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Abstract

Angiogenic gene therapy in angina pectoris has been disappointing so far. Reasons might be that the administered genes already are

overexpressed in ischemic myocardium, or that atrial and brain natriuretic peptides (ANP and BNP) are overexpressed, as they have

anti-angiogenic effects. Five stable angina pectoris patients without heart failure were studied. Left ventricular biopsies were taken

during coronary by-pass surgery from a region with stress-inducible ischemia and from a normal region. Both ANP and BNP but

not vascular endothelial growth factor (VEGF) and VEGF-receptor 1 and 2 were overexpressed in ischemic regions compared to

non-ischemic regions as measured by real-time PCR. The expression of 15 other angiogenic genes measured by oligonucleotide arrays

was not consistently increased in ischemic regions. The overexpression of ANP and BNP suggests an anti-angiogenic effect in ischemic

heart disease. The lack of overexpression of angiogenic genes supports the concept of therapeutic overexpression of these genes.

� 2004 Elsevier Inc. All rights reserved.

Keywords: Natriuretic peptides; VEGF; Myocardial ischemia; Gene expression; Ischemic heart disease
Ischemic heart disease is the leading cause of death in

developed countries and angina pectoris is one of the

most common chronic manifestations [1]. As the sponta-

neously occurring angiogenesis and collateral growth in

patients with angina pectoris usually are insufficient to

alleviate stress-induced ischemia [2], efforts have been
made to therapeutically enhance angiogenesis. It has

been possible to induce angiogenesis and decrease

stress-induced myocardial ischemia in animal models

by transfer of angiogenic genes such as vascular endothe-

lial growth factor (VEGF) [3]. While initial small clinical
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trials with VEGF gene transfer in angina pectoris pa-

tients showed remarkable effects [4], larger randomised

trials with VEGF [5,6], and fibroblast growth factor

(FGF) [7] have failed to show the same clear effect.

It is well established that ischemia induces expression

and stabilisation of VEGF RNA via hypoxia inducible
factor-1 (HIF-1a). VEGF is critical in angiogenesis

and has also been denoted a rate-limiting step [8].

The natriuretic peptides atrial natriuretic peptide

(ANP) and brain natriuretic peptide (BNP) are predom-

inantly expressed in the atrium and the ventricle of the

heart, respectively. Their release has been linked to in-

creased stretch and heart failure. Interestingly, ANP

and BNP have recently been reported to inhibit the
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Fig. 1. Example of selected areas for biopsies. (A) Myocardial SPECT

perfusion imaging, vertical long axis section, rest image: no perfusion

defect. (B) Same section, stress image with perfusion defect. Arrows

show the selected areas for the ischemic I and non-ischemic N biopsies.

(C) Coronary angiography in the same patient shows filling of the

occluded distal right coronary artery via collaterals, explaining the

stress-induced ischemia I and confirming no stenosis in the artery to

the N area.
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angiogenic signalling of VEGF and their expression

might also be partially regulated by HIF-1a [9,10]. A re-

cent report also suggests that the myocardial expression

of BNP might be associated with acute ischemia [11].

Too low doses, inefficient delivery routes or inefficient

vectors have been proposed as explanations for the so
far weak clinical effect seen in clinical trails of angio-

genic agents [12]. Another possibility is that the admin-

istered genes already are regionally overexpressed, and

thus there would be no rationale for administering, for

example, vectors expressing VEGF or FGF. Despite

the fact that stable angina pectoris patients typically

are enrolled in these trials, the myocardial expression

level of angiogenic genes in this patient group is not
yet known. A third possibility is that increased expres-

sion of ANP and BNP could inhibit angiogenesis.

Therefore, the aim of this study was to investigate the

expression level of several angiogenesis-related genes

and also ANP and BNP in myocardial regions with

stress-induced ischemia in stable angina pectoris

patients. We combined expression measurement of a

larger number of genes by microarray with confirmation
of key findings by more precise real-time PCR.
Methods

Subjects. Five patients scheduled for coronary artery bypass sur-

gery were studied. The study was approved by the Institutional

Medical Ethical Committee and conforms to the principles outlined in

the Declaration of Helsinki. All patients gave written informed con-

sent. All had angina pectoris with stable symptoms since three months

to two years. None had heart failure or was on treatment with

angiotensin converting enzyme inhibitors. Three were males. The age

range was 53–71 years. All underwent a preoperative coronary

angiogram and SPECT (single photon emission computer tomogra-

phy) stress-rest perfusion imaging (Software: HERMES, Nuclear

Diagnostics, Stockholm). The Left Ventricular Ejection Fraction

ranged from 48% to 69% on resting gated SPECT. As we aimed at

including patients with regional stress-induced myocardial ischemia

and intact angiogenic capacity, all patients had a chronic occlusion of

one major coronary artery with complete filling of the distal part of the

same vessel via collaterals (Rentrop score 3) [13].

Myocardial biopsy collection. Two regions in the left ventricle of

each patient were selected for biopsy by correlating the coronary

angiogram and the SPECT images (Fig. 1). The ischemic region was

distal to the chronically occluded vessel on the angiogram and had a

significant SPECT uptake defect at stress with normal tracer uptake at

rest. Thus, this region had stress-inducible ischemia and no permanent

perfusion defect. The non-ischemic region served as control and was

located in another part of the left ventricle without critical coronary

stenosis and with normal tracer uptake both on rest and stress SPECT

(no ischemia, no permanent perfusion defect). Transmural left ven-

tricular biopsies were obtained with a 14-gauge biopsy instrument

(Tru-Core II, MD Tech, Gainesville, FL) during coronary artery

bypass surgery, before cardioplegia and cross-clamping.

Biopsies were frozen in liquid nitrogen within 20s and stored at

�80 �C.
Histology. A small part of each biopsy was formalin-fixed, paraffin-

embedded, and cut and stained with hematoxylin–eosin for routine

evaluation. Immunohistochemical staining was performed using

monoclonal mouse anti-vimentin and monoclonal mouse anti-human
CD45 antibodies (DAKO, Glostrup, Denmark), with subsequent

streptavidin-peroxidase incubation.

RNA extraction. Total RNA was isolated from each biopsy by the

acid phenol method [14]. The OD260:280 ratio was controlled and visual

inspection of the denaturing gels was made.

Real-time polymerase chain reaction. Quantitative real-time PCR

was performed with TaqMan probes. VEGF, VEGF receptor 1 and 2,

atrial natriuretic peptide (ANP), and brain natriuretic peptide (BNP)

were chosen as target genes. One microgram of total RNA from each

biopsy was reverse transcribed by Superscript Rnase H reverse trans-

criptase (Invitrogen, Carlsbad, CA) using random hexamer primers

according to the manufacturer�s specifications. Real-time polymerase

chain reaction (PCR) was performed with an ABI-PRISMA 7700

Sequence Detector (Perkin–Elmer, Foster City, CA). Control experi-

ments revealed approximate equal efficiencies over different starting

template concentrations for target genes and B-actin. Target gene and

B-actin were amplified in multiplex experiment in triplicate. Amplifi-

cation mixes (25 ll) contained the sample cDNA diluted, 2· TaqMan

Universal PCR Mastermix, forward and reversed primers, and probe.

Thermal cycling conditions included 2 min at 50 �C and 10 min at

95 �C before 50 PCR cycles (95 �C for 15 s and 65 �C for 1 min).

For VEGF, forward primer 5 0-ACTGCCATCCAATCGAGACC-

3 0, reversed primer 5 0-GATGGCTTGAAGATGTACTCGATCT-3 0,

and TAMRA-probe 5 0-TGGTGGACATCTTCCAGGAGTACCCT

GA-3 0 were used. For ANP, forward primer 5 0-AGCGGACTGGGC

TGTAACAG-30, reversed primer 5 0-GCCCAGCCCTGCTTGTC-3 0,

and dark quencher probe 5 0-CGGTACCGAAGATAACAGCCA

GGGA-3 0 were used. For BNP, forward primer 5 0-GAGGAAG

ATGGACCGGATCA-3 0, reversed primer 5 0-TGTGGAATCGAAG

CAGGTGTCT-3 0, and TAMRA probe 5 0-TGCAAAGTGCTGA

GGCGGCATTAA-3 0 were used. For VEGF receptor 1, forward

primer 5 0-GCATATGGTATCCCTCAACCTACAA-3 0, reversed

primer 5 0-CATCCAGGATAAAGGACTCTTCATTAT-3 0, and

TAMRA probe 5 0-TAACCATAATCATTCCGAAGCAAGGTGTG

ACT-3 0 were used. For VEGF receptor 2, forward primer 5 0-CTT

CTGGCTACTTCTTGTCATCAT-3 0, reversed primer 5 0-CCTAC

GCTTTGGGTTTTCCA-3 0, and TAMRA probe 5 0-TCTGCACAT

GGAGCCTTGGTCATCA-3 0 were used.

Change in expression was calculated as fold-change, after nor-

malisation for B-actin expression.

Oligonucleotide microarrays. Human Genome GeneChips U95Av2

oligonucleotide arrays were used (Affymetrix, Santa Clara, CA), one

for each ischemic and non-ischemic sample. The sequences of all probe

sets are available at www.affymetrix.com.

In vitro transcription was carried out with the Enzo BioArray

HighYield RNA Transcript Labeling Kit. Fragmentation of biotiny-

lated cRNA, protocols and reagents for hybridisation, and washing

and staining followed instructions by Affymetrix [15]. Hybridisation

controls, housekeeping controls, noise, and background all showed

good data quality.

http://www.affymetrix.com
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Microarray data analysis. The ischemic and non-ischemic samples

from the same patient were compared (no comparison between pa-

tients). Twenty genes (see Results), including ANP and BNP, previ-

ously described to be important in myocardial angiogenesis [16] were

selected for expression change analysis.

Data were analysed with Affymetrix Microarray Suite version 5.0

software. Only genes on probe sets type ‘‘_at’’ on the microarrays were

used, as other probe set types may be more prone to unspecific

hybridisation [15]. Global scaling was used with default settings. The

reliable detection of each probe set was determined using the ‘‘present

call’’ algorithm, where both the absolute expression level and the

background noise were taken into consideration. Change in gene

expression was independently calculated in two ways: (1) qualitative

change or change call (‘‘increase,’’ ‘‘no change’’ or ‘‘decrease’’) and (2)

quantitative change (fold-change, i.e., times higher expression in the

ischemic compared to the non-ischemic sample). Wilcoxon�s signed

rank test was used for change call calculation at the default significance

value of 0.0025.
Results

ANP and BNP but not VEGF and VEGF receptor 1 and 2

are regionally overexpressed in ischemic myocardium

ANP expression measured by PCR had a mean fold-

change of 8.8 (range 0.8–31) when the ischemic sample

was compared to the non-ischemic sample (Fig. 2). Four

of five patients had a fold-change over two. For BNP
the mean fold-change was 23 (range 1.3–70), with the

same four patients with a fold-change over two.

VEGF-A expression had a mean fold-change of 0.9

(range 0.6–1.3). For VEGF receptor 1 and 2 the mean

fold-change was 0.9 (range 0.4–1.7) and 0.9 (range

0.7–1.2), respectively.

By oligonucleotide microarray measurements, there

was qualitative overexpression (change call ‘‘increase’’)
in four patients for ANP, all five patients for BNP,

one for VEGF-A, and two for VEGF receptor 2

(Table 1). Mean fold-change values by microarray were
Fig. 2. Expression increase (fold-change) in the ischemic sample

compared to the non-ischemic sample for five genes, measured by real-

time PCR.
4.0 for ANP, 9.9 for BNP, 1.1 for VEGF, and 1.4 for

VEGF receptor 2. VEGF receptor 1 had present call

‘‘absent’’ in all patients due to low signal and therefore

expression change measurement was not possible by

microarray Table 1.

Expression of 15 other angiogenesis-related genes

The expression level of 15 additional genes of impor-

tance in angiogenesis was measured by oligonucleotide

microarrays. Due to low expression, nine genes had

present call ‘‘absent’’ and expression change measure-

ment was not possible (angiopoietin 1 and 2, fibroblast

growth factor 2, monocyte chemotactic protein 1, ma-
trix metalloproteinase 9, placenta growth factor, platelet

derived growth factor b, Tie-2, and VEGF-C). Of the

remaining genes (Table 1), four (fibroblast growth factor

1, tumor necrosis factor a, VE-cadherin, and VEGF-B)

had a mean fold-change between 1.0 and 1.2 and showed

qualitative change in one or no patient. Insulin-like

growth factor 1 had qualitative change in two patients

and mean fold-change 1.4. Ephrin B2 had the largest
change of the 15 genes: qualitative change in three

patients but the mean fold-change was still only 1.4.

Histology and immunohistochemistry

Light microscopy showed essentially normal myocar-

dium without leukocyte infiltration and with no or min-

imal fibrosis in all biopsies.
Discussion

The first main finding was that ANP and BNP were

overexpressed in the region with stress-inducible ische-

mia compared to the non-ischemic region of the left ven-

tricle. This was measured on microarrays as qualitative
change ‘‘increase’’ for ANP in four of five patients and

for BNP in all patients. It was validated by real-time

PCR with a mean fold-change of 4.0 and 9.9,

respectively.

The other main finding was that neither VEGF nor

its receptor types 1 and 2 were overexpressed (fold-

change over two) in ischemic myocardium in any patient

as measured by real-time PCR. Looking further, of the
additional 15 angiogenesis-related genes (Table 1) anal-

ysed on microarrays, nine had a too low expression to be

reliably detected and four had a mean fold-change close

to one with qualitative change in only one or no patient.

Ephrin B2 and insulin-like growth factor 1 had in-

creased expression in three and two patients but the

mean fold-change was modest: 1.4. Due to the difficulty

of collecting this kind of biopsies our patient group was
small and therefore exact determination of the degree of

overexpression of any gene was not intended. However,



Table 1

Expression of angiogenesis-related genes in ischemic compared to non-ischemic samples measured by oligonucleotide microarrays

Gene Sequence derived

from GenBank

Accession No.

Affymetrix

probe

set number

Patients with

change call

‘‘increase’’

Patients

with change

call ‘‘decrease’’

Mean

fold-change

Atrial natriuretic peptide AL021155 36663_at 4 0 4.0

Brain natriuretic peptide AL021155 39215_at 5 0 9.9

Ephrin B2 AI765533 34335_at 3 0 1.4

Fibroblast growth factor 1 (acidic) X59065 996_at 1 0 1.0

Insulin-like growth factor 1 X57025 1501_at 2 0 1.4

Tumor necrosis factor a X02910 1852_at 0 0 1.1

VE-cadherin X79981 37196_at 1 0 1.2

VEGF-A AF024710 1953_at 1 0 1.1

VEGF-B U48801 1926_at 0 0 1.0

VEGF receptor 1 S77812 1567_at ND ND ND

VEGF receptor 2 AF035121 1954_at 2 0 1.4

Patients with neither change call ‘‘increase’’ nor ‘‘decrease’’ were ‘‘no change.’’ ND, not detected (present call is ‘‘absent’’ in one or more patient

samples); VEGF, vascular endothelial growth factor.
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we assume that a fold-change of two suggests a biolog-

ically relevant change.

All patients had reversible perfusion defects on pre-

operative stress imaging, which proves regional repeti-

tive myocardial ischemia. Acute ischemia

intraoperatively at the time of biopsy was not aimed

for, and the lack of acute ischemic changes in routine

histology makes this unlikely. The normal histology
and resting perfusion images rule out necrosis or fibrosis

as confounding regional difference between the ischemic

and non-ischemic samples. The samples were taken

within 10 min after the start of cardiopulmonary bypass

and always before cardioplegia and cross-clamping, and

the non-ischemic control sample was from the same

heart, thus minimising any effect of the surgical proce-

dure on the results. This is important since plasma levels
of both ANP and BNP increase during and after coro-

nary artery surgery with the first increase measured

20 min after start of cardiopulmonary bypass [17].

Importantly, none of our patients had heart failure or

treatment with angiotensin-converting enzyme inhibi-

tors, which influence the plasma levels of BNP [18],

and all had normal left ventricular ejection fraction.

Myocardial ischemia is present in different clinical
conditions from profound ischemia with cell damage

(myocardial infarction) to intermittent ischemia without

cell damage (angina pectoris, such as the patients in this

study). Ischemia is the main trigger to angiogenesis and

VEGF is one of the key angiogenic factors [8]. A whole

group of angiogenic factors are known, but the modula-

tion by anti-angiogenic factors is less known [16]. It has

recently been shown that natriuretic peptides modulate
the angiogenic response to VEGF both by inhibition

of synthesis and signalling [9]. The balance between

pro-angiogenic factors (such as VEGF) and anti-angio-

genic factors (such as natriuretic peptides) might be

quite different after myocardial infarction compared to

that in stable angina pectoris.
After myocardial infarction, an increase in plasma

levels of natriuretic peptides has been shown [19]. It is

also known that angiogenic genes such as VEGF

[20,21], FGF, and VEGF receptor 1 and 2 [16] are over-

expressed after myocardial infarction and acute ische-

mia. Previous animal [22] and human [21] data have

shown that overexpression of angiogenic factors in the

heart occurs in ischemic regions and not in the whole
ventricle.

The situation in the larger patient group with stable

angina pectoris is less known. We found no overexpres-

sion of VEGF or its receptor 1 and 2 in ischemic myocar-

dial regions in angina pectoris patients. This fits with

animal models of repetitive ischemia, where the initial

VEGF increase has been shown to attenuate over time

[20,23]. Together with our finding that 15 other angio-
genesis-related genes were not overexpressed in most

patients, this points to a weak or absent overexpression

of pro-angiogenic genes in stable angina pectoris.

A recent report suggested BNP overexpression in

acute myocardial ischemia in patients without heart fail-

ure [11]. Our findings add that both ANP and BNP are

overexpressed to a similar degree, and that this overex-

pression is regional and occurs in myocardial regions
with stress-induced ischemia in stable angina pectoris

patients. Tissue stretch is the major stimulus to ANP

and BNP release but recently the hypoxia-activated

transcription factor hypoxia inducible factor-1 (HIF-1)

has also been shown to regulate ANP and BNP expres-

sion [10]. In endothelial cells, ANP and BNP inhibit

angiogenic signalling of VEGF by both the natriuretic

peptide clearance (NPRC) receptor and natriuretic pep-
tide guanylate cyclate (GC) receptor pathways [9]. Addi-

tionally, natriuretic peptides inhibit VEGF transcription

and protein production [24]. Thus, overexpression of

natriuretic peptides might have an antiangiogenic effect

and explain the relatively inefficient collateral vessel

growth in many angina pectoris patients [2].
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Conclusion

We found overexpression of ANP and BNP but not

of VEGF and 17 other angiogenesis-related genes in

myocardial regions with stress-inducible ischemia in sta-

ble angina pectoris patients without heart failure. The
control comparison samples were from non-ischemic re-

gions of the left ventricle from the same patient. As

ANP and BNP have anti-angiogenic properties, their

marked overexpression may be one reason for the rela-

tive inefficiency of both spontaneous angiogenesis and

clinical trials with angiogenic agents in angina pectoris

patients. On the other hand, the lack of overexpression

of angiogenic genes supports the concept of therapeutic
overexpression of these genes in this patient group.
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