for both; Fig 2B, 2C). Fig 2D presents the hematoxylin-207	  

eosin staining of LV sections from sham-operated and aortic-banded animals at D14, and S3 208	  

Fig at D0-D7. Data for LV wall area and thickness over time are presented in S2 table. 209	  

Echocardiographic values of the interventricular septum and posterior wall thickness of the LV in 210	  

diastole at D14 confirmed significantly higher measurements in the aortic-banded (1.24±0.03 211	  
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and 1.12±0.02 mm, respectively) vs sham-operated groups (0.97±0.02 and 0.83±0.02 mm) 212	  

(P<0.001 for both, S4 Fig). The results indicate concentric LVH in this model. None of the 213	  

animals developed cardiac dysfunction, as the shortening (FS) and ejection fractions (EF) did 214	  

not differ significantly between the two groups and remained within the normal range (FS > 40% 215	  

and EF > 75%) (Fig 2E). Theses findings suggest that the hypertrophy is compensated 216	  

throughout the entire 14 days study period where the left ventricle function is still preserved.  217	  

Fig 2. Left ventricle anatomy and function in rat LVH. (A) Heart (left and right ventricles) to 218	  

body weight ratio (mg/g) in aortic-banded (black line) vs sham-operated animals (gray line) from 219	  

D0 to D14 (n=6 per group). (B) Left ventricle area in sham-operated (gray block) vs aortic-220	  

banded (black block) animals (n=6 per group) at D14. (C) Left-ventricle wall thickness in aortic 221	  

banded vs sham-operated groups (n=6 per group). (D) Hematoxylin-eosin staining of left-222	  

ventricular sections from sham operation (left) vs aortic banding (right) samples at D14. LV: Left 223	  

ventricle. IVS: Interventricular septum. (E) Echocardiography measurements of the shortening 224	  

and ejection fractions, calculated as: FS = [(EDLVD-ESLVD)/EDLVD)] x100; EF = [(EDLVD3-225	  

ESLVD3) / EDLVD3] x100. The end-diastolic and end-systolic left ventricle diameters (EDLVD 226	  

and ESLVD) were measured on parasternal short-axis view of LV from M-mode. Data are 227	  

presented as means ± SEM. *P<0.05 **P<0.01 ***P<0.001 compared to sham group. 228	  

 229	  

Expression of chemokine mRNAs in rat LVH  230	  

Of the 36 chemokine genes studied, 13 chemokines were not expressed in any animals at any 231	  

time point (Ct>32) (S1 Table). The 23 mRNAs that were expressed (Ct<32) were analyzed and 232	  

compared over time (D0, D1, D3, D5, D7, and D14) between the two groups (Fig 3). First, the 233	  

excellent reproducibility of the chemokine mRNA levels in the sham-operated animals over time 234	  

allowed us to compare them with the aortic-banded rats. The global analysis showed that the 235	  

mean fold differences between the groups peaked at D3 (2.4±0.6) and D5 (1.6±0.2), while 236	  

chemokine levels remained relatively constant and similar at D0 (1.0±0.1), D1 (1.2±0.1), D7 237	  

(1.3±0.1), and D14 (1.2±0.1) (S5 A Fig). This indicates that overexpression of chemokines in the 238	  

aortic-banded animals occurred at D3 and D5 post-surgery and normalized thereafter even as 239	  

LVH progressed (D7-D14). The absence of overexpression of any chemokine (Fig 3) or 240	  
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inflammatory gene (Fig 1) at D14, the end point, indicates that their expression remained 241	  

regulated during the compensated phase of LVH. 242	  

 243	  

Fig 3. Relative mRNA expression levels of chemokines in aortic banding groups at D0, D1, 244	  

D3, D5, D7, and D14. Fold change is calculated as 2(-ΔΔCt) where the calibrator is the mRNA 245	  

level of the gene in the sham group. Only genes for which Ct is <32 are presented. For each 246	  

sample, two qPCRs were performed on different parts of the LV, one from the apex, and 247	  

another from the base part. Means are calculated for each animal (n=6 per group). Fold change 248	  

levels are represented on a logarithmic scale. Data are means (blocks) ± SEM (bars) of n=6 249	  

animals.  250	  

 251	  

Fig 4 shows a selection of the overexpressed chemokines (2-ΔCt values) in the aortic-banded vs. 252	  

sham-operated groups. CCL2 (12.2±7.2-fold, P<0.01), CCL7 (7.1±3.8-fold, p<0.001), CCL3 253	  

(3.8±1.9-fold, P<0.001), CXCL1 (7.9±5.7-fold, P<0.001), CCL12 (2.6±1.2-fold, P<0.05), CCL4 254	  

(1.8±0.6-fold, P<0.01) and CXCL16 (1.8±0.4-fold, P<0.05) were significantly overexpressed at 255	  

D3, but decreased thereafter. Overexpression of CCL9 continued longer: at D3 (2.0±1.0-fold, 256	  

P<0.05) and D5 (3.0±1.1-fold, P<0.05), but recovered slightly, returning to baseline levels in 257	  

both groups. CCL27 overexpression occurred later on, 2.2±0.8-fold higher on D5 (P<0.05) after 258	  

more scattered levels on D3 (Fig 4). Two chemokines showed significantly higher levels at D14 259	  

in the aortic-banded group (Fig 3), although the fold difference did not exceed 1.5: CCL19 with 260	  

1.4±0.1-fold (P<0.05) and CCL21 with 1.5±0.1-fold (P<0.05). Only one gene in the entire study, 261	  

cxcl11, showed downregulation - slight but significant - in the aortic-banded compared to sham-262	  

operated animals, with a 0.5±0.1-fold decrease at D3 (P<0.01) and 0.7±0.1-fold at D5 (P<0.01) 263	  

(Fig 4). 264	  

 265	  

Fig 4. mRNA overexpression of chemokines in aortic-banded vs sham-operated groups. 266	  

Expression is calculated as 2(-ΔCt) where the calibrator is the mRNA level of the gapdh reference 267	  

gene. Data are presented as means (blocks) ± SEM (bars). *P<0.05 **P<0.01 ***P<0.001 268	  

compared to sham group. 269	  

 270	  
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Expression of chemokine receptor mRNAs in rat LVH 271	  

Nine of the 20 chemokine receptors studied were not expressed in any animals at any point 272	  

(Ct>32) (S1 Table). The global analysis of chemokine receptors showed that the mean fold 273	  

difference between the aortic-banded and sham-operated groups peaked at D3 (2.3±0.4) and 274	  

D5 (1.8±0.2), but remained relatively constant and similar at D0 (1.2±0.4), D1 (1.2±01), D7 275	  

(1.5±0.2), and D14 (1.2±0.1) (S5 B Fig). This profile is thus similar to that for chemokine 276	  

expression: the highest overexpression took place during the inflammatory phase (D3-D5), 277	  

before the presence of LVH (Fig 5). 278	  

 279	  

Fig 5. Relative mRNA expression levels of chemokine receptors in aortic banding groups 280	  

at D0, D1, D3, D5, D7, and D14. Fold change is calculated as 2(-ΔΔCt) where the calibrator is the 281	  

mRNA level of the gene in the sham group. Only genes for which the Ct is <32 are presented. 282	  

For each sample, two qPCRs are performed on different parts of the LV, one from the apex, and 283	  

another from the base part. Means are calculated for each animal (n=6 per group). Fold change 284	  

levels are represented on a logarithmic scale. Data are means (blocks) ± SEM (bars) of n=6 285	  

animals. 286	  

 287	  

 288	  

Levels of CCR1 (3.3±1.1-fold, P<0.01), CCR2 (4.4±2.3-fold, P<0.01), CCR5 (3.0±1.3-fold, 289	  

P<0.01) and CXCR2 (4.2±2.5-fold, P<0.01) were significantly higher at D3 in the aortic-banded 290	  

as compared to sham-operated groups and decreased thereafter (Fig 6). Only CX3CR1 was 291	  

significantly overexpressed over time in the banded group, at levels more than three times 292	  

higher than in the sham-operated animals from D3 through D7: D3 (3.5±2.2-fold, P<0.05), D5 293	  

(3.5±1.1-fold, P<0.05), and D7 (3.3±1.6-fold, P<0.05), with normalized expression thereafter 294	  

(D14) (Fig 6). 295	  

 296	  

Fig 6. mRNA overexpression of chemokine receptors in aortic-banded vs sham-operated 297	  

groups. Expression is calculated as 2(-ΔCt) where the calibrator is the mRNA level of the gapdh 298	  

reference gene. Data are represented as means (blocks) ± SEM (bars). *P<0.05 **P<0.01 299	  

compared to sham group. 300	  
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Discussion 301	  

Our study reports the first exhaustive analysis of the kinetics of chemokine and chemokine 302	  

receptor mRNA expression during the development of LVH in the rat. The aortic-banded rat 303	  

model is one of the most reliable and reproducible models of LVH: aortic constriction leads to 304	  

pressure overload and to a left-ventricular hypertrophic phenotype detectable from D7. Our 305	  

kinetic study reports analyses on D0, D1, D3, D5, D7, and D14 in both groups. Results clearly 306	  

show the presence of an early inflammatory phase in the first 3-5 days after aortic banding, 307	  

characterized by increased mRNA expression of IL-1ß, TNFa, NLRP3, and the RelA subunit of 308	  

NF-kB. This inflammatory phase is associated with overexpression of chemokines mRNA 309	  

(CCL2, CCL3, CCL4, CCL7, CCL9, and CCL12, and CXCL1 and CXCL16) and of chemokine 310	  

receptors (CCR1, CCR2, CCR5, CXCR2, CX3CR1). The inflammatory phase is followed by the 311	  

hypertrophy phase (D7-D14) characterized by ANP and BNP mRNA overexpression, during 312	  

which time chemokine and receptor expression return to baseline levels (D0). This phase 313	  

coincides with the physiological compensated phase of hypertrophy in our model, as seen from 314	  

the echocardiographic measurements. 315	  

Among the panel of genes found to be overexpressed during the inflammatory phase in our 316	  

model, are the monocyte chemoattractant proteins MCP1, 3, and 5 (ccl2, 7, and 12), together 317	  

with the macrophage inflammatory proteins MIP1a, ß, and g (ccl3, 4, and 9). Their primary 318	  

function is the recruitment to the inflammation site of monocytes/macrophages, expressing their 319	  

respective chemokine receptors (CCR1, 2, 3, 5) [36-38]. CCL2/MCP1 is the chemokine that has 320	  

been studied most often in the hypertrophic heart. Elevated levels are found in the cardiac 321	  

biopsies of patients with aortic stenosis, correlated with newly recruited leukocytes [16]. Fibrosis 322	  

in CCL2 KO mice is attenuated at D5 and D7 in an ischemic cardiomyopathy model developed 323	  

by intermittent daily induction of ischemia/reperfusion [22]. In parallel, invalidation of CCL2 by 324	  

gene therapy in a murine model of left-ventricular remodeling and failure improves survival rates 325	  



	   14

and inhibits the cardiac failure characteristics associated with interstitial fibrosis and 326	  

macrophage infiltration [39]. CCL2 neutralization by anti-CCL2 blocking antibody also leads to 327	  

decreased cardiac perivascular and interstitial fibrosis, which is associated with LVH, but does 328	  

not decrease the cardiomyocyte hypertrophy itself [40]. Overexpression of CCL2 in cardiac 329	  

myocytes in alpha-cardiac myosin heavy chain (MHC)-MCP1 mice increases cardiac monocyte 330	  

recruitment and left-ventricular dysfunction [41, 42]. Consistently with these observations, in our 331	  

study CCL2 mRNA was the top overexpressed chemokine - by about 12-fold - in the aortic-332	  

banded animals, together with CCR2, the major CCL2 receptor. Our data encourage the 333	  

investigation of the blocking effect of CCL2/CCR2 action on development of LVH. 334	  

Levels of another macrophage-attracting chemokine, CCL12/MCP-5, which also interacts with 335	  

CCR2, increased at D3 in the aortic-banded animals. CCL12 is described as a chemotactic 336	  

chemokine for inflammatory cells, such as the macrophages and fibroblast precursors 337	  

expressed during lung inflammation and infection [43-45]. To our knowledge, this study is the 338	  

first to demonstrate CCL12 mRNA expression in cardiac hypertrophy. 339	  

CCL7/MCP-3, another chemokine from the MCP family, and its receptors, CCR1 and CCR2, 340	  

were also overexpressed during the inflammatory phase in the aortic-banded animals in our 341	  

LVH model. The presence of this chemokine has not previously been reported in cardiac 342	  

hypertrophy. One of its primary functions is to mobilize monocytes from the bone marrow (along 343	  

with CCL2 activating CCR2) and promote their migration to the inflamed tissue, but it is also 344	  

critical for maintaining leukocyte homeostasis in normal conditions [46]. 345	  

The macrophage inflammatory protein family mRNA was also significantly overexpressed in the 346	  

aortic-banded animals. CCL9/MIP1g, a ligand for CCR1, was overexpressed at both D3 and D5. 347	  

Like the other members of the MIP chemokine family, CCL9 is chemotactic for inflammatory 348	  

monocytes [47, 48], but it has not previously been reported in LVH. CCL3/MIP1α is inducible in 349	  

a number of hematopoietic cells, particularly in those involved in adaptive immune responses 350	  

(macrophages, dendritic cells, and B and T lymphocytes). Little information is thus far available 351	  
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about its involvement in LVH, but its expression is upregulated in serum from patients with heart 352	  

failure [24]. CCL3 activates CCR1 and CCR5, both of which were three times higher at D3 in the 353	  

banded rats. Both receptors also interact with CCL4/MIP1ß, which was slightly but significantly 354	  

overexpressed (1.8-fold) in aortic-banded hearts. This finding is in line with data from patients 355	  

with aortic stenosis: CCL4 has been found to be overexpressed in the myocardium of their 356	  

hypertrophic hearts [16]. 357	  

In our model, peak expression of chemokine mRNA from the MCP and MIP families coincided 358	  

with the timing of macrophage infiltration in left ventricles at D3 and D6, previously reported in 359	  

murine models of LVH [14, 23], and thus confirmed the inflammatory events preceding 360	  

hypertrophy. Studies report the presence of both M1 and M2 macrophages in cardiac 361	  

hypertrophy: the proinflammatory M1 macrophages express miR-155 microRNA and thereby 362	  

increase the hypertrophic phenotype of cardiac tissue, while M2 macrophages are considered to 363	  

be cardioprotective [14, 49, 50]. These findings are consistent with the hypothesis of that the 364	  

M1/M2 polarization status of cardiac macrophages affects hypertrophic compensatory 365	  

mechanisms and adaptive responses [50]. 366	  

Finally, and surprisingly, we found significant overexpression of the cutaneous CCL27 367	  

chemokine mRNA at D5 in the aortic-banded groups, although expression of its receptor 368	  

CCR10 did not change. CCL27 is known to recruit lymphocytes to cutaneous wounds [51]; it 369	  

has not yet been demonstrated to play a role in any cardiac diseases. Further studies are 370	  

required to clarify the function of this overexpression. 371	  

Expression of a few CXC chemokine mRNA also changed over time in the aortic-banding model. 372	  

CXCL1 was overexpressed at D3, together with its receptor CXCR2. CXCL1 (GRO1, growth-373	  

regulated oncogene 1) is a chemoattractant for neutrophils, T lymphocytes, and monocytes; it 374	  

induces free radical production and thus leads to endothelial damage [52].  375	  

Another interesting group of chemokines are CXCL16 and CX3CL1 (fractalkine), both 376	  

synthesized as transmembrane multidomain proteins composed of a chemokine domain, a 377	  
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glycosylated mucin-like stalk, and a single transmembrane helix [53]. Both chemokines can act 378	  

as adhesion molecules for leukocytes as well as soluble chemokines after cleavage by ADAM 379	  

(A Desintegrin And Metalloproteinase). In this study, CXCL16 mRNA was significantly 380	  

overexpressed at D3. Its in vitro promotion of myocardial fibroblast proliferation and its 381	  

augmentation of matrix metalloproteinase activity in cardiomyocytes cause it to play an 382	  

important role in hypertrophy [27]. CXCL16 and CX3CL1 together regulate expression and 383	  

posttranslational modifications of the small leucine-rich proteoglycans that regulate the 384	  

extracellular matrix in cultured cardiac fibroblasts [28]. Consistent with this observation, CXCL16 385	  

overexpression occurs in the left-ventricular tissue of aortic-banded mice, and its upregulation is 386	  

reported in the plasma of patients with right-ventricular hypertrophy due to pulmonary valve 387	  

stenosis and heart failure; its expression levels are correlated with the severity of heart failure 388	  

[28]. Moreover, studies of CXCR6 KO mice have shown that the CXCR6/CXCL16 pair plays an 389	  

essential role in the pressure overload-mediated recruitment of monocytes that contributes to 390	  

cardiac fibrosis [54]. In our model, however, mRNA expression of CXCR6 did not differ from that 391	  

of the sham-operated (control) left ventricles, nor was CX3CL1 expression in LVH modified. 392	  

CX3CL1 expression increases in the heart and serum of patients with end-stage heart failure 393	  

due to coronary artery disease or dilated cardiomyopathy [29], which involves however different 394	  

mechanisms from the compensated hypertrophy due to arterial hypertension or aortic stenosis. 395	  

In a mouse model of cardiac remodeling induced by transverse aortic constriction, 396	  

administration of an anti-CX3CL1 neutralizing antibody significantly slows hypertrophy 397	  

progression [26]. In our study, expression of CX3CR1, the CX3CL1 receptor, was higher in the 398	  

aortic-banded group on D3, D5, and D7, i.e. in the inflammatory phase and early in the 399	  

hypertrophic phase. It was thus the longest lasting receptor mRNA overexpression in our study. 400	  

CX3CR1 is reported to distinguish between monocyte/macrophage populations [14]. These 401	  

authors have suggested that increased expression of CX3CR1 at the cell surface of the anti-402	  

inflammatory M2 macrophages might further promote their adhesion to the endothelium-403	  
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expressing membrane CX3CL1. Targeting the CX3CR1 receptor might thus contribute to 404	  

decreasing the accumulation of inflammatory cells in the left ventricle, which progresses to 405	  

fibrosis.  406	  

In our LVH model, neither CXCL12 mRNA (SDF-1a, Stromal cell-derived factor 1a) nor its 407	  

receptor CXCR4 was expressed. This finding contrasts with the upregulation of CXCL12 and 408	  

CXCR4, respectively in the plasma and left ventricles, in patients with chronic heart failure due 409	  

to coronary artery disease or dilated cardiomyopathy and in two mouse models of cardiac 410	  

hypertrophy, one due to transaortic constriction and the other using transgenic RacET mice with 411	  

cardiac overexpression of the small GTPase Rac1 [32].  412	  

Finally, the only downregulated gene we found in our study was cxcl11, an IFNg-inducible 413	  

chemokine [55]. No IFNg expression was observed in our model. Little information is available 414	  

on this chemokine’s potential role in cardiac disease. Elevated serum levels are associated with 415	  

the development of coronary artery disease after heart transplantation [56] and with the 416	  

progression from asymptomatic to symptomatic diastolic left ventricular dysfunction in 417	  

hypertensive patients [57]. It will be interesting to analyze the expression of CXCL11 in LV later 418	  

in our model, during development of the cardiac decompensation. The role of CXCL11 and its 419	  

downregulation in the early phase of rat LVH model requires further investigation. 420	  

We must underline that the LVH studied during the observation period in our model was in its 421	  

compensated stage, as shown by the echocardiographic analysis, which detected no cardiac 422	  

dysfunction. Mice with inadequate cardiac hypertrophic response show early heart failure and 423	  

die earlier [58]. Chemokines are thought to act directly on resident cardiomyocytes to induce 424	  

cardioprotective mechanisms, as reported for CCL2 overexpression, which protects cultured 425	  

cardiomyocytes from hypoxia-induced cell death [59, 60]. Likewise, the association between the 426	  

overexpression of CCL2/MCP1 in MHC-MCP1 mice and improved cardiac tissue repair after 427	  



	   18

myocardial infarction suggests that this chemokine plays a role in tissue remodeling after 428	  

damage [61].  429	  

The information provided by our study is important for understanding the development of the 430	  

inflammatory phase of cardiac hypertrophy as well as the chemokine/receptor interactions. The 431	  

protein expression of these chemokines and receptors together with the presence of infiltrated 432	  

immune and inflammatory cells will add new insights into the role of these chemokines in LVH. 433	  

Moreover, an analysis of expression of chemokines and receptors in a failing heart model, i.e. 434	  

during the transition from compensated to decompensated LVH, would therefore be useful for 435	  

delineating their roles in both stages of hypertrophy.  436	  

In conclusion, our rat model of LVH without cardiac dysfunction exhibited an inflammatory 437	  

phase at D3-D5 after aortic banding and then evolved into a phase with a clear hypertrophic 438	  

phenotype at D7-D14. Comprehensive analysis of chemokine and receptor mRNA expression 439	  

revealed overexpression during the inflammatory phase, followed by a return to baseline levels 440	  

in the hypertrophic phase. Most of the overexpressed chemokines belong to the 441	  

monocyte/macrophage chemotactic families MIP and MCP. Further elucidation of the role of 442	  

these chemokines in the inflammatory response (recruitment of proinflammatory cells) and/or 443	  

hypertrophic compensatory mechanisms (protection of resident cardiomyocytes) is now 444	  

necessary to understand whether targeting the chemokine network during pressure overload 445	  

might usefully supplement the blockage of the hypertrophic signaling pathways currently 446	  

available in clinical settings. 447	  
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Abbreviations 662	  

ADAM: A Desintegrin and Metalloproteinase 663	  

ANP: Atrial natriuretic peptide 664	  

cDNA: Complementary Deoxyribonucleic Acid 665	  

CRP: C-Reactive Protein 666	  

EDLVD: End-Diastolic Left Ventricle Diameters 667	  

EF: Ejection Fraction 668	  

ESLVD: End-Systolic Left Ventricle Diameters 669	  

GAPDH: Glyceraldehyde-3-Phosphate Dehydrogenase 670	  

GPCR: G protein-Coupled Receptors 671	  

GRO1: Growth-Regulated Oncogene 1 672	  

HMBS: Hydroxyl-Methylbilane Synthase 673	  

HPRT1: Hypoxanthine Phosphoribosyltransferase 674	  

IFNγ: Interferon γ 675	  

IL: Interleukin 676	  

LV: Left Ventricle 677	  

LVH: Left-Ventricular Hypertrophy 678	  

MCP: Monocyte Chemoattractant Protein 679	  

MIP: Macrophage Inflammatory Protein 680	  

mRNA: Messenger Ribonucleic Acid  681	  

NF-κB: Nuclear Factor-Kappa B 682	  

NLRP3: NOD-like Receptor Family, Pyrin Domain Containing 3 683	  

SCF: Stem Cell Factor 684	  

SDF: Stromal Cell-derived Factor 685	  

FS: Fractional Shortening 686	  

TBP: TATA Box Binding Protein 687	  

TGF-β: Transforming Growth Factor β 688	  

TNFα: Tumor Necrosis Factor α 689	  
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Supporting Information 693	  

 694	  
S1 Table. List of analyzed genes and primers. List of the primers used for the design of mRNA 695	  
expression array. The Applied Biosystems® reference number of the Taqman® primers is given for each 696	  
gene. In italic are shown the genes for which the Ct value was higher than 32 cycles and which were then 697	  
not analyzed. Analyzed genes are presented in bold. Ct=threshold cycle. 698	  

S1 Fig. Housekeeping gene mRNA expression. Ct values of housekeeping genes are displayed 699	  

for all sham-operated (left) and aortic banding (right) samples. The stability of the expression of each 700	  
gene is calculated by the DataAssist® Software and given as stability score. The lower the score, the 701	  
more stable the expression of the reference gene is [33]. Ct=threshold cycle. 702	  

S2 Table. Histological analysis of LV. Measurements of the left ventricle area and left ventricle wall 703	  

thickness in sham-operated and aortic-banded animals from D0 to D14 (n=6 per group). Analysis was 704	  
performed with the ImageJ software on slides after hematoxylin-eosin staining.  705	  

S2 Fig. SCF mRNA expression in rat LVH. mRNA expression of SCF in aortic-banded vs sham-706	  

operated groups (n=6 per group). Expression is calculated as 2
(-ΔCt)

 where the calibrator is the mRNA 707	  

level of the gapdh reference gene. Data are presented as mean ± SEM.  708	  

S3 Fig. LV anatomy D0-D7. Hematoxylin-eosin staining of left ventricular sections from sham (left) vs 709	  
aortic banding (right) samples at D0-D7. LV: Left ventricle. IVS: Interventricular septum. 710	  

S4 Fig. Echocardiographic assessment of cardiac anatomy. Interventricular septum and 711	  
posterior wall thickness of LV in diastole were measured on the parasternal short-axis view of LV. 712	  
***P<0.001 compared to sham group. 713	  

S5 Fig. Global fold change analysis of mRNA expression. Mean fold change differences of 714	  

aortic-banding vs sham groups from D0 to D14 for chemokines (A) and chemokine receptors (B). 715	  
**P<0.01 ***P<0.001 compared to sham group. 716	  


