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Transcriptome of hypertension-induced left ventricular
hypertrophy and its regression by antihypertensive
therapies

Julio Gallego-Delgado1,4,5, Susan B Connolly2,5, Alberto Lázaro3,4, Denise Sadlier2, Niamh E Kieran2,
Declan D Sugrue2, Peter Doran2, Hugh R Brady2, Julio Osende1,5 and Jesus Egido4,5

Left ventricular hypertrophy (LVH), a common consequence of systemic hypertension associated with poor clinical outcome, is

also a potentially reversible condition. Here, we probed the molecular pathways that underpin the development of LVH and their

modulation by antihypertensive regimens that reversed LVH. Spontaneously hypertensive rats were studied at 12 (early LVH) and

48 weeks (late LVH), respectively, with normotensive Wistar–Kyoto rats as age-matched controls. Three treatment groups were

maintained for 36 weeks on the following regimens: (1) quinapril, (2) doxazosin and quinapril combination, and (3) losartan.

Gene expression profiling was performed with Affymetrix microarrays (GeneChip Rat-230A) and primary function-focused average

linkage hierarchical cluster analysis. Of the 15 696 gene sequences expressed on the Affymetrix GeneChip Rat-230A, there was

significant alteration in the expression of 295 (1.9%) of these transcripts in ‘early’ LVH and 143 (0.9%) in ‘late’ LVH. The

predominant changes in gene expression were seen in metabolism, cell growth/proliferation, signal transduction, development

and muscle contraction/cytoskeleton functional groups. Although sharing many effects on gene expression, the three treatments

showed different expression profiles. Despite significant regression of LVH with treatment, 31 LVH-associated transcripts were

unchanged by any of the treatment groups. Our data suggest that LVH regression does not normalize the LVH transcriptome.

Therefore, regression of hypertension-induced LVH is associated with a distinct gene expression profile, suggesting the effect

of both treatment and a previously unknown specific myocardial physiology after regression of LVH.
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INTRODUCTION

Left ventricular hypertrophy (LVH) is considered an adaptive response
of the heart to a variety of stresses, including pressure overload. This
condition is associated with a significant mortality and also, with a
higher risk for the development of coronary heart disease, myocardial
infarction and stroke,1 is considered to be the single most powerful
predictor of heart failure in Western societies.2 The molecular pathways
that underpin this process remain complex but include re-expression
of a ‘fetal gene program,’ the induction of growth factors such as
transforming growth factor-b, the re-expression of proto-oncogenes
(such as c-fos) and the activation of neurohormones, including
angiotensin-II, endothelin-1 and norepinephrine.3 The resultant patho-
logical changes seen include myocyte hypertrophy, local fibroblast
proliferation and alterations in the myocardial extracellular matrix.4,5

It is widely accepted that blood pressure control is central in the
prevention of the adverse effects of hypertension on the cardiovascular

system. Furthermore, some recent studies have suggested that the use
of antihypertensive therapies that modulate the renin–angiotensin
system appears to afford a superior clinical benefit to that provided
by blood pressure control alone.6,7 In this regard, the amount of
renin–angiotensin system inhibition could offer potential benefit
beyond blood pressure control. This protective effect of either angio-
tensin-converting enzyme inhibition or angiotensin receptor blockade
is most likely mediated through the multiple described effects of
angiotensin-II,8 but the exact molecular basis remains undefined.
Oligonucleotide microarray (gene chip) technology allows us to

monitor large-scale changes in gene expression in biological systems.
Here, we used Affymetrix oligonucleotide microarrays (Affymetrix,
Santa Clara, CA, USA) to track changes in gene expression in the
hearts of spontaneous hypertensive rats (SHRs) as a model of both
early and established cardiac hypertrophy, with a view to further
elucidate the molecular pathways involved in the pathogenesis of
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pressure-overload hypertrophy. Furthermore, we also examined the
modulation of these changes in response to three different antihyper-
tensive regimens. To maximize clinical relevance, the drug regimen
was maintained for a wide period of the animal adulthood (11
months) to reflect the long-term effect of both hypertension and
antihypertensive therapy on the heart.

METHODS

Experimental model
Studies were performed with male SHRs and normotensive Wistar–Kyoto

(WKY) rats (Criffa, Barcelona, Spain). In order to increase renal damage SHRs

underwent unilateral nephrectomy at 12 weeks of age. The animals were then

randomized to the following groups, with six animals per group:

Untreated group: SHR followed without treatment (SHR48).

Quinapril group: SHR treated with 16mgkg�1 day�1 of the angiotensin-II-

converting enzyme inhibitor quinapril (QHI).

Combined quinapril plus the a-adrenergic receptor blocker doxazosin treatment

group: SHR receiving 15mgkg�1 day�1 doxazosin plus 1.6mgkg�1 day�1 of

quinapril (DXQ).

Losartan group: SHR receiving 30mg kg�1 day�1 of the angiotensin-II type-1

receptor blocker losartan (LOS).

Doses were selected from an earlier pilot study showing the provision of

adequate blood pressure control (systolic BPo140mmHg). Doxazosin and

quinapril (as powdered hydrochloride salt) were kindly provided by Pfizer

(Barcelona, Spain). Losartan was provided by Merck Sharp and Dohme

(Madrid, Spain). All drugs were given in drinking water.

Animals were followed for 36 weeks after being included in the study at

12 weeks of age. However, to study ‘early’ changes in LVH, three animals from

both control and SHR groups were sacrificed at the start of the study and

designated the WKY12 and SHR12 groups, respectively. Animals were allowed

to free water and food access in a controlled light, temperature and humidity

environment.

Weekly systolic BP was measured by a tail-cuff sphygmomanometer (NARCO

Biosystems, Austin, TX, USA). For each animal, the value of three independent

systolic BP measurements was averaged and recorded at each session. The final

average BP was the average of all averages recorded during the study.

At 48 weeks of age, the animals were sacrificed and the heart was removed

and weighted. Cardiac index was calculated as the heart-to-body-weight ratio

�103. Heart samples were obtained for both, fixed for 24h in 4% paraformal-

dehyde and paraffin embedded and snap frozen in liquid nitrogen and then

kept at –801C for further analysis.

The study was approved by the Institution Board for Experimental Animals

and the guidelines of animal research were carefully followed.

Statistical analysis
The untreated SHR group was considered the control for the three treated SHR

groups. To assess treatment-induced normalization of altered gene expression,

the WKY group was considered as control (that is, healthy animals). Equality of

variances of BP and hypertension-induced myocardial injury was tested with

Levene’s test. Means of normally distributed continuous variables with equal

variances were analyzed with analysis of variance. If the variances were not

equal, the Kruskal–Wallis test was used. A P-value o0.05 was considered

significant. The tests were performed using the SPSS 11.5 software package

(SPSS Inc., Chicago, IL, USA).

Microarray experiments and bioinformatic analysis
Tissue samples were obtained from the left ventricles of three animals per

experimental group. The tissue was homogenized using the pestle and mortar

technique and total RNA was extracted using Trizol (Invitrogen, Paisley,

Scotland) and following the manufacturer’s instructions. Five micrograms of

total RNA was prepared for hybridization to the Affymetrix GeneChip Rat

230A as described earlier.9 Each individual tissue sample was hybridized to its

own chip, generating biological triplicates from each experimental group.

Image files were obtained through Affymetrix GeneChip software (Mas5).

Subsequently, Robust Multichip Average (RMA) was performed. RMA is an

R-based technique that analyzes directly from the Affymetrix microarray *cel
file and consists of three steps: background adjustment, quantile normalization

and summarization. RMAexpress is a version compatible with a Windows

operating system. As each experimental group was arrayed in triplicate, an

average RMA value was computed. To ensure that the average was statistically

representative, the standard error of the mean was calculated and average values

with an s.e.m. exceeding 0.5 were excluded. A signal log ratio of o�0.6 and

40.6 was the cutoff used to signify differential expression. Using normalized

RMA values, cluster analysis was performed using Eisen’s program of Unsu-

pervised Average Linkage Hierarchical Clustering, which essentially groups

together genes that share a comparable expression pattern, through an algo-

rithm based on a mathematical description of similarity (standard correlation

coefficient) rather than through the magnitude of their absolute expression.

Thus, genes with similar expression profiles are assembled into nodes, joined by

branches, and the length of each branch is proportional to the degree of

similarity between the expression profiles of the genes clustered within.10

Principal component analysis
Principal component analysis (PCA) was also performed using the Biocon-

ductor and ADE4 packages from the open source statistical analysis software R

(version 9.0, http://www.r-project.org/). PCA is an ordination technique that

identifies the major trends in data sets. In essence, it seeks to represent the

relationship of both row and column variables to result in a low-dimensional

projection of an originally high-dimensional data set, and the distances among

points in the projection set should resemble their original distances in the high-

dimensional space as closely as possible.11

RESULTS

Blood pressure
Twelve-week-old SHRs (SHR12) showed an average BP of
187±7mmHg, significantly higher (Po0.001) than the same-aged
WKY rats (123±5mmHg). Non-treated SHRs displayed an average
BP during the study of 219±7mmHg, significantly higher (Po0.001)
than all other treatment groups. The QHI, DXQ and LOS groups
consistently had systolic BP readings less than 140mmHg, with an
average BP of 121±8, 125±8 and 135±2mmHg for QHI, DXQ and
LOS, respectively. The Kruskal–Wallis test showed that all treatment
groups had a significantly lower mean BP compared with the
untreated SHR group. A post hoc analysis showed that the mean BP
of the LOS group at the end of the study was significantly higher than
that of the other two treatment groups (Po0.05).

Left ventricular hypertrophy
The heart-to-body-weight ratio �103 (cardiac hypertrophy index)
was analyzed as a surrogate marker of hypertension-induced LVH.
Twelve-week-old SHRs showed a cardiac hypertrophy index of 3.9±0.1,
which was significantly higher than that of the age-matched controls
(3.0±0.1, Po0.001). By 48 weeks of age, the cardiac index of the SHR
group had increased further in comparison with the 12-week-old SHRs
(Po0.01) and was also significantly higher than the age-matched
normotensive controls WKY48 (4.6±0.8 vs. 2.8±0.4 for SHR48 and
WKY48, respectively, Po0.001). All treatment groups showed an
improvement in cardiac index values (3.1±0.3, 3.7±0.7 and 3.6±0.5
for QHI, DXQ and LOS, respectively) that was significantly lower than
that in untreated animals.

Heart injury score
Cardiac pathological analysis showed extensive fibrotic and inflammatory
foci in the SHR48 group (4.3±1.4), and again each treatment regimen
was associated with a significant reduction in this injury score (Po0.01).
In contrast, both WKY12 and SHR12 groups did not show significant
heart injury (0.0±0.0 vs. 1.0±1.0, respectively), suggesting that, at an
early stage of LVH, pathological changes are not yet appreciated.
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Global changes in gene expression in LVH
Average linkage hierarchical clustering of both individual microarray
gene expression values (n¼3 for each condition) and also the RMA-
computed average resulted in the separation of the experimental
groups, WKY12, SHR12, WKY48 and SHR48, into four distinct
clusters as seen in Figure 1 (panel a). This would suggest that each
group has its own distinct transcriptome and that the computed
average RMA expression value is representative of each experimental
group.
To identify hypertrophy-related changes in gene expression, com-

parison was made between the SHR12 and WKY12 groups and also
between SHR48 and WKY48 to determine changes in both ‘early’ and
‘late’ or established LVH, respectively. Of the 15 696 gene sequences

expressed on the Affymetrix GeneChip Rat-230A, there was a sig-
nificant alteration (defined as signal log ratio (SLR)p�0.6 or X0.6)
in the expression of 295 (1.9%) of these transcripts in ‘early’ LVH, and
of 143 (0.9%) in ‘late’ or established LVH. Of the 295 transcripts
altered in early LVH, 190 were upregulated, whereas 105 were down-
regulated (Table 1). Of the 143 genes altered in late LVH, 110 were
upregulated and 33 were downregulated (Table 2).
Figure 1 (panel b) summarizes the changes seen in gene expression

in the five most prominent functional classes (as defined by the Onto-
Express Gene Ontology Database12) and includes genes involved in
cellular metabolism/energetics, cell proliferation, signal transduction,
development and muscle contraction/cytoskeleton function. Of these
altered functional classes, the class of metabolic/energetic genes
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Figure 1 Global transcriptomic response. (a) Hierarchical cluster analysis of the individual and average arrays of both control groups, WKY12 and WKY48, and

both LVH groups, SHR12 and SHR48, which separates the arrays into four distinct clusters corresponding to each group. (b) The changes in expression in the

major gene function families as defined by Onto-Express. A full colour version of this figure can be found at the journal of Hypertension Research online.
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displayed the greatest perturbation at all stages of hypertrophy,
followed by genes implicated in cellular proliferation and signal
transduction, respectively. Smaller changes were seen in the develop-
ment and muscle/cytoskeleton classes. Hierarchical cluster analysis10

was performed on these five functional cohorts, enabling visualization
of the change in gene expression (whereby red signifies an increase in
gene expression and green a decrease) in early and late LVH and also
the subsequent modulation by the three different antihypertensive
regimens (Figures 2 and 3).

Modulation of the transcriptomic response by antihypertensive
therapy
To globally describe the relationship between the transcriptome of
the control or ‘normal’ heart (WKY48) and that of the treated

hypertensive heart, PCA was performed. Interestingly, despite
the favorable hemodynamic profile of the three treatment
groups, they still remained at a significant distance from control
(Figure 4, panel a). The treatment group that showed the nearest
distance (and hence most similarity in its molecular profile) to control
was the QHI treatment group, the group with better BP control
(Figure 5).
The number of altered transcripts normalized (normalization was

empirically defined as showing the expression of the transcripts in a
close range of the control (WKY48) value) by each treatment is shown
in Figure 4 (panel b).
Only three transcripts, differentially expressed in late LVH, were

normalized by all the three treatment regimens. The number of altered
transcripts not modified by treatment is shown in Figure 4 (panel c).

Table 1 Genes that show the most significant differential expression (as defined by the magnitude of signal log ratio) in early LVH

Accession number Gene name Gene functiona Early LVH Late LVH

Upregulated in early LVH

NM_022303 Caspase-recruitment domain family, member 9 Activates NF-kB signaling 3.2 2.0

AI230048 D-site albumin promoter-binding protein Transcriptional activator 1.8 �0.5

AI169620 — Unknown 1.6 1.7

NM_019212 Actin a-1, skeletal muscle Muscle contraction 1.2 1.4

NM_017216 Solute carrier family 3, member 1 AA transmembrane transport 1.1 1.5

BI298356 Four and a half LIM domains 1 Cell differentiation 1.0 1.4

M25804 Nuclear receptor subfamily 1, group D, member 1 Transcriptional repressor 1.0 �0.5

M74494 ATPase, Na+/K+ transporting, a-1 polypeptide Ion transport 1.0 0.6

U50449 RT1 class I, CE16 Immune response 1.0 0.8

NM_133303 Basic helix–loop–helix domain-containing, class B3 Transcriptional repressor 1.0 �0.1

NM_053886 Lectin, mannose-binding 1 ER to Golgi vesicle-mediated transport 0.9 0.5

X95189 Acyl-coenzyme A oxidase 2, branched chain Fatty acid metabolism 0.9 0.2

AA800228 Cold shock domain-containing C2, RNA binding RNA-binding factor 0.9 0.5

AF353637 Sodium channel, voltage-gated, type V, a-polypeptide Cation transport 0.9 0.4

AF106659 Ubiquitin-specific peptidase-2 Deubiquitinating enzyme 0.9 0.2

BG672437 Synaptic vesicle glycoprotein 2b Unknown 0.9 0.9

NM_019157 Aquaporin 7 Transport 0.8 0.8

NM_012554 Enolase 1, a Glycolysis 0.8 �0.1

NM_053412 Interleukin enhancer-binding factor 3 Transcriptional regulator 0.8 0.6

M14137 ATPase, Na+/K+ transporting, b-1 polypeptide Ion transport 0.8 0.4

Downregulated in early LVH

BI287300 b-Globin Oxygen transport �4.3 �0.5

X05080 b-Glo Oxygen transport �1.8 0.9

NM_033234 Hemoglobin b-chain complex Oxygen transport �1.5 0.8

AI179404 Hemoglobin a-2 chain Oxygen transport �1.5 0.6

X13016 CD48 antigen Defense response �1.3 �0.1

BI291229 Dedicator of cytokinesis 9 Signal transduction �1.2 �0.4

AI235948 Nidogen 1 Cell-matrix adhesion �1.1 0.1

NM_031646 Receptor (calcitonin) activity-modifying protein 2 G-protein-coupled receptor protein-signaling pathway �1.1 �0.9

BM384289 HESB-like domain containing 2 Iron–sulfur cluster assembly �1.1 �0.3

BI295971 Endothelial differentiation sphingolipid G-protein-coupled receptor 1 G-protein-coupled receptor protein-signaling pathway �1.1 0.1
NM_012949 Enolase 3b Glycolysis �1.1 �0.5

AI237401 Globin a Oxygen transport �1.0 0.2

BI285449 Caveolin, caveolae protein 1 Protein oligomerization �1.0 �0.6

NM_017314 Polyubiquitin Protein ubiquitination �1.0 �0.1

BI278571 PE-responsive protein c64 Peroxidase activity �1.0 �0.4

AW144216 Glutamyl aminopeptidase Angiogenesis �0.9 �0.5

NM_031642 Kruppel-like Factor 6 Transcriptional activator �0.9 �0.3

NM_012792 Flavin-containing monooxygenase 1 Oxidative metabolism �0.9 �0.2

Abbreviations: LVH, left ventricular hypertrophy; SLR, signal log ratio.
aGene function derived from ONTO database (http://vortex.cs.wayne.edu/projects.htm) and literature review.
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DISCUSSION

In this study, the transcriptomic response of the heart to sustained
hypertension in vivo was identified, and analysis at two separate time
points permitted the elucidation of temporal patterns in changes in
gene expression between early and late/established LVH. Furthermore,
the modulation of the molecular response of the hypertensive heart
in vivo to three different effective antihypertensive treatment regimens
was also identified.

Metabolics/energetics
The largest functional class showing differential expression in LVH was
the metabolics/energetics class (Figure 2, panel a), a finding consistent
with the known metabolic consequences of a sustained increase in
cardiac workload. Under normal conditions, 60–90% of ATP forma-

tion is derived from fatty acid oxidation (FAO) and 10–30% is derived
from oxidation of pyruvate, which comes from glycolysis and lactate
oxidation in approximately equal amounts. In earlier studies in LVH,
we and others have found a shift from FAO to increased rates of
glucose oxidation, similar to that in the fetal heart, resulting in an
improved cardiac efficiency13,14 as lower oxygen consumption cost per
mole of ATP is generated, compared with FAO. This energy metabolic
response may contribute in the long term to adverse consequences on
cardiac function owing to diminished energy reserves and a reduced
capacity to maintain myocyte lipid balance, as described in children
with genetically determined deficiencies in FAO enzymes.15 In this
study, there was a striking downregulation of a number of genes
involved in the FAO pathway, mainly in early LVH, in keeping with
this earlier recognized metabolic switch. These included a decrease in

Table 2 Genes that show the most significant differential expression (as defined by the magnitude of signal log ratio) in late LVH

Accession number Gene name Gene functiona Early LVH Late LVH

Upregulated in late LVH SLR SLR

AI169620 — Unknown 1.6 1.7

NM_017216 Solute carrier family 3, member 1 AA transmembrane transport 1.1 1.5

NM_019212 Actin a-1, skeletal muscle Muscle contraction 1.2 1.4

BG378620 Trafficking protein, kinesin binding 2 Neurotransmitter transport 0.1 1.2

NM_022266 Connective tissue growth factor Angiogenesis/cell adhesion �0.4 1.1

NM_130409 Complement component factor H Complement activator 0.0 1.1

NM_053522 Ras homolog gene family, member Q Insulin-stimulated glucose uptake 0.5 1.1

BI296610 Glutamate-ammonia ligase Ammonia assimilation cycle 0.3 1.0

NM_053687 Schlafen 3 Regulates cell growth �0.1 1.0

D00688 Monoamine oxidase A Dopamine catabolic process �0.9 0.9

BI282724 Arginine vasopressin-induced 1 Activation of MAPK activity 0.1 0.9

U50449 RT1 class I, CE16 Immune response 1.0 0.8

NM_012846 Fibroblast growth factor 1 Angiogenesis/cell proliferation 0.8 0.8

NM_019242 Interferon-related developmental regulator 1 Cell proliferation/differentiation �0.1 0.8

NM_022215 Glycerol-3-phosphate dehydrogenase 1 (soluble) Metabolic process 0.5 0.8

NM_019157 Aquaporin 7 Transport 0.8 0.8

AF146738 Similar to RIKEN cDNA 1500031L02 Unknown �0.1 0.8

AI237597 Heat shock protein 1a Response to stress �0.4 0.8

NM_133317 Transducer of ErbB-2.1 Antiproliferative 0.4 0.8

NM_053946 Implantation-associated protein Electron transport 0.6 0.8

Downregulated in late LVH

NM_031646 Receptor (calcitonin) activity-modifying protein 2 G-protein-coupled receptor protein-signaling pathway �1.1 �0.9

AI715202 RT1 class II, locus Bb Immune response �0.8 �0.8

NM_019170 Carbonyl reductase 1 Metabolism �0.6 �0.8

BF555171 Transcribed locus Unknown �0.5 �0.8

NM_031509 Glutathione S-transferase A3 Metabolism �0.8 �0.7

AI169331 Glutathione S-transferase, mu 2 Metabolism �0.2 �0.7

NM_031125 Syntaxin 4A Intracellular transport �0.3 �0.6

NM_019174 Carbonic anhydrase 4 Metabolism 0.2 �0.6

X02904 Glutathione S-transferase, pi 2 Metabolism �0.4 �0.6

U31884 Dopa decarboxylase Catecholamine biosynthesis �0.6 �0.6

NM_130780 Alcohol dehydrogenase 1 (class I) Metabolic process �0.1 �0.6

BM388715 Syntaxin-binding protein 1 Intracellular transport �0.3 �0.6

D13921 Acetyl-coenzyme A acetyltransferase 1 Ketone body metabolism �0.3 �0.6

NM_131914 Caveolin 2 Endocytosis �0.3 �0.6

BI285449 Caveolin, caveolae protein 1 Protein oligomerization �1.0 �0.6

AB020726 Podocalyxin-like Negative regulation of cell adhesion �0.5 �0.6

BI285959 Retinoid X receptor-a Cardiac muscle cell proliferation 0.0 �0.6

NM_022283 Allograft inflammatory factor 1 Calcium ion biding 0.3 �0.6

Y00480 RT1 class II, locus Da Immune response �0.6 �0.6

Abbreviations: LVH, left ventricular hypertrophy; SLR, signal log ratio.
aGene function derived from ONTO database (http://vortex.cs.wayne.edu/projects.htm) and literature review.
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the fatty-acid-binding proteins 3, 4 and 5, which are essential for
transport of fatty acids between the plasma membrane and mitochon-
dria or peroxisomes for b-oxidation.16 In addition, there was also a
decrease in the expression of the gene for the VLDL receptor, which
is thought to provide cardiomyocytes to fatty acids access contained
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Figure 2 Function-focused hierarchical cluster analysis. The transcripts that

showed significant differential expression in early and/or late LVH were

grouped into the functional cohorts of energy/metabolism (a) and cell

growth/proliferation (b) and then their gene expression pattern, including

modulation by the three antihypertensive treatments, is shown using

hierarchical cluster analysis, in which green represents a decrease in gene

expression and red an increase. A full colour version of this figure can be

found at the journal of Hypertension Research online.
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Figure 3 Function-focused hierarchical cluster analysis. The transcripts that

showed a significant differential expression in early and/or late LVH were

grouped into the functional cohorts of signal transduction (a), developmental

processes (b) and muscle/cytoskeleton (c), and then their gene expression

pattern, including modulation by the three antihypertensive treatments, is

shown using hierarchical cluster analysis, in which green represents a

decrease in gene expression and red an increase. A full colour version of this

figure can be found at the journal of Hypertension Research online.
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in circulating triglyceride-rich lipoproteins.17 Coincident with these
changes, there was also downregulation of the acetylCoA dehydrogenase
gene, an important catalyst of the first step in the b-oxidation process.
In parallel, a switch to glucose oxidation in early LVH was suggested
by the increase in expression of a key glycolytic enzyme, enolase 1-a,
and also of the glycogenolytic enzyme muscle glycogen phosphorylase.
Interestingly, these changes were less evident in late/established LVH,
although there was a sustained decrease in the expression of fatty-
acid-binding protein 5 and also acetyl-coenzyme A thiolase, which is

important in peroxisome FAO. We also show an increased pyruvate
dehydrogenase kinase 4 (PDK4) mRNA expression, the main inhibitor
of cardiac pyruvate dehydrogenase, the key catalyst in pyruvate
oxidation,18 seen in both early and established LVH. This finding is
in contrast to other studies of cardiac hypertrophy in which PDK4
expression was found to be either decreased or unchanged,19,20 but it
does correlate with earlier evidence of an imbalance in the coupling of
glucose oxidation to glycolysis in hypertrophied hearts compared with
non-hypertrophied hearts despite enhanced rates of pyruvate genera-
tion.21 It is possible that the increased PDK4 expression seen here may
act as a brake on the flux of glucose through the pyruvate oxidation
pathway, resulting in a mismatch in the rates of accelerated glycolysis
and pyruvate oxidation in LVH. Interestingly, this mismatch, which
may result in depleted energy reserves, has been postulated to
contribute to contractile dysfunction seen in hypertrophied hearts,
especially during reperfusion after ischemia.22 All three antihyperten-
sive regimens tended to mitigate these changes.

Proliferation/cell growth
The cell proliferation/growth class was the second largest gene class
showing a perturbation in expression in both early and established
LVH, which is unsurprising in view of the structural remodeling that
occurs in LVH, including myocyte growth/hypertrophy and modu-
lation of fibroblasts into a myofibroblast phenotype with concomitant
proliferation.4 In this study, an increase was seen in akt2 and
interleukin-6 transducer/gp130 expression in both early and established
LVH, which is consistent with an earlier study that has shown that the
interleukin-6 family of cytokines contributes significantly to angio-
tensin-II-induced cardiac hypertrophy23 and that their receptor,
Gp130, is critical for the development of pressure-overload LVH,24

with the PI-3-kinase/akt pathway as an important downstream trans-
ducer of these effects. Akt itself is an important regulator of myocyte
growth and survival,25 and constitutive overexpression of Akt in
transgenic mice has been found to lead to increased contractility26

and pathological cardiac hypertrophy.27,28 Clustered with Akt and
gp130 was fibroblast growth factor-1, an angiogenic growth factor that
has earlier been shown in human cardiac hypertrophy29 and that
may reflect that blood vessel recruitment is an important feature of
normal tissue growth.30 An increase in connective tissue growth factor
(CTGF) expression was seen in late LVH, similar to findings in other
models of cardiac hypertrophy,31 and its well-characterized profibrotic
effect, including its ability to induce cardiac fibroblast proliferation
and also extracellular matrix expansion.32 Hayata et al.33 have shown
that cardiac myocytes stimulated with CTGF and its C-terminal-
region peptide showed an increase in the cell surface area. Further-
more, they show that the inhibition of Akt abrogated CTGF-induced
hypertrophy, indicating that CTGF is a novel hypertrophic factor
in cardiac myocytes.33 In addition, antihypertensive treatment had
a mitigating effect on the changes in gene expression in this group. As
expected, CTGF expression, which is known to be angiotensin-II
driven, was downregulated to a similar degree by both the QHI
and LOS treatment groups, despite the blood pressure difference
between these two groups.34–36 The combined DXQ treatment
group did not show such effects, showing the angiotensin-II dose-
inhibition effect.
Interestingly, we have found a downregulation of the thioredoxin-

interacting protein (Txnip) in early LVH but not in late LVH. Over-
expression of Txnip reduced protein synthesis in response to mechan-
ical strain, phenylephrine or angiotensin-II.37 This protein is an
endogenous thioredoxin inhibitor, which is a major intracellular
antioxidant. However, reduced Txnip expression in the aortic con-
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Figure 4 Pharmacogenomic response. (a) Principal component analysis was

used to examine the relationship of the three treatment regimens (QHI, DXQ

and LOS) with control (WKY48). Although there was a distinct separation of

control from the three treatment groups, QHI was nearest in distance (and

hence most similar) to control. (b) Normalization of LVH-associated

transcripts by treatment. The Venn diagram illustrates the number of

significantly differentially expressed transcripts in late LVH (total¼143) that

were normalized in the individual treatment groups. The overlapping segments

indicate the number of transcripts in common between treatment groups. (c)

Analysis of LVH-associated transcripts not altered by treatment. The Venn

diagram illustrates the number of significantly differentially expressed

transcripts in late LVH (total¼143) that were not altered in response to the

individual treatment regimens. The overlapping segments indicate the number

of transcripts in common between treatment groups. A full colour version of

this figure can be found at the journal of Hypertension Research online.
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striction model increased the activation of thioredoxin, which parti-
cipates in the development of cardiac hypertrophy.37 Furthermore,
Txnip is required to maintain sufficient thioredoxin NADPH activity
to reductively reactivate oxidized PTEN and oppose Akt downstream
signaling. In fact, Txnip knockout mice showed increased Akt signal-
ing and glycolysis in oxidative tissues (skeletal muscle and heart).38

Against this background, we have seen earlier that SHR48 presents an
important oxidative stress compared with WKY48.39 Thus, Txnip
could play a key role not only in cardiac hypertrophy but also in the
transition from compensated to pathological LVH in a cross talk
between Ang II/Akt/CTGF and Txnip/Akt/oxidative stress.

Signal transduction
Myocardial G-protein-coupled receptors, including the adrenergic,
angiotensin and endothelin receptors, play an important role in
hypertrophic growth by coupling with GTP-binding proteins, Gs,

Gq/G11 and Gi.
40 The small G proteins, such as Ras, Rho and Rab,

may also provide the critical link between these cell membrane
receptors and the various signaling pathways regulating diverse cellular
processes, such as cell growth, division and survival, organization of
the cytoskeleton, membrane trafficking and cellular motility.
Signaling pathways evoked in LVH included the serine/threonine

kinase Akt (1 and 2), the role of which in LVH has been
well documented.26,33 Two G-protein-coupled receptors were also
present in this cluster, including the a1D-adrenergic receptor and
the G-protein-signaling modulator 1 (also known as AGS3). These
aligned with the ubiquitously expressed guanine nucleotide-binding
protein, a-12 (Ga12), which can couple with a wide range of
receptors, including angiotensin-II and endothelin.41 The activation
of Ga12 can result in a variety of cellular responses, including
cellular proliferation, neoplastic transformation and cytoskeletal

reorganization. Furthermore, it has been implicated in mediating
a1-adrenergic receptor-induced cardiac hypertrophy.42 Moreover, it
has been found that the overexpression of AGS3 alters the surface ratios
of heterologously expressed plasma membrane receptors and channels,
and affects the internalization or recycling of surface proteins.43

As mentioned earlier, the small G proteins, such as Ras, Rho and
Rab, are the likely downstream targets after activation of these
receptors, and there is considerable interest in these proteins both as
mediators of myocyte hypertrophy and as therapeutic targets.44–46

Against this background, it is interesting that a significant proportion
of the cluster of signal transduction-related genes showing increased
expression in late LVH belong to the small GTPase family and
included the ras homolog gene family, member Q (also known as
TC10 or Rhoq), Rho-associated coiled-coil forming kinase 2 (ROCK2)
and RAS-related protein 1a (Figure 3a). It has been shown that the Cbl/
CAP/TC10 insulin signaling pathway is active in cardiac muscle and is
impaired during obesity and insulin deficiency,47 but to our knowl-
edge, this is the first time that TC10 is related to both hypertension
and heart hypertrophy. Furthermore, Rho B, which, unlike other
members of the Rho family, inhibits cell growth and proliferation
and is negatively regulated by oncogenes including Ras, showed
decreased expression in early LVH, adding further support for the
importance of this G-protein signaling pathway in LVH. In the same
cluster, we have seen a downregulation in the expression of the
mitogen-activated protein kinase 1 (also called extracellular signal-
related kinase-2). There is a large body of evidence showing an
activation of extracellular signal-related kinase-1/2 in response to
many known hypertropic agonists.48,49 However, Purcell et al.50 have
recently shown that extracellular signal-related kinase-1/2 signaling is
not required for mediating physiological or pathological cardiac
hypertrophy in vivo; moreover, blockade or deletion of cardiac
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Figure 5 Cluster analysis of genes selectively normalized by QHI in late LVH. The transcripts differentially expressed in late LVH were then filtered to select
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illustrate their expression profile. A full colour version of this figure can be found at the journal of Hypertension Research online.
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extracellular signal-related kinase-1/2 did predispose the heart to
decompensation and failure after long-term pressure overload.

Developmental genes in LVH
It has earlier been appreciated that the cardiac response to increased
work can result in the re-emergence of the fetal gene program.51

Several developmental genes were upregulated in both stages of
hypertrophy including skeletal a-actin 1, a well-recognized marker of
cardiac hypertrophy, and the aforementioned DSCR1 and FGF1.
Interestingly, there was also upregulation of two different regulators
of muscle development, namely, four-and-a-half LIM domain 1
(FHL1), a LIM domain protein thought to play a role in skeletal
muscle differentiation and identified earlier in genetic human hyper-
trophic cardiomyopathy,52 and also a regulator of myogenesis inter-
feron-related developmental regulator.53

Changes in muscle contraction/cytoskeleton
Reorganization of the actin cytoskeleton and an increase in contractile
proteins constitute well-recognized responses of the heart to hyper-
trophy. In this study, there was a relatively small change seen in the
gene expression of the muscle contraction/cytoskeleton class, but it
did include the upregulation of skeletal muscle a-actin 1, unconven-

tional myosin Myr2 I heavy chain (myo1C) and also tropomodulin.
Interestingly, tropomodulin 1 overexpression has earlier been impli-
cated in the pathogenesis of a dilated cardiomyopathy.54 These
changes were reversed by all three treatment regimens and have earlier
been described by us using a proteomic analysis of LVH.14

Pharmacogenomics of LVH regression
Principal component analysis showed that despite the favorable
hemodynamic profile of the three treatment groups, they still
remained at a significant distance from the control or normal heart
(WKY48), suggesting that even with optimal BP treatment and
associated LVH regression, the LVH transcriptome is not reversed, a
finding in accordance with the histological evidence of inflammatory
and fibrotic foci in all three treatment groups. Such a finding may
suggest that regressed LVH may have clinically adverse consequences
that may not be as somber as unchanged LVH, but that may probably
compare unfavorably with hearts not going through an earlier
hypertrophic phase, an issue not studied in clinical trials.
It is notable that 31 transcripts were unchanged by any treatment

group and they may represent suitable targets for new research
(Table 3). This cohort included genes involved in the actin cyto-
skeleton (for example, spectrin 1a), signal transduction (for example,
DSCR1, receptor activity-modifying protein 2), stress response (for
example, dnaJ homolog, subfamily b, member 9) and metabolism (sterol
carrier protein 2, acetyl-coenzyme A dehydrogenase, medium chain).
Figure 5 shows the LVH-associated genes that were normalized

selectively by QHI in comparison with the other treatment groups. It
is worth noting that this cohort included thioredoxin-like 2, which is
intriguing, as a recent study has suggested that the antioxidant
thioredoxin may paradoxically act as a significant growth promoter
in the setting of pressure overload, possibly through a redox-depen-
dent regulation of nuclear factor-kB transcription.37 Another member
of this cohort was the small G-protein ras homolog gene family, member
Q (or Tc10), which has also been implicated in muscle differentia-
tion55 similar to another member of this cohort, IFDR1. The relative
contribution of these findings deserves further research.
Despite that all treatment groups showed a mean systolic BP below

140mmHg, the losartan-treated group had a higher mean BP in the
post hoc analysis, which impedes direct comparison of this group with
other treatment groups. Although this is a limitation of the study, the
main comparison between the treated group and controls is still valid.
Also, we are able to show the dose-specific effects of angiotensin-
converting enzyme inhibition in the QHI vs. the DXQ group at the
molecular level and with the same mean BP.
In conclusion, molecular profiling of the hypertensive heart in vivo

revealed a distinct LVH transcriptome, including prominent changes
in gene expression in the following functional groups: metabolic,
signal transduction, cell growth/proliferation, developmental and
muscle contraction/cytoskeletal function. Antihypertensive treatment
with a sustained reduction of BP in all three treatment groups was
associated with regression of LVH and reduction in cardiac injury and
also attenuation, for the most part, but not all of these gene expression
changes. Nonetheless, even the transcriptome of the optimally treated
hypertensive heart still differed substantially from that of the normo-
tensive control on both a histological and molecular basis. These
findings, supported by those obtained by a proteomic approach of
LVH in this model,14 may deserve future clinical investigation.
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Table 3 LVH-associated transcripts, the expression of which is not

modified by any treatment group

Accession no. Upregulated transcripts in LVH SLR

BM387112 Transcribed locus 0.9

AI549393 Transcribed locus 0.9

AI639523 Spectrin a1 0.9

AI407930 Protein kinase C and casein kinase substrate in neurons 2 0.8

BI294716 Transcribed locus 0.8

BF285466 Hypothetical protein LOC680259 0.8

U50449 RT1 class I, CE16 0.8

M62763 sterol carrier protein 2 0.7

BG666709 N-myc downstream-regulated gene 4 0.7

AI232036 ATPase, Na+/K+ transporting b-1 polypeptide 0.7

NM_017079 CD1d1 antigen 0.7

AB007688 Homer homolog 1 (Drosophila) 0.7

NM_016986 Acetyl-coenzyme A dehydrogenase, medium chain 0.7

NM_012699 DnaJ (Hsp40) homolog, subfamily B, member 9 0.6

AI138048 Down syndrome critical region gene 1-like 1 0.6

AF367467 Ratsg2 0.6

AI170664 PAP-associated domain-containing 5 (predicted) 0.6

AI230548 Transcribed locus �1.4

BI295153 Transcribed locus, strongly similar to XP_214980.3 �1.4

NM_031646 Receptor (calcitonin) activity-modifying protein 2 �0.9

AI715202 RT1 class II, locus Bb �0.8

NM_019170 Carbonyl reductase 1 �0.8

BF555171 Transcribed locus �0.8

NM_031509 Glutathione S-transferase A3 �0.7

AI411100 Nitrilase family, member 2 �0.7

BI297693 Transcribed locus �0.7

BI288816 Ras-related GTP-binding D (predicted) �0.7

AI709531 Similar to cytochrome c oxidase polypeptide VIIa-heart,

mitochondrial precursor

�0.6

NM_019174 Carbonic anhydrase 4 �0.6

U31884 Dopa decarboxylase �0.6

NM_130780 Alcohol dehydrogenase 1 (class I) �0.6

Abbreviations: LVH, left ventricular hypertrophy; SLR, signal log ratio.
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