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Abstract

Hypertension demands cardiac synthetic and metabolic adaptations to increased afterload. We studied gene expression in two models of

mild hypertension without overt left ventricular hypertrophy using the NO synthase inhibitor nitro-l-arginine (l-NNA) and the glutathione

depletor buthionine-S,R-sulfoximine (BSO). Mice were administered l-NNA, BSO, or water for 8 weeks. RNA of left ventricles was pooled

per group, reverse transcribed, Cy3 and Cy5 labeled, and hybridized to cDNA microarrays. Normalized log2 Cy3/Cy5 ratios of z0.7 or

V�0.7 were considered significant. l-NNA and BSO both caused hypertension. Gene expression was regulated in cytoskeletal components

in both models, protein synthesis in l-NNA-treated mice, and energy metabolism in BSO-treated mice. Energy metabolism genes shared

several common transcription factor-binding sites such as Coup-Tf2, of which gene expression was increased in BSO-treated mice, and

COMP-1. Characterization of the left ventricular adaptations as assessed with gene expression profiles reveals differential expression in

energy and protein metabolism related to the pathogenetic background of the hypertension.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Hypertension is associated with increased workload to

the heart. This eventually leads to cardiac hypertrophy.

Before these structural alterations take place, a heart that is

exposed to high pressure mobilizes compensatory mecha-

nisms, such as improvement of contractile force (Bartunek

et al., 2000). Metabolic adaptations consist of decreased

fatty acid metabolism as well as increased anaerobic

glycolysis in order to maintain ATP production for

contractile force in a state where oxygen supply is

insufficient (Depre et al., 1998; Sambandam et al.,

2002). Further adaptation to pressure overload is achieved

by expansion of myocytes resulting in left ventricular
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hypertrophy. Protein synthesis is enhanced in pressure

overload models and is an indicator of left ventricular

hypertrophy (Lim et al., 2001; Nagatomo et al., 1999;

Wada et al., 1996).

Most, if not all, cardiovascular risk factors lead to a

disturbance of the balance between nitric oxide (NO) and

superoxide (O2
!�). Models are available for NO depletion

and for O2
!� excess. NO depletion can readily be achieved

by inhibition of nitric oxide synthase (NOS) with nitro-l-

arginine (l-NNA) and is associated with hypertension and

with cardiac complications in some (Verhagen et al., 2000;

Zhang et al., 2003), but not all (Bartunek et al., 2000;

Matsubara et al., 1998) experimental models. Glutathione

depletion by inhibition of gamma-glutamylcysteine synthe-

tase using buthionine-S,R-sulfoximine (BSO) leads to

hypertension when administered chronically (Vaziri et al.,

2000). The diminished antioxidant capacity due to gluta-

thione depletion leads to excess of O2
!�. As such, NOS
ology 513 (2005) 21–33
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inhibition and glutathione depletion will affect NO/O2
!�

balance but through entirely different mechanisms.

We investigated which cardiac gene expression changes

occur in the left ventricle of mice subjected to either

decreased NO or to increased O2
!� availability without

apparent left ventricular hypertrophy. Direct comparison of

two different hypertension models may allow for analysis

of pressure-dependent, pharmacology-independent effects

on the cardiac adaptations. We hypothesized that NO

depletion and O2
!� excess affect left ventricular gene

expression in distinct ways, in particular with respect to

energy metabolism and left ventricular hypertrophy.

Specific questions were (1) how gene expression is

affected in hearts of hypertensive mice with NO depletion

or O2
!� excess; (2) if patterns of gene expression can be

discerned that are related to increased work load resulting

in adapted contractility and metabolism, hypertrophy or

altered redox balance; and (3) if clusters of genes could be

related to common transcription factors.
2. Materials and methods

2.1. Animals

Female C57Bl/6J mice weighing 20–25 g (Harlan-Olac,

Blackthorn, UK) were exposed to a 12 h light/dark cycle, an

ambient temperature of 22 8C and a humidity of 60%.

Sentinel animals, which were monitored regularly for

infection, consistently tested negatively for infection by

nematodes and pathogenic bacteria, and for antibodies to a

large number of rodent viral pathogens (International

Council for Laboratory Science Nijmegen, Netherlands)

throughout the experiment. The Utrecht University Board

for studies in experimental animals approved the studies.

2.2. Treatment

Three groups of mice were studied. l-NNA (0.5 g/l,

Sigma Chemical Co., St Louis, MO, n =13) or BSO (3

g/l, Sigma, n=13) was administered in demineralized

water ad libitum for eight weeks. Control mice (n =12)

received no treatment. For RNA analyses, animals were

either used for the microarray experiments or for Reverse

Transcription-Polymerase Chain Reaction (RT-PCR) con-

firmation. Water intake and body weight were measured

regularly.

2.3. Blood pressure measurements

Systolic blood pressure of preheated mice was measured

every 2 weeks in a fan-controlled chamber at 37 8C for 10

min using a tail-cuff (IITC, San Diego, CA), starting 1 week

before treatment. In each session, at least two measurements

per animal were averaged. Two training sessions preceded

all actual measurements.
2.4. Urine collection

Overnight urine was collected every two weeks by

placing the animals in metabolic cages for 18 h (16:00–

10:00). During this period, mice were restricted from food

to prevent confounding nitrate excretion resulting from

dietary intake. Instead, they had access to drinking water

with 2% glucose as an alternative energy source and to

increase water intake and urine production. Urine was

chilled immediately after collection and stored at 4 8C for

protein and creatinine determination or at �80 8C for

biochemical measurements.

2.5. Tissue isolation

After 8 weeks, mice were anesthetized with an i.p.

injection of ketamine (46.7 mg/ml), xylazine (8 mg/ml), and

atropine (0.067 mg/ml). Blood was collected in pre-chilled

EDTA tubes through puncture of the retro-orbital plexus.

The heart and liver were isolated, blotted dry, immediately

weighed, dissected further while on ice, and frozen in liquid

nitrogen. Samples were stored at �80 8C until further

analysis.

2.6. Biochemical measurements

Urinary creatinine levels were determined colorimetri-

cally (Sigma). Urinary protein concentration was deter-

mined by the Bradford method (Bradford, 1976). Urinary

excretion of stable metabolites of NO; NO2 and NO3 (NOx)

was measured by the formation of l-3H-citrulline from

l-3H-arginine using the Cayman NOx assay kit (Attia et al.,

2002). Urinary lipid peroxides were determined by measure-

ment of thiobarbituric acid reactive substances (Attia et al.,

2003). In short, aliquots of 500 Al of urine were mixed with

500 Al of 1% thiobarbituric acid (pH 1.5), boiled for 30 min,

and then cooled down to room temperature. The absorbance

was measured at 540 nm using a microplate reader. All

urinary results were corrected using creatinine excretion.

Hepatic GSH was measured with the Cayman’s GSH assay

kit. The reaction between GSH and 5,5V-dithiobis-2-nitro-
benzoic acid was catalyzed using GSH reductase, yielding

the product 5-thio-2-nitrobenzoic acid, which was colored

with Ellman’s reagent. GSSG was first converted into GSH

by adding NADPH. GSSG alone was measured by

removing GSH first with N-ethylmaleimide. Subtraction of

total GSH with GSSG resulted in GSH values.

2.7. RNA isolation

Tissue was homogenized in a MiniBeadBeater (Biospec

Products Inc., Bartlesville, OK) in Trizol solution (Invitro-

gen Life Sciences, Carlsbad, CA) using glass beads (F 1

mm) for 30 s. RNA was extracted from homogenates using

the TRIzol procedure (Invitrogen) and quantified as

described before (Hoenderop et al., 2004).
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Fig. 1. Tail-cuff systolic blood pressure measurements followed during the

experiment (A) and heart weights corrected for total body weight at 8 weeks

(B) in mice treated with l-NNA or BSO and controls. *P b0.001 compared

to con at same time; #P b0.001 compared to t =0 of same group.
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2.8. Reverse transcription/labeling

Samples that were designated for microarray experiments

were pooled per group (n =8 for l-NNA or BSO; n =4 for

control) in equal amounts of total RNA per subject. Reverse

transcription was performed as described before (Hoenderop

et al., 2004). The control sample was labeled with Cy3, and

the l-NNA and BSO samples were labeled with Cy5.

2.9. Hybridization and scanning/quantification

Mouse NIH 15K cDNA microarrays (Ontario Microarray

Centre, Toronto University, Canada) were used. Hybrid-

ization experiments and scanning were carried out as

described before (Hoenderop et al., 2004). Genes were

considered significantly regulated when log2 transformed

ratios were z0.7 (1.6 fold change) or V�0.7.

2.10. Clustering analysis and gene ontology annotations

Hierarchical clustering of microarray data was performed

using the Expression Profiler tool EPCLUST (Jaak Vilo,

EBI). Average linkage clustering based on correlation

measure-based distance was performed on data for which

ratios were z0.7 or V�0.7 in at least one of two situations.

Ratios of the genes were coupled to the Biological Processes

classification of the Gene Ontology (GO) Consortium

(Ashburner et al., 2000) using proprietary software and

Access 2000 (Microsoft Corporation, Redmond, WA). For

each Biological Process category, the total number of

annotated genes and the percentage of significantly regu-

lated genes was counted, and the average ratio was

calculated. Interesting categories were defined as groups

containing at least 10 genes and at least 15% of genes

significantly up or downregulated.

2.10.1. Analysis of transcription factor binding sites

Using Genomatix MatInspector Professional (Release 7.0

Sept. 2003) (Werner, 2001) putative transcription factor

binding sites were searched in the cluster of glycolytic and

respiratory chain genes that were regulated in BSO-treated

mice. To minimize the chance of false positive calls, a

negative control set of genes with ratios between 0.01 and

�0.01 for l-NNA and BSO was tested using the same

settings (in total 19 genes). Only transcription factor binding

sites up to 1000 base pairs upstream of the coding region

with a similarity matrix score higher than the optimized

matrix similarity and a transcription factor binding site

frequency that exceeded the frequency of the negative

control set by 0.4 were considered.

2.11. RT-PCR confirmation

RNA samples of mice designated for RT-PCR confirma-

tion (n =2–3) were individually processed. RT-PCR experi-

ments were performed as described before (Chon et al.,
2004). Results were quantified as 18S-corrected mean

intensities. The primers and conditions used for PCR are

summarized in the Supplementary Table 1.

2.12. Statistics of systolic blood pressure and biochemical

measurements

Data are presented as meanFS.E.M. Measurements

were compared with one-way ANOVA or, where appro-

priate, two-way ANOVA for repeated measures, followed

by Student–Newman–Keuls test. P b0.05 was considered

significant.
3. Results

3.1. l-NNA and BSO caused hypertension but no protei-

nuria or left ventricular hypettrophy

After 2 weeks of treatment, systolic blood pressure was

92F2 mmHg in controls and significantly higher (P b0.01

vs. control) in l-NNA- and BSO-treated animals (107F2

mmHg and 100F2 mmHg, respectively, Fig. 1A). After 8

weeks of treatment, systolic blood pressure further increased
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Fig. 2. Oxidative stress parameters urinary NOx excretion (A), thiobarbi-

turic acid reactive substances excretion (B) and liver total glutathione

content corrected for total liver weight (C) in mice treated with l-NNA or

BSO and controls at 8 weeks. *P b0.05 compared to controls; #P b0.05

compared to l-NNA.
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to 118F2 mmHg in l-NNA-treated mice (P b0.001 vs.

control) and to 109F2 mmHg in BSO-treated animals

(P b0.001 vs. control). Untreated mice maintained normal

systolic blood pressure (88F2 mmHg). Body weights were

lower in BSO-treated mice (21.0F0.4 g) compared to

control (22.8F0.4 g, P b0.05), but were not different from

l-NNA-treated mice (22.0F0.4 g). The treatments did not

result in proteinuria (0.35F0.04, 0.24F0.02 and

0.33F0.04 mg/mg creatinine for l-NNA, BSO and con-

trols, respectively). Total heart/body weights at 8 weeks

showed no difference between the groups (5.3F0.2 mg/g

with l-NNA, 5.7F0.3 mg/g with BSO and 5.3F0.3 mg/g

in controls; Fig. 1B).

3.2. NOx, thiobarbituric acid reactive substances, and tissue

GSH content in l-NNA and BSO treated mice

Urinary excretion of NOx and thiobarbituric acid

reactive substances were regarded as indicators of whole

body production of NO and reactive oxygen species,

respectively. Baseline urinary NOx excretion was not

different between groups, however, after 8 weeks of

treatment, NOx excretion was decreased in both l-NNA

(0.142F0.030 Amol/mg creatinine, P b0.001) and BSO-

treated animals (0.302F0.052 Amol/mg creatinine,

P b0.01) as compared to controls (0.569F0.070 Amol/

mg creatinine) (Fig. 2A). Urinary NOx excretion was also

lower in the l-NNA-treated animals as compared to BSO-

treated animals (P b0.05). Urinary thiobarbituric acid

reactive substances excretion was increased in BSO-treated

mice (5.81F0.94 Amol/mg creatinine) compared to con-

trols (2.92F0.86 Amol/mg creatinine, P b0.05), but not in

l-NNA-treated mice (3.41F0.68 Amol/mg creatinine; NS;

Fig. 2B). Total GSH was lower in BSO-treated mice than

in controls (2.7F0.4 and 5.2F0.2 nmol/mg liver, respec-

tively, P b0.05; Fig. 2C). GSH in l-NNA-treated mice was

not affected (5.8F0.2 nmol/mg liver; Fig. 2C). Liver/body

weight ratios were not different between groups

(45.1F1.2, 45.6F1.0 and 45.7F1.3 mg/g for controls,

l-NNA and BSO, respectively).

3.3. l-NNA and BSO treatment resulted in differential gene

expression in the left ventricle

Chronic treatment with BSO and l-NNA resulted in

altered gene expression in left ventricles (3.7% and 7.1%

of all 15600 cDNA clones, respectively). The ratio

distribution of the two comparisons is shown in Fig. 3A.

Note that for the l-NNA comparison the distribution is

wider than that for the BSO comparison, indicating that

more changes were induced by l-NNA treatment. Genes

that are most pronouncedly differentially expressed are

displayed in Table 1A–D.

Ribosomal protein Rplp1 and Rpl8, two 60S acidic

ribosomal proteins involved in the elongation step in

protein synthesis, were upregulated with both l-NNA and
BSO (Table 1A and B). Moreover, Rps18 was upregulated

in the l-NNA group. Gelsolin is a calcium-dependent actin

filament-severing protein that regulates cardiac L-type

calcium channels (Lader et al., 1999) and is upregulated

in human failing hearts (Yang et al., 2000), was

upregulated in both models. Ferritin light chain, has been

reported to be downregulated at the transcriptional level in

coronary arteries in patients with coronary artery disease

(You et al., 2003), however, was strongly upregulated in

both conditions in the current experiment (with two

representations in the top-10 list of BSO, Table 1B).

Moreover, ferritin heavy chain was also upregulated in

BSO-treated mice (not shown in Table 1). Polyubiquitin is



Log2 ratio

-2 -1 0 1 2

# 
of

 g
en

es

0

500

1000

1500

2000

2500 A

B

LNNA vs Con 
BSO vs Con 

C

Shared
361 

Only in
L-NNA

1569

Only in  
BSO 
1017 

Shared
197 

Only in
L-NNA

734

Only in  
BSO 
494 

Shared
164 

Only in
L-NNA

835

Only in  
BSO 
523 

Total

Up 

Down

L-
N

N
A

B
S

O

0 0.512 1.023 1.535

Fig. 3. Global gene expression analysis. Distribution of ratios of all genes are displayed in bins of 0.05 (A). Venn diagrams show co-regulation of genes (B),

shown for all genes (top) upregulated (middle), and downregulated genes (bottom). Hierarchical clustering analysis diagram (C) shows global regulation of

genes for mice treated with l-NNA (left) and BSO (right).

H. Chon et al. / European Journal of Pharmacology 513 (2005) 21–33 25
strongly upregulated by l-NNA and BSO within the top-

10 for both (Table 1A and B).

3.4. Analysis of co-regulation of genes

Although the two models act via different mechanisms, a

considerable number of differentially expressed genes were

regulated in the left ventricles of both BSO- and l-NNA-

treated mice (Fig. 3A–C). Hierarchical cluster analysis

underscores the similarities in gene expression profiles

from l-NNA and BSO-treated animals. Co-regulated genes

are summarized in Supplementary Table 2. Among the

genes that were not previously mentioned in Table 1, some

other interesting genes could be grouped into functional

groups. First, metabolism genes, such as glyceraldehyde-3-
phosphate dehydrogenase (Gapdh), glucose phosphate

isomerase 1 (Gpi1), hydroxylacyl-coenzyme A dehydrogen-

ase (Hadh), enoyl coenzyme A hydratase 1 (Ech1), and

cytochrome oxidase subunit Cox4 (two representations)

were all induced. Second, two ribosomal proteins, i.e.

Rps14 and Rps15, as well as the translation elongation

factor 1-beta (Eef1b) were upregulated. Finally, two

cytoskeleton-related genes, tropomyosin isoform 2 and

tubulin cofactor A, were upregulated.

3.5. Analysis of functional groups using GO Consortium

classifications of biological processes

All genes were coupled to the Biological Processes

classification of the GO Consortium. In total, 2000 genes



Table 1

Top-10 lists of Mus musculus genes with largest ratios

Name l-NNA BSO CloneID

(A) Top-10 l-NNA UP

Ribosomal protein, large, P1 (Rplp1) 2.22 0.73 H3140H04

Postmeiotic segregation

increased 2 (S. cerevisiae) (Pms2)

1.78 0.09 H3142E12

Ribosomal protein L8 (Rpl8) 1.58 1.09 H3141F09

Glycolipid transfer protein (LOC56356) 1.51 0.33 H3035F10

Sr104 protein 1.50 0.27 H3109F01

Cell-line C3H/RV polyubiquitin C (Ubc) 1.49 1.44 H3080D01

Gelsolin (Gsn) 1.34 0.97 H3120B07

Cytotoxic T-cell membrane

glycoprotein Ly-3

1.31 0.69 H3119B11

Ribosomal protein, large, P1 (Rplp1) 1.22 0.76 H3124F09

Glyceraldehyde-3-phosphate

dehydrogenase (Gapdh)

1.22 0.97 H3072A08

Syndecan 2 (Sdc2) 1.21 �0.15 H3148A01

(B) Top-10 BSO UP

Putative homeodomain transcription

factor (Phtf)

0.53 1.71 H3083F09

Ferritin L-subunit gene exons 1–4 0.85 1.58 H3023H09

Cell-line C3H/RV polyubiquitin C (Ubc) 1.49 1.44 H3080D01

E2F-like transcriptional repressor protein 0.58 1.44 H3126G09

Hepatoma-derived growth factor (Hdgf) 0.23 1.41 H3130E05

MAES-1 0.78 1.37 H3137H06

Ferritin light chain 1 (Ftl1) 0.94 1.35 H3011G06

Gamma-1 adducin (Addl) 0.57 1.27 H3122B01

Ribosomal protein, large, P1 (Rplp1) 1.01 1.26 H3124F08

Synapsin I (Syn1) 0.86 1.23 H3119A03

Ubiquitin C (Ubc) 0.37 1.19 H3124H09

(C) Top-10 l-NNA DOWN

P53 binding protein 1 �2.11 �0.58 H3024H02

Brain calmodulin-dependent

phosphatase (calcineurin)

catalytic subunit

�1.52 0.20 H3110H11

CXCR-4 �1.51 �1.01 H3006D04

Transcriptional regulator protein

(Hcngp-pending)

�1.48 �0.17 H3149G12

P8 protein (P8-pending) �1.37 �0.99 H3106H03

Hyaluronidase 2 (Hyal2) �1.34 0.10 H3145E12

Aryl-hydrocarbon receptor-interacting

protein (Aip)

�1.31 �0.67 H3124C08

Programmed cell death 6

interacting protein (Pdcd6ip)

�1.30 �0.49 H3010F07

Hbs1-like (S. cerevisiae) (Hbs1l) �1.25 �0.11 H3013B03

Ubiquitin-conjugating

enzyme 7 (Ubce7)

�1.25 �0.36 H3011F10

(D) Top-10 BSO DOWN

Seven in absentia 2 (Siah2) �0.45 �2.38 H3092E12

Down syndrome critical

region gene a (Dcra)

0.15 �2.16 H3007H01

Minopontin �1.14 �1.50 H3082C12

Shank3b protein (Shank3) 0.05 �1.22 H3069C04

Niemann Pick type C1 (Npc1) �1.06 �1.19 H3055G06

Plexin 3 (Plxn3) 0.23 �1.13 H3146C10

GLUT4 vesicle protein �0.30 �1.08 H3094D04

P53-associated cellular protein PACT �0.76 �1.07 H3090E12

Prolyl 4-hydroxylase alpha(I)-subunit �1.15 �1.04 H3118E07

CXCR-4 �1.51 �1.01 H3006D04

Ornithine decarboxylase

antizyme inhibitor (Oazi)

�0.16 �1.01 H3158B04
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were annotated in 401 classes, with an average number of

8.3 genes per class. Thus, many genes were classified to

more than one class. A selection based on the total number

of genes per class (at least 10 genes) and at least 15% of

genes significantly up or downregulated in at least one

comparison is displayed in Fig. 4. For l-NNA, changes

were most prominent in the category of genes involved in

protein synthesis initiation and protein synthesis dephos-

phorylation and in embryogenesis and morphogenesis (all

down). In the BSO-treated group, remarkable regulation of

genes in energy metabolism was observed: glycolysis, fatty

acid metabolism, tricarboxylic acid cycle, hydrogen trans-

port, and ATP biosynthesis were all upregulated. For iron

homeostasis, oxygen transport, and protein synthesis elon-

gation, genes were prominently upregulated in both

conditions.

Not all groups that contained interesting candidates were

displayed in Fig. 4. These GO classes included transcription

regulation, glutathione conjugation, and cell growth and

maintenance (Supplementary Table 3). Several GO classes

harbored some interesting genes, such as myocyte enhancer

factor (Mef) 2a (0.82 for BSO and �0.11 for l-NNA) and

chicken ovalbumin upstream promoter-transcription factor 2

(Coup-Tf2) (0.84 and �0.11, respectively) (transcription

regulation), glutathione-S transferase mu (Gstm) 1 (1.04/

1.07 and 1.02/0.44), Gstm2 (0.95 and 0.29), glutathione

peroxidase (Gpx) 2 (0.18 and 0.92) and Gpx3 (0.78 and

0.56) (glutathione conjugation), pituitary tumor-transform-

ing (Pttg) 1 (0.73 and 0.48), and necdin (Ndn) (0.74 and

�0.87) (cell growth and maintenance), Cxcr4 (�1.0 and

�1.5), stromal cell-derived factor (Sdf) 1h (�0.42 and

�0.80) (chemotaxis), and several genes involved in

ribosome biogenesis.

3.6. Detailed analysis of regulated genes of cell metabolism

and protein synthesis genes in l-NNA- and BSO-treated

mice

As a result of the remarkable regulation of so many

genes involved in cell metabolism in BSO-treated mice,

we looked one by one which genes were regulated by l-

NNA and BSO. Genes in cell metabolism, regulated by

either l-NNA or BSO, are shown in Fig. 5, super-

imposed on the pathway. A list of regulated genes

involved in protein synthesis is displayed in Table 2,

showing many protein synthesis genes are regulated in

the same direction.

3.7. Transcription factor binding site analysis

Using Genomatix MatInspector, we searched for possi-

ble transcription factor binding sites in all differentially

regulated glycolytic and respiratory chain genes. To avoid

false positive results, a negative control set of 19 genes

was also tested. The top-5 lists of results are shown in

Table 3.
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3.8. RT-PCR confirmed changed expression of glycolytic

genes and glutathione metabolism

RT-PCR was performed on selected genes involved in

different parts of cell metabolism. Gpi1 and Ech1 were both
Glucose Fatty ac
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Fig. 5. Expression of cell metabolism genes in a diagram of metabolic pathway.

transformed ratios for l-NNA and BSO superimposed on the pathway.
upregulated by l-NNA and BSO in the microarray experi-

ment, which was confirmed by RT-PCR for BSO (Fig. 6).

For l-NNA, a trend towards upregulation was observed.

Atp5b and Gapdh, which were upregulated in both

conditions on the chip, were now only upregulated with
ids 

A 

ATP 
1.20 0.86

1.07 1.18

0.77 0.341

0.48 0.72c

1.04 0.73b

1.17 1.00

0.94 1.201

BSOL-NNA name

Regulated genes are summarized in tables with their corresponding log2-



Table 2

Protein biosynthesis and protein synthesis elongation genes

Gene name l-NNA BSO Clone ID

Ribosomal protein, large, P1 (Rplp1) 1.01 1.26 H3124F08

Ribosomal protein L8 (Rpl8) 1.58 1.09 H3141F09

Elongation factor 1-alpha (EF 1-alpha) 0.55 1.05 H3126H10

Ribosomal protein L10A (Rpl10a) 0.30 0.99 H3116A03

Ribosomal protein S12 (Rps12) 0.54 0.89 H3112B02

Ribosomal protein L12 (Rpl12) 0.14 0.88 H3113D05

Eukaryotic translation elongation

factor 1-beta homolog (Eef1b)

0.75 0.86 H3118G07

Ribosomal protein L12 (Rpl12) 0.61 0.84 H3113D04

Ribosomal protein S7 (rpS7) 0.48 0.79 H3122C10

Ribosomal protein S15 (Rps15) 0.78 0.79 H3139D05

Ribosomal protein S8 (Rps8) 0.59 0.78 H3119A09

Ribosomal protein, large, P1 (Rplp1) 1.22 0.76 H3124F09

Ribosomal protein S6 (Rps6) 0.44 0.74 H3125H12

Protein synthesis elongation

factor Tu (eEF-Tu, eEf-1-alpha)

0.43 0.74 H3133G05

Ribosomal protein, large, P1 (Rplp1) 2.22 0.73 H3140H04

Acidic ribosomal phosphoprotein

PO (Arbp)

0.81 0.68 H3008E12

Protein synthesis elongation

factor Tu (eEF-Tu, eEf-1-alpha)

0.95 0.62 H3126A06

Ribosomal protein L3 (Rpl3) 0.73 0.49 H3122F09

C-mos 0.88 0.40 H3084H01

Ribosomal protein S26 (Rps26) 0.92 0.25 H3120B03

Endothelial monocyte activating

polypeptide 2 (Emap2)

0.72 0.22 H3155H05

MER9 processed pseudogene,

elongation factor 2 related

0.83 0.10 H3033B09

Ribosomal protein S15 (Rps15) 0.93 0.05 H3150B01

Eukaryotic translation initiation

factor 3 p42 subunit (Eif3p42)

0.73 �0.01 H3110H12

Ribosomal protein L3 (Rpl3) �0.71 �0.54 H3011F03

Janus kinase 2 (Jak2) �0.78 �0.36 H3049D07

Fibroblast growth factor

inducible 13 (Fin13)

�0.81 �0.29 H3027F11

Protein phosphatase 5 (PP5) �0.72 �0.15 H3158H01

Hbs1-like (S. cerevisiae) (Hbs1l) �1.25 �0.11 H3013B03

Eukaryotic translation initiation

factor 2B (Eif2b)

�0.82 �0.10 H3029H03

EIF-1A (eIF-1A) �0.75 �0.09 H3008F08

E800 �1.08 0.06 H3004B09

Ufo �0.73 0.19 H3152F05

Brain calmodulin-dependent

phosphatase (calcineurin)

catalytic subunit

�1.52 0.20 H3110H11

Focal adhesion kinase (Fadk) �0.91 0.26 H3027G04

JAK1 protein tyrosine kinase �0.64 1.00 H3059B07
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BSO. Gstm1 and Gstm5 showed slight upregulation in the

RT-PCR, in accordance with the microarray results.
4. Discussion

We report gene expression changes in the left ventricle of

the heart in mice induced by mild pressure overload. NOS

inhibition and glutathione depletion (i.e. decreased NO or

increased O2
!� availability) induced mild hypertension

models without causing left ventricular hypertrophy. Both

treatments decreased urinary NOx excretion, however, only
BSO caused an increase in urinary thiobarbituric acid

reactive substances and decreased liver total GSH. Micro-

array analysis of the left ventricles revealed differential gene

expression in these two models. Among these were many

co-regulated genes, such as ribosomal proteins, several

glycolytic genes and components of the cytoskeleton and

contractile apparatus, suggestive of adaptation to the higher

afterload. Moreover, we identified genes that were specific

to the model, such as glutathione peroxidase 2 for l-NNA,

and Coup-Tf2 and Mef2a, Gstm1 and 2, and aldolase 1 for

BSO. Further analysis of the biological function of the

differentially expressed genes revealed an upregulation of

metabolic genes with BSO, such as genes involved in

glycolysis, fatty acid oxidation, and mitochondrial respira-

tion, and upregulation of protein synthesis with l-NNA.

Some of the expression changes in the glycolytic system

were also observed in the l-NNA model, although less

pronounced. The two models shared characteristics of early

adaptation to pressure overload with regard to gene

regulation of cell metabolism and contractility, although

through different mechanisms of interference with the redox

balance, as assessed from NOx and thiobarbituric acid

reactive substances excretion and liver glutathione, and with

different nuances regarding expression regulation.

Vaziri et al. (2000) have demonstrated that oxidative

stress per se can induce arterial hypertension in rats.

Similarly, NOS inhibition leads to severe hypertension in

mice (Chatziantoniou et al., 1998). NO and O2
!� are

interrelated since NO can be scavenged by O2
!� yielding

peroxynitrite and NO can inhibit O2
!� production via direct

inhibition of NAD(P)H oxidase complex assembly (Clancy

et al., 1992). In addition, the occurrence of myocardial

infarction as a consequence of NO inhibition is dependent

upon the presence of Ang II, which stimulates O2
!�

production by NAD(P)H oxidase in vascular cells (Verha-

gen et al., 2000). In the present study, NO and glutathione

depletion caused a similar degree of hypertension, although

both interventions interfere with different mechanisms

regarding coronary blood flow, mitochondrial respiration/

cardiac metabolism, and cardiac contractility. Both a

decrease in NO (Kelm et al., 1997; Skjelbakken et al.,

1996) and an increase in O2
!� (Skjelbakken et al., 1996)

diminish coronary blood flow, however, their potency to

affect coronary perfusion is likely to be different. This may

have consequences for coronary O2 consumption and

metabolism (Kelm et al., 1997). Furthermore, NO can

inhibit mitochondrial respiration (Lizasoain et al., 1996).

Thus, inhibition of NO could stimulate the respiratory chain.

In contrast, O2
!� inhibits the first step of the respiratory

chain, NADH oxidoreductase, as was demonstrated in the

superoxide dismutase 2+/� mice (Van Remmen et al., 2001).

Finally, NO itself can exert diverse influences on cardiac

contractility. Since many studies do not take into account the

differential localization of NOS isoforms, we refer to several

studies with knockouts of different NOS isoforms. Neuronal

NOS disruption leads to enhanced cardiac contractility



Table 3

Transcription factor binding sites in glycolytic and respiratory chain genes

TF-symbol TF-Full name Number of genes

with TFBS

Number of

TFBS in genes

Freq. in

genes

Number of

TFBS in NC

Freq.

in NC

Difference

Glycolysis

Oct1 Octamer-binding factor 1 6 7 1.17 11 0.58 0.59

Neurod1 Neurogenic differentiation 1 6 7 1.17 17 0.89 0.27

Comp1 Cooperates with myogenic proteins 1 5 8 1.33 18 0.95 0.39

Cdpcr3 Cut-like homeodomain protein 3 5 7 1.17 14 0.74 0.43

Pbx1 Pre-B-cell leukemia TF pseudogene 1 5 7 1.17 13 0.68 0.48

Nbre NGFIB response element 5 5 0.83 8 0.42 0.41

Nrsf Neural-restrictive silencer factor 5 5 0.83 9 0.47 0.36

Pax5 Paired box protein 5 5 0.83 13 0.68 0.15

Respiratory chain

Comp1 Cooperates with myogenic proteins 1 7 10 1.67 18 0.95 0.72

Cdpcr3 CCAAT displacement protein 3 5 8 1.33 14 0.74 0.60

Hnf4 Hepatic nuclear factor 4 5 6 1.00 8 0.42 0.58

Yy1 Yin yang-1 5 6 1.00 8 0.42 0.58

Whn Winged helix protein 5 11 1.83 15 0.79 1.04

A transcription factor (TF) binding site (TFBS) analysis was applied for regulated glycolytic and respiratory chain genes using Genomatix MatInspector. Those

with the highest number of TFBS are displayed. The frequency of a TFBS is calculated as (Number of TFBS in genes or negative control)/(total number of

genes in that group). The difference is calculated from the number of TFBS in the regulated genes and the negative control (NC) set.
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(Barouch et al., 2002; Sears et al., 2003). Moreover, iNOS-

deficient mice show improved contractile recovery after

myocardial infarction (Sam et al., 2001). In contrast, mice

lacking eNOS do not have changed contractile properties

(Barouch et al., 2002). Therefore, a nonspecific NOS

inhibitor, by affecting all NOS isoforms, potentially

improves contractility, which indeed has been observed

(Bartunek et al., 2000). In contrast, direct effects of reactive

oxygen species on cardiac function can be summarized as

impaired calcium handling by inhibiting Ca2+ efflux and

enhancing influx leading to calcium overload and hence

cellular injury. Thus, inhibition of NO and reactive oxygen

species both lead to improved cardiac contractility. Hence,

despite some overlap in their actions, quite different effects

of NO inhibition and increased O2
!� production on coronary

blood flow, mitochondrial respiration and cardiac contrac-

tility can be anticipated, which likely has consequences for

the transcriptional program, even though blood pressure

responses were comparable.

Gene expression was in part similar between these two

models. General features for pressure overload are changes

in the contractile apparatus, cytoskeleton, and protein

synthesis. Common expressional adaptations include

increased expression of atrial natriuretic factor (Rockman

et al., 1991; Tanaka et al., 1998), skeletal a-actin (Tanaka et

al., 1998), h-tubulin (Collins et al., 1996; Mirotsou et al.,

2003; Tagawa et al., 1996) and h-myosin heavy chain

(Calderone et al., 1995; Zhang et al., 2003). Some of these

were present on the chip. Despite the lack of left ventricular

hypertrophy, we observed upregulation of tropomyosin

isoform 2 and tubulin cofactor A, the latter being involved

in the formation of tubulin polymers (Gao et al., 1993).

Excess polymerization of tubulin is thought to hamper

contractile function (Tsutsui et al., 1993) and increased
tubulin protein expression was observed in humans (Zile et

al., 2001) and in cats (Tsutsui et al., 1993) in response to

pressure overload. Also, gelsolin, a calcium-dependent actin

filament splitting protein that regulates cardiac L-type

calcium channels (Lader et al., 1999) and is induced in

human failing hearts (Yang et al., 2000), was upregulated in

both models. Moreover, Mef2a, a TF regulating cardiac

growth (Akazawa and Komuro, 2003) was upregulated in

BSO but not l-NNA mice. Taken together, these models

share common features of pressure overload as demonstra-

ted by gene expression changes.

Cell expansion requires increased protein synthesis by

enhancing translational efficiency (processing more tran-

scripts simultaneously) and capacity (increasing the number

of activated ribosomal components). Increased activation of

elongation factors has been observed in pressure overload

models (Nagatomo et al., 1999; Wada et al., 1996). In our

study, even in the absence of left ventricular hypertrophy,

protein synthesis apparently increased by upregulation of

genes involved in initiation and elongation factors and

ribosomal proteins in NOS inhibition, and, to a lesser

extent, with glutathione depletion. However, increase in

numbers of elongation factors is thought to be achieved by

increased translation of pre-existing mRNA (Jefferies and

Thomas, 1994) and not through mRNA induction of

translational components. The upregulation was more

pronounced in the NOS inhibition model, while there was

no left ventricular hypertrophy, than with glutathione

depletion, with a slight increase in heart weight. One could

speculate that NO depletion and excess O2
!� influence the

machinery that is responsible for cardiac hypertrophy

(Bartunek et al., 2000). These results may be indicative of

early adaptations to pressure overload, before hypertrophy

is apparent.
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Fig. 6. RT-PCR confirmation of regulated genes on pooled samples. Expression values were corrected for 18S.
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During increased cardiac workload, myocardial cells

switch from fatty acid metabolism to glucose utilization to

provide sufficient energy. Regulation of metabolic genes at

the transcriptional level has been reported in hypertensive

(Atlante et al., 1995), hypertrophied (Lydell et al., 2002) and

failing hearts (Razeghi et al., 2001) as well as at the protein

level in hypertensive hearts (Atlante et al., 1995). In our

study, regulation of glycolytic genes was more pronounced

in the BSO model, but was also present in the l-NNA mice.

Interestingly, lactate dehydrogenase was only upregulated

with BSO, suggesting that BSO mice rely on anaerobic

glycolysis more than l-NNA mice, in line with the

inhibiting effect of NO on mitochondrial respiration. At

the same time, fatty acid oxidation and mitochondrial

respiration genes were upregulated in both models. This

might indicate a temporary compensation to maintain

energy generation from fatty acids. Phosphofructokinase

was not regulated at the transcriptional level in either l-

NNA or BSO, possibly because this enzyme is regulated at

the level of activity only. Nevertheless, the upregulation of

the transcription factor Coup-Tf2, expressed during devel-
opment but re-expressed in cardiac hypertrophy to regulate

energy metabolism (Sack et al., 1997), could well indicate a

coordinated regulation of the metabolic apparatus in BSO

mice. The identification of possible targets of Coup-Tf2 in

both the glycolytic pathway and mitochondrial respiration

adds to this view. Summarizing, cardiac metabolism is

regulated in both models, however, the enhancement of

expression of glycolytic genes in glutathione-depleted hearts

is more prominent.

Glutathione is an important determinant of the redox

state of a tissue. In BSO-treated mice, liver GSH content

was decreased, in line with previous reports (Vaziri et al.,

2000). In the heart, GSH depletion could have large

consequences as catalase is less abundant compared to

glutathione peroxidase (Gpx), which is different from other

tissues (Halliwell and Gutteridge, 1999). This may have

resulted in the observed upregulation of Gpx3 in BSO-

treated mice. Manganese superoxide dismutase, the pre-

dominant isoform in the heart, was not present on the array

and catalase was not regulated. BSO upregulated Gstm1 and

2, which detoxify electrophilic compounds, including
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products of oxidative stress, possibly as a compensatory

defense mechanism. Interestingly, ferritin heavy and light

chains were upregulated. This may indicate their role in

preventing the formation of hydroxyl radicals in the Fenton

reaction. We have demonstrated here again that manipu-

lations with NO or O2
!� result in very distinct regulation of

gene expression of antioxidant pathways.

For both regulated glycolysis and respiratory chain

genes, transcription factor binding sites for the tran-

scription factor called cut-like homeodomain protein

(Cdpcr) 3 were recognized frequently. Presumably, Cdpcr3

is regulated during development and differentiation, but

not specifically in the heart (Nepveu, 2001). The tran-

scription factor called COoperates with Myogenic Proteins

(Comp) 1 interacts with myogenin, controlling myogenesis

(Funk and Wright, 1992). For glycolytic genes, Pre-B-Cell

leukemia transcription factor pseudogene (Pbx) 1 is

involved in glucose tolerance (Kim and Kim, 2002; Naya

et al., 1995). NGFIB response element (Nbre)-containing

promoter sites, involved in cell proliferation (Labelle et al.,

1999), were also found upstream of several glycolytic

genes. For respiratory chain genes, sites for hepatic nuclear

factor (Hnf) 4, a major regulator of glucose, cholesterol,

and fatty acid metabolism, were highly present. The Yin

Yang transcription factor is a regulator of acid alpha-

glucosidase, important in glycogen storage in skeletal but

not cardiac muscle (Yan et al., 2002). Thus, binding sites

for a number of transcription factors were recognized of

which some have been implicated in left ventricular

hypertrophy and adaptation to pressure overload. The role

of most of the mentioned transcription factors remains to

be further elucidated.

The cause of essential hypertension is multifactorial and

is frequently associated with left ventricular hypertrophy. In

this study, we demonstrated that two different agents that

interfere with blood pressure regulation result in partially

overlapping gene expression responses in the heart. In this

respect, it is remarkable that glutathione depletion and NO

inhibition differentially affected genes in energy metabolism

and protein synthesis. As such, expressional programs may

affect the course of left ventricular hypertrophy develop-

ment before overt hypertrophy is present depending upon

the causative disturbance. Future studies should be directed

to evaluate the translation of the gene expression responses

to functional implications and to more severe models of

hypertension with cardiac hypertrophy.
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