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Possible Role of Brain-Derived Neurotrophic Factor in the
Pathogenesis of Coronary Artery Disease
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Kazunori Otsui, MD; Tomoyuki Honjo, MD; Motonori Takahashi, MD; Yoshitaka Ohashi, MD, PhD:
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Seinosuke Kawashima, MD, PhD; Mitsuhiro Yokoyama, MD, PhD

Background—The neurotrophin (NT) family, including nerve growth factor NT-3 and brain-derived neurotrophic factor
(BDNF). has a critical role in the survival, growth, maintenance, and death of central and peripheral neurons. NTs and
their receptors are expressed in atherosclerotic lesions; however, their significance in cardiovascular disease remains
unclear.

Methods and Results—To clarify the role of NTs in the pathogenesis of coronary artery disease, NT plasma levels in the
aorta, coronary sinus, and peripheral veins of patients with unstable angina (n=38), stable effort angina (n=45). and
non—coronary artery disease (n=24) were examined. In addition, regional expression of BDNF in coronary arteries was
examined in autopsy cases and patients with angina pectoris by directional coronary atherectomy. The difference in
BDNF levels, but not NT-3, between the coronary sinus and aorta was significantly greater in the unstable angina group
compared with the stable effort angina and non-coronary artery disease groups. Immunohistochemical investigations
demonstrated BDNF expression in the atheromatous intima and adventitia in atherosclerotic coronary arteries. BDNF
expression was enhanced in macrophages and smooth muscle cells in atherosclerotic coronary arteries. Stimulation with
recombinant BDNF significantly enhanced NAD(P)H oxidase activity and the generation of reactive oxygen species in
cultured human coronary artery smooth muscle cells.

Conclusions—BDNF has an important role in atherogenesis and plaque instability via the activation of NAD(P)H oxidase.
(Circulation. 2005;112:2114-2120.)

Key Words: circulation m coronary disease m free radicals m nervous system ®m stress

n January 17, 1995, the great Hanshin-Awaji earthquake
hit Kobe, Japan, killing 6433 people. Thereafter. there
was an increase in mortality from cardiac disease.! Chronic
psychological stress appears to have an important role in
cardiovascular diseases after traumatic events such as a major
earthquake.? Psychological factors such as depression and
acute and chronic stress are potent risk factors for coronary
artery disease (CAD).> The precise mechanisms by which
psychological factors cause cardiovascular disease, however,
remain to be determined. Under psychological stress, the
hypothalamus-pituitary-adrenal axis and sympathetic nerve
system are activated, and a wide range of neurohumoral
factors are dynamically regulated, including neurotrophins
(NTs).
NTs form a family of dimeric polypeptides, which include
nerve growth factor, brain-derived neurotrophic factor
(BDNF), NT-3, and NT-4/5 in humans.>* NTs have critical

roles in the survival, growth. maintenance, and death of
central and peripheral neurons.>* Under psychological stress,
the secretion of NTs from the hypothalamus, pituitary gland,
and central and peripheral nerves is markedly altered.” The
biological activities of NTs are mediated via the specific
high-affinity receptors trkA, trkB, and trkC and the low-
affinity NT receptor p75.%? NTs and their receptors are
expressed in nonneuronal tissues and various cell types such
as developing heart,'"” spleen,’’ atherosclerotic vessels,!2
macrophages,'? lymphocytes,'* endothelial cells,'s and vas-
cular smooth muscle cells,'? suggesting that NTs have diverse
roles even in nonneural organs. The significance of NTs in
cardiovascular disease remains to be elucidated.

Acute coronary syndrome occurs as a consequence of
coronary plaque rupture and superimposed thrombus. Reac-
tive oxygen species derived from NAD(P)H oxidase have a
critical role in the pathogenesis of CAD and plaque instabil-
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TABLE 1. Patient Characteristics

BDNF and Coronary Artery Disease 2115

Non-CAD SAP UAP

(n=24) (n=45) (n=38) P
Age, mean (range), y 62 (43-78) 65 (46-85) 66 (53-78) 0.36
Male sex, % 63 67 66 0.94
Degree of coronary stenosis, % 88.6 (74.8-94.3) 91.2(746-950) 063
Ejection fraction, % 63 (51-77) 55 (40-69) 60 (41-70) 0.52
Hypertension, n (%) 12 (50) 32 (71) 20 (53) 0.13
Diabetes, n (%) 10 (42) 22 (49) 19 (50) 0.80
Hyperlipidemia, n (%) 9(38) 21 (47) 20 (53) 0.62
Smaking, n (%) 10 (42) 19 (42) 17 (45) 0.96
Obesity, n (%) 9(38) 20 (44) 15 (40) 0.83

Degree of coronary stenosis and ejection fraction are given as medians and interquartile ranges.
Numbers of diseased vessels are given as mean and SEM.

ity.*¢ BDNF induces oxidative stress via the activation of this
oxidase system in cortical cells.'” The localization of NTs in
the cardiovascular system and their potent biological activi-
ties suggest a possible role for these neurotrophic molecules
in the pathogenesis of cardiovascular disease, including acute
coronary syndrome. To clarify the significance of NTs in the
pathogenesis of CAD, we examined NT plasma levels in the
coronary circulation of patients with angina pectoris and
non-CAD and their regional expression in coronary arteries
obtained from autopsied cases and coronary specimens ob-
tained during directional coronary atherectomy (DCA). Fur-
thermore, we examined the pro-oxidative effects of NTs on
cultured vascular cells.

Methods

Patient Groups

Patients who underwent diagnostic coronary angiography and pa-
tients with angina in whom significant stenosis of the left coronary
arleries was documented were enrolled. Subjects were divided into
unstable angina (UAP), stable effort angina (SAP), and non-CAD
eroups. Table 1 shows the clinical characteristics of the 3 groups.
The UAP group consisted of 38 patients who had anginal episodes at
rest or angina during a mild degree of effort within 48 hours of the
study without a significant increase in creatine phosphokinase levels,
Patients were classified B (n=14), [IB (n=12), and B (n=12)
according (o Braunwald’s criteria. The SAP group consisted of 45
patients with typical effort angina or positve treadmill exercise
testing but no episodes of angina at rest. All patients with angina had
>75% stenotic lesions in the left coronary arery determined by
myocardial perfusion scintigraphy o be the culprit lesion. The
non-CAD eroup consisted of 24 paticnts with chest pain syndrome
(n=22) or mitral valve prolapse (n=2). They had no significant
coronary arlery stenosis >25% lominal diameter. No patients had
acote infection, acute inflammation, or psychological disorders. No
patients had taken antidepressant drugs, major tranquilizers, steroids,
or nonsteroidal antiinflammatory drugs except for aspirin, Writlen
informed consent was obtained from all patients before enrollment in
the study.

Human Blood Samples

Before the injection of a contrast medium, blood samples were
collected from the coronary sinus (Cs), aortic root (Ao), and femoral
vein, AL the time of blood sampling, the first 3 mL of blood was
discarded, and additional blood was drawn into a twbe containing
EDTA (pH 7.5) for NT assay. The blood samples were immediately
centrifuged at 3000 rpm for 10 minutes at 4°C, and the plasma was
stored at —80°C until assayed.

Measurement of Plasma NT Levels

NTs were measured by sandwich ELISAs according (0 the manu-
facturer’s instructions for BONF and NT-3 (Promega). Assays were
performed on polystyrene 96-well plates. The NT concentration was
quantified against a standard curve calibrated with known amounts
of protein. The detection limits were 4 pg/ml for BDNF and 8
pe/ml. for NT-3. The BDNF or NT-3 ELISA systems have very low
cross-reactivity with other related neurotrophic factors: 3% or 0.11%
cross-reactivity, respectively. Each value is a mean of duplicated
measurement.

Human Tissue and Immunohistochemistry
Human coronary arteries were collected from 11 autopsy cases
within 6 hours after death. Table 2 shows the characteristics of the
autopsy cases. Coronary arteries were removed from the heart and
cut into 3-mm lengths. Before the immunohistochemical analysis, all
autopsy sections were examined by hematoxylin and eosin Staining
and classified into nonatherosclerotic coronary arteries (n=7) and
atherosclerolic arteries (n=13). Coronary specimens were obtained
from patients with SAP (n=29) or UAP (n=21) during DCA.
Tissue distribution of BDNF was detected through the use of
immunohistochemical methods according o the manufacturer’s
instructions for anti-human BDNF antibody (Chemicon International
or Santa Cruz Biotechnology Inc). BDNF antibody has <0.1%
cross-reactivity with recombinant human NT-3 or NT-4/5. Human
tissues were fixed in Zamboni’s fixative (4% formaldehyde, 15%
picric acid in 0.1 mol/L. phosphate buffer) for 2 hours and in 30%
sucrose in PBS overnight at 4°C. Cryostat sections (20 pm) were
blocked with 20% normal horse serum in PBS for 1 hour, followed
by incubation with primary antibody diluted 1:500 in 2X PBS and

TABLE 2. Characteristics of Autopsy Cases

Associated Cardiovascular

Sex Age, v Cause of Death Disease(s)

Male 82 Hepatoma Stable angina

Male 78 Pancreatic cancer Hypertension

Male 73 Cardiac rupture Acule myocardial infarction
Male 70 Congestive heart failure Old myocardial infarction
Female 66 Hepatoma Hypertension

Male 65 Lung cancer None

Female 64 Lymphoma Hypertension

Male 63 Colon cancer None

Male 51 Congestive heart failure Dilated cardiomyopathy
Male 4 Sudden death Ventricular tachycardia
Male 35 Gastric cancer None
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0.3% Triton X-100 containing 0.02% sodium aride. After a 24-hour
incubation at room temperature, the samples were washed and
incubated with biotinylated goat anti-rabbil immunoglobulin
(DAKO). For color development, we used an L.SAB kit (DAKO).
For a negative control. the primary antibody was replaced with rabhit
serum.

Double-Labeling Immunofluorescence

The antibodies used in double staining were mouse monoclonal
anti-human CD68 antibody (DAKO) for macrophages and mouse
monoclonal anti-human smooth muscle a-actin antibody (DAKO)
for smooth muscle cells. Texas red—conjugated anti-mouse immu-
noglobulin and FITC-conjugated anti-rabbit immunoglobulin were
applied as secondary antibodies. The samples were examined by a
laser scanning confocal imaging system (MRC-1024. Bio-Rad
Laboratories).

Semiquantitative Analysis of BDNF

in Immunohistochemistry

According to a previous study. the expression of BDNF in each DCA
specimens was graded as follows: grade O=negative stain. grade
I=variable or weak stain, and grade 2=moderately or strongly
positive stain.’® The sections were blindly graded by 3 independent
senior pathologists.

Measurement of NAD(P)H Oxidase Activity in
Human Coronary Artery Smooth Muscle Cells
Human coronary artery smooth muscle cells (CASMCs: Clonetics)
were cultured with medium (Clonetics) supplemented with 10% FBS
and the manuofacturer’s reagents (Clonetics).

The enzymatic activity of NAD(P)H oxidase in human CASMC
homogenates was assessed by lucigenin-enhanced chemilumines-
cence (L-CL). Human CASMCs were preincubated with or without
100 ng/ml. BDNF for 1 hour: suspended in homogenate buffer
containing 50 mmol/L. Tris/HCL. (pH 7.4). 1.0 mmel/I. EDTA,
500 mmol/L. phenylmethylsulfonyl fluoride, 2.0 mmol/L leupeptin,
and 2.0 mmol/L. pepstatin A: and then homogenized with an
ultrasonicator (415 seconds) on ice. In the time-course study. the
cells were incubated for each period with 100 ng/mL. BIDNF: in the
dose-response study, they were stimulated with the indicated con-
centration of BDNF for 1 hour. The assay solution contained
50 mmol/l. HEPES (pH 7.4), 1.0 mmoll. EDTA, 6.5 mmol/L
MgCl,, 5.0 pmol/L lucigenin as an electron acceptor, and either
1 mmol/I. NADH or 1 mmol/l. NADPH as a substrate. After
preincubation at 37°C for 10 minutes, the reaction was started by
adding 100 pL cell homogenate. The final volume of the reaction
solution was 1.0 mL. Photon emission was recorded continuously for
20 minutes. The chemiluminescent signals observed in the absence
of homogenates were subtracted from the chemiluminescence signals
of the samples. The chemiluminescence signal was corrected for the
protein concentration of each cell homogenate and expressed as
counts per minute per milligram protein for an average 20-minute
period. In some experiments. the cell homogenales were preincu-
bated with 10 pmol/L. diphenylene iodonium (DPI). a selective
NAD(P)H oxidase inhibitor, for 20 minutes before L-CL
measurement.

Superoxide Production From Human CASMCs
Dihydroethidium oxidative fluorescence dye was used to evaluate in
situ production of superoxide. Human CASMCs were preincubated
with or without 100 ng/ml. BDNF for 1 hour. treated with dihydro-
ethidium (10 umol/L). and then capped with coverslips. The slides
were incubated in a light-protected humidified chamber at 37°C for
20 minutes. The dihydroethidium image was obtained by a laser
scanning confocal imaging system (MRC-1024) equipped with a
585-nm long-pass filter.

TABLE 3. BDNF and NT-3 Concentration in Cs, Ao, and
Peripheral Vein

Non-CAD, pg/mL

SAP, pg/mL UAP, pg/mL P

BDNF
Cs 1308 (B22-1711) 1206 (683-1608) 1503 (1123-2350) 0.67
Ao 1347 (781-1743) 1229 (697-1705) 1249 (776-1754)  0.53

v 1297 (654-1856) 1267 (781-1706) 1304 (B02-1689) 0.78
NT-3

Cs 511 (460-555) 459 (380-546) 433 (308-807) 0.51

Ao 498 (345-587) 428 (360-530) 430 (332-753) 0.76

v 492 (387-606) 445 (365-530) 442 (321-799) 0.77

Vindicates peripheral vein. All values are given as medians and interquartile
ranges. Probability values are for the comparison among the 3 groups.

Statistical Analysis

Data are expressed as medians and interquartile ranges. medians and
ranges. or means and SEM as appropriate. Statistical comparison for
categorical variables such as risk factors and sex was performed by
the x* test. Age and left ventricle ejection fraction were compared
hetween groups with 1-way ANOVA. Statistical comparison for
coronary stenosis between the SAP and UAP groups and the
NAD(P)H oxidase activity was performed by the nonparametric
lests; the Mann-Whitney was used for comparison. Statistical com-
parison for NT plasma levels was performed by the nonparametric
Kruskal-Wallis tests with multiple-comparison post-hoc procedures
(Dunn’s method). Statistical analysis was performed with StatView
5 software (SAS Institiute, Inc). A value of P<<0.05 was considered
to indicate statistical significance.

Results

Patient Characteristics

Table 1 shows the clinical characteristics of the 3 groups.
There were no statistical differences among the 3 groups in
the following variables: age, sex, left ventricular ejection
fraction, hypertension, diabetes mellitus, hyperlipidemia,
smoking. or obesity. There were no significant differences
between the UAP and SAP groups in the number of diseased
vessels or the degree of angiographic stenosis. There was no
difference in the standard medications between the UAP and
SAP patients.

BDNF in Coronary Circulation Was Increased in
Unstable Angina

There was no difference in plasma levels of BDNF and NT-3
among the 3 groups (Table 3). To examine coronary circula-
tion-specific levels of NTs, the difference in NT levels
between the Cs and Ao was calculated. The Cs-Ao difference
in plasma BDNF in the UAP group was significantly greater
than that in the SAP and non-CAD groups, whereas there was
no Cs-Ao difference in NT-3 among the groups (Figure 1).

TABLE 4. Semiquantitative Analysis of BDNF in Coronary
Specimens Obtained by DCA

Expression Scores
SAP (n=29) 0.57 (0.33-1.33)
UAP (n=21) 1.74 (1.0-2.33)*

For expression scores, negative stain=0, weak stain=1, and moderate or
strong stain=2. All values are given as medians and interquartile range.
*Significant differences between UAP and SAP, P<0.01.
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Cs-Ao
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Figure 1. Cs-Ao differences in plasma
NT levels across the coronary circulation.
The Cs-Ao differences in plasma BDNF
were significantly greater in the UAP

T group than in the SAP or non-CAD
group, whereas the Cs-Ao differences in

NT-3 were not significantly different
among the 3 groups. Data are expressed
as medians, with 25th and 75th percen-

J_ _I_ tiles (boxes) and 10th and 90th percen-

tiles (I bars). *P<0.01 for the compari-
sons of the UAP, SAP, and non-CAD
groups.
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These findings indicate that the generation of BDNF in the
coronary circulation was enhanced in patients with UAP.

BDNF Expression in Human Coronary Artery

The blood sampling results (Figure 1) led us to examine
BDNF expression in the coronary arteries. Immunohisto-
chemical analysis of coronary arteries obtained from autopsy
cases was performed. BDNF was expressed in atherosclerotic
coronary arteries in all specimens (Figure 2). BDNF was
preferentially localized in the atheromatous intima and
around the vasa vasorum in the adventitia (Figure 2D and
2E). In contrast, BDNF immunoreactivity was barely de-
tected in nonatherosclerotic coronary arteries (Figure 2C).

c =g

Figure 2. BONF expression in human coronary arteries of
autopsy cases. A, Low-power view of representative human ath-
erosclerotic coronary arteries obtained from autopsied cases
shows intense BDNF immunoreactivity in the atherosclerotic
intima (i) and adventitia (a). B, There is no significant staining
with nonimmune serum used as a control. C, Low-power view
of representative nonatherosclerotic coronary arteries shows
negligible immunoreactivity of BONF. D, High-power view of the
area indicated by the rectangle in A shows BDNF expression in
smooth muscle cells of the intima. E, High-power view of the
area indicated by the rectangle in B shows the expression of
BDNF in fibroblasts around the vasa vasorum in the adventitia.
F, Immunostaining of BDNF in peripheral nerves in pericardial
tissues. m Indicates media.

Non-CAD SAP UAP
NT-3

Figure 2F shows BDNF expression in peripheral nerves.
Double staining with cell-specific markers using serial sec-
tions revealed that some smooth muscle cells and macro-
phages expressed BDNF (Figure 3).

BDNF Expression in Coronary Specimens of
Patients With Angina Pectoris

Investigation of coronary specimens from DCA of patients
with SAP (n=29) and UAP (n=21) revealed enhanced
BDNF expression in inflammatory cells, smooth muscle
cells, and extracellular matrix (Figure 4). To investigate the

A

CD68

Figure 3. Association between BDNF and CD-68 or a-actin in
atherosclerotic coronary arteries. A, B, Immunohistochemical
staining of «-actin, a marker of smooth muscle cells (A), and
BDNF (B) in serial sections of atherosclerotic coronary arteries
of autopsy sample, showing that some smooth muscle cells
expressed BDNF. C, D, Immunohistochemical staining of
CD-68, a marker of macrophages (C), and BDNF (D) in serial
sections of atherosclerotic coronary arteries of autopsy sam-
ples, showing that macrophages expressed BDNF.
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5 Figure 4. BDNF expression in DCA

A specimens. Low-power (A, C) and high-
power (B, D) views of representative
staining for BDNF of DCA specimens

F
BDNF
|
BDNF

cell types of BDNF-expressing cells, double immunofluores-
cence of BDNF and CD68 or a-actin, a specific marker of
macrophages and smooth muscle cells, respectively, was
carried out. As shown in Figure 4E through 4], smooth
muscle cells and macrophages expressed BDNF in coronary
specimens of patients with angina pectoris.

Semiquantitative analysis demonstrated that BDNF expres-
sion in coronary arteries of UAP patients was more intense
compared with SAP (Table 4). Representative cases of UAP
and SAP are shown in Figure 5.

CDE3/BDNF

a-actin

BDNF Enhanced NAD(P)H Oxidase Activity and
Reactive Oxygen Species in Human CASMCs

The effects of BDNF on NAD(P)H oxidase activity were
examined in human CASMCs. Stimulation with 100 ng/mL

B
re
1 e, -
e e
UAP (case 2)
C D
: i 5
"
SAP (case 3) SAP (case 4)

Figure 5. BDNF expression in coronary specimens of patients
with angina pectoris. A B, Representative cases of UAP; C, D,
representative cases of SAP. Semiquantitative analysis is shown
in Table 4.

G
J

a-actin /BONF

2 from angina patients. Immunohistochem-
ical analysis revealed BDNF expression
in inflammatory cells, smooth muscle
cells, and extracellular matrix. E-J, Dou-
ble immunofluorescence of BONF with
cell-specific markers. Anti-CD68 (E) and
anti—a-actin (H) were used as markers of
macrophage and smooth muscle cells,
respectively. Red-labeled immunofluores-
cence indicates cell makers; green-
labeled immunofiuorescence indicates
expression of BDNF (F, I). Colocalization
of cell-specific makers and BDNF is
shown by yellow-labeled immunofluores-
cence (G, J). Representative figure (n=5)
is shown, and similar results were
observed in all examinations.

BDNF increased NADH- and NADPH-dependent oxidase
activity =2.7- and 2.3-fold compared with that in control
(nontreated) cells, respectively (Figure 6A). This oxidative
activity was reduced by 10 wmol/LL DPI, a selective inhibitor
of NAD(P)H oxidase. In the presence of DPI, NADH- and
NADPH-dependent oxidase activity in CASMCs was re-
duced by 74% and 45%, respectively. The effects of BDNF
on NAD(P)H oxidase activity were dose and time dependent
(Figure 6B). Furthermore, in experiments with dihydro-
ethidium, an intracellular fluorescence probe. BDNF stimu-
lation increased the generation of reactive oxygen species
(Figure 6C).

Discussion

The present study demonstrated a significantly greater Cs-Ao
difference in plasma BDNF, but not NT-3, in the UAP group
than in the SAP and non-CAD groups. Immunohistochemical
analysis revealed that BDNF was expressed in atheromatous
intima and adventitia in human coronary arteries. Intense
BDNF immunoreactivity was observed in macrophages and
smooth muscle cells in atherosclerotic coronary arteries.
Semiquantitative analysis demonstrated that BDNF expres-
sion in UAP patients was more intense compared with SAP.
Furthermore, BDNF enhanced NAD(P)H oxidase activity and
superoxide production in cultured CASMCs, and its selective
inhibitor suppressed the effect of BDNF. Thus, BDNF in the
coronary vasculature might enhance oxidative stress via the
activation of NAD(P)H oxidase.

BDNF has protective effects against injury or ischemia in
both the central and peripheral nervous systems.*-¢ For
example, Schabitz et al'” demonstrated that intravenous
BDNF injection reduces infarct size in rat model. On the
other hand, several lines of evidence suggest that NTs
potentiate neuronal death under some conditions such as
serum or oxygen-glucose deprivation.22! Kim et al'? dem-
onstrated that BDNF acts as a pronecrotic factor through
activation of NAD(P)H oxidase in cortical cells, and other
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Figure 6. A, Effect of BDNF on NAD(P)H oxidase in cultured human CASMCs. Enzymatic activity of NAD({P)H oxidase in human CASMC
homogenates was assessed by L-CL. NADH- (left) and NADPH- (right) dependent oxidase activity was enhanced by treatment with
BDNF (100 ng/mL) for 1 hour. Treatment with DPI reduced the activity of NAD{P)H oxidase. The chemiluminescent signals are
expressed as counts per minute per milligrams of protein. Data are expressed as medians, with 25th and 75th percentiles (boxes) and
10th and 90th percentiles (I bars). B, Dose response and time dependency of BDNF on NAD(P)H oxidase activity. In the dose-response
study, CASMCs were stimulated with the indicated concentration of BONF for 1 hour (left). In the time-course study, the cells were
incubated for each period with 100 ng/mL BDNF (right). Graphs are representatives of 4 independent experiments. *P<0.05 for the
chemiluminescent signals of CASMCs with and without BDNF preincubation. C, Effect of BDNF on reactive oxygen species generation
in cultured human CASMCs. Generation of reactive oxygen species was assessed with the dihydroethidium method. Treatment with
BDNF (100 ng/mL} increased superoxide generation vs control. Results are representative of 5 independent experiments.

studies indicated that NTs induce cell death in cerebral
ischemia.?® Thus, the intracellular signaling pathway medi-
ated by NTs can act not only for survival but also as a
proapoptotic or pronecrotic pathway in neuronal cells.
Whether coronary BDNF induces cell necrosis or apoplosis
of vascular cells warrants further investigation. BDNF en-
hanced the activity of NAD(P)H oxidase and the generation
of superoxide in cultured smooth muscle cells. Because
oxygen radicals activate matrix metalloproteinases,® the
oxidative stress by BDNF might induce the instability of
atherosclerotic plaques. On the other hand, BDNF has impor-
tant roles in survival or as a development factor even in
nonneuronal tissues such as endothelial cells.** BDNF in
vasculature may work as a protective factor for endothelial
cells in a counterregulatory mechanism. Further investigation
is needed to clarify the precise mechanisms of BDNF in the
pathogenesis of UAP.

In the present investigation, increased Cs-Ao differences in
BDNF were observed in the UAP patents, although there was
no significant difference in the numbers of diseased vessels or
the degree of coronary stenosis between the SAP and UAP
groups. These findings indicate that BDNF in the coronary
circulation seems to influence the disease state of angina
pectoris rather than the degree of coronary atherosclerosis
and plaque formation. Acute coronary syndrome usually
occurs at sites with <70% stenosis, as determined by angio-
graphic studies performed in patients before the onset of
coronary events. Therefore, BDNF might be involved in the
vulnerability of atherosclerotic plaques. There are several

possible origins of BDNF in the coronary circulation, includ-
ing vascular smooth muscle cells, accumulating inflammatory
cells, adventitial fibroblasts, cardiac myocytes, and neural
cells. Recently, it has been reported that platelets release
BDNF; therefore, activated platelets are a potential origin of
BDNF.2® However, the intense immunoreactivity in patients
with UAP suggests that BDNF in the coronary circulation
likely comes from atherosclerotic plaques. Plaque rupture and
erosion are key events in the pathogenesis of acute coronary
syndrome, including unstable angina; therefore, it is possible
that disrupted atherosclerotic plaques release BDNF. Some
other factors may be involved in the increased Cs-Ao differ-
ences in BDNF. Thus, further investigations are necessary to
establish the causal relationship between BDNF and plaque
rupture.

Psychological stress produces significant increases in heart
rate and blood pressure, which might lead to an increased
myocardial oxygen demand. Kario et al*® demonstrated that
earthquake-induced stress increased not only blood pressure
and blood viscosity determinants but also fibrin turnover with
endothelial cell stimulation in a group of hypertensive elderly
subjects, suggesting that acute stress might trigger cardiovas-
cular events. On the other hand, psychological stress in-
creases the secretion of NTs from central and peripheral
nerves.2’-2¢ Neuropsychological studies demonstrate that psy-
chological stress such as immobilization stress increases
BDNF mRNA expression in the hypothalamus of experimen-
tal models.2® There is no direct evidence that BDNF in the
coronary vasculature is regulated by psychological stress in
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humans; however, psychological stress might increase the
production of BDNF in coronary beds, which in tumn aug-
ments regional oxidative stress via NAD(P)H oxidase. Fur-
ther investigation is needed to clarify the regulation of
coronary BDNF and the direct effect of psychological stress
on NT levels in the coronary vasculature.

Plasma BDNF levels are decreased in patients with psy-
chological disorders such as depression, and the level recov-
ers with antidepressant drug treatment.?”® In our study, we
did not enroll patients with mental disorders, and no patients
had taken antidepressant drugs or tranquilizers. Although the
psychological states of the patients were not examined, we do
not consider that the Cs-Ao differences in BDNF were
influenced by these factors.

In conclusion, plasma BDNF, but not NT-3, was increased
in the coronary circulation in patients with UAP, and BDNF
expression was enhanced in coronary arteries of UAP pa-
tients. BDNF increased NAD(P)H oxidase activity and su-
peroxide production in human CASMC culture. Qur obser-
vations suggest that the enhanced oxidative stress induced by
BDNF has an important role in plaque instability.
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Stoichiometric Relationships Between Endothelial
Tetrahydrobiopterin, Endothelial NO Synthase (eNOS)
Activity, and eNOS Coupling in Vivo

Insights From Transgenic Mice With Endothelial-Targeted GTP
Cyclohydrolase 1 and eNOS Overexpression

Jennifer K. Bendall, Nicholas J. Alp, Nicholas Warrick, Shijie Cai, David Adlam. Kirk Rockett.
Mitsuhiro Yokoyama, Seinosuke Kawashima, Keith M. Channon

Abstract—Endothelial dysfunction in vascular disease states is associated with reduced NO bioactivity and increased
superoxide (O;7) production. Some data suggest that an important mechanism underlying endothelial dysfunction is
endothelial NO synthase (eNOS) uncoupling, whereby eNOS generates O, rather than NO, possibly because of a
mismatch between eNOS protein and its cofactor tetrahydrobiopterin (BH4). However, the mechanistic relationship
between BH4 availability and eNOS coupling in vivo remains undefined because no studies have investigated the
regulation of eNOS by BH4 in the absence of vascular disease states that cause pathological oxidative stress through
multiple mechanisms. We investigated the stoichiometry of BH4—eNOS interactions in vivo by crossing endothelial-
targeted eNOS transgenic (eNOS-Tg) mice with mice overexpressing endothelial GTP cyclohydrolase 1 (GCH-Tg), the
rate-limiting enzyme in BH4 synthesis. eNOS protein was increased 8-fold in eNOS-Tg and eNOS/GCH-Tg mice
compared with wild type. The ratio of eNOS dimer:monomer was significantly reduced in aortas from eNOS-Tg mice
compared with wild-type mice but restored to normal in eNOS/GCH-Tg mice. NO synthesis was elevated by 2-fold in
GCH-Tg and eNOS-Tg mice but by 4-fold in eNOS/GCH-Tg mice compared with wild type. Aortic BH4 levels were
elevated in GCH-Tg and maintained in eNOS/GCH-Tg mice but depleted in eNOS-Tg mice compared with wild type.
Aortic and cardiac O, production was significantly increased in eNOS-Tg mice compared with wild type but was
normalized after NOS inhibition with Nw-nitro-1.-arginine methyl ester hydrochloride (L-NAME), suggesting O,"
production by uncoupled eNOS. In contrast, in eNOS/GCH-Tg mice, O, production was similar to wild type, and
L-NAME had no effect, indicating preserved eNOS coupling. These data indicate that eNOS coupling is directly related
to eNOS-BH4 stoichiometry even in the absence of a vascular disease state. Endothelial BH4 availability is a pivotal
regulator of eNOS activity and enzymatic coupling in vivo. (Circ Res. 2005;97:864-871.)

Key Words: endothelial nitric oxide synthase m tetrahydrobjopterin m nitric oxide m superoxide

Nilric oxide (NO), produced by endothelial NO synthase
(eNOS) in the vascular endothelium, is a critical signal-
ing molecule in vascular homeostasis.! NO serves as an
endothelium-derived relaxing factor, regulates vasomotor
tone and blood pressure,’? and has multiple antiatherogenic
roles by inhibiting vascular smooth muscle cell proliferation,
platelet aggregation, and leukocyte adhesion.’ Loss of NO
bioavailability is a key feature of endothelial dysfunction in
vascular disease states such as hypertension, diabetes, and
atherosclerosis. Furthermore, impaired NO-mediated endo-
thelial function is an independent risk factor for cardiovas-
cular disease.* Several factors contribute to loss of NO

bicavailability, including reduced NO synthesis and NO
scavenging by reactive oxygen species (ROS).® Under phys-
iological conditions, there is a balance between endothelial
NO and ROS production. However, vascular diseases are
associated with increased ROS generation.® Several oxidase
systems contribute to the increased oxidative stress, notably
the NADPH oxidases.”

Increasing evidence suggests that eNOS itself can generate
superoxide (O,”) under certain pathophysiological condi-
tions.” Ozaki et al'? reported recently that transgenic overex-
pression of eNOS in apolipoprotein E knockout mice para-
doxically increases vascular (,” production because of
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enzymatic uncoupling of increased eNOS protein levels.
Recent data indicate that the pterin cofactor tetrahydrobiop-
terin (BH4) is a major determinant of whether eNOS pro-
duces NO or O, 7.'*12 When BH4 levels are insufficient, there
is a shift toward the production of O, as electron transfer
within the active site of eNOS becomes uncoupled from
L-arginine oxidation, and molecular oxygen is instead re-
duced to form O, .'' O, generated by eNOS has been
implicated in endothelial dysfunction associated with a num-
ber of vascular disease states, including diabetes, smoking,
hypertension, and atherosclerosis,'®2-'¢ and BH4 supple-
mentation improves endothelium-dependent vasodilatation
under these conditions.'® However, the effects of systemic
pharmacological BH4 supplementation in these studies may
be mediated in part by nonspecific antioxidant properties of
acute high-dose BH4,'” which can increase NO bicavailabil-
ity indirectly by reducing its scavenging by ROS.

Recent studies have focused on the potential role of BH4
oxidation, to dihydrobiopterin (BH2) and other biopterin
species, in reducing BH4 bioavailability in preatherosclerotic
disease states.'®~'* In particular, the interaction of BH4 with
peroxynitrite (generated from the reaction between NO and
0, ") rapidly oxidizes BH4 and can provoke eNOS uncou-
pling and endothelial dysfunction.'>*-2! Indeed, eNOS un-
coupling may exacerbate the process by contributing to BH4
oxidation. However, it is unclear whether eNOS uncoupling
alone is sufficient to initiate BH4 oxidation and exacerbate
e¢NOS uncoupling in vivo because all in vivo studies to date
have evaluated BH4-dependent eNOS regulation in complex
vascular disease states in which multiple inflammatory and
redox pathways are implicated. Other previous studies of
the role of BH4 in eNOS function have relied on puri-
fied recombinant proteins in reconstituted cell-free
S},S[ems_'J.Il_EZ.'.’_S

Accordingly, we sought to investigate the importance of
BH4 in regulating eNOS activity in vivo in healthy animals
without vascular disease. We used a transgenic mouse model
with endothelial-targeted overexpression of GTP cyclohydro-
lase 1 (GTPCH), the rate-limiting enzyme in BH4 synthesis,
in which endothelial BH4 levels are specifically increased.*
We crossed this transgenic mouse with a mouse overexpress-
ing eNOS in the endothelium to generate mouse models with
graded alterations in endothelial BH4 and eNOS levels 1o
investigate the mechanistic relationships between BH4 and
eNOS coupling in vivo,

Materials and Methods

Animals

All studies involving laboratory animals were conducted 1n accor-
dance with the UK Home OfTice Animals (Scientific Procedures) Act
1986 (HMSO, UK). eNOS transgenic (¢NOS-Tg) mice, in which
bovine eNOS transgene overexpression is targeted (o the vascular
endotheliom under the control of the munne preproendothelin-1
promoter in a CS7BL/6 background, were produced as described
previously.?® GTPCH transgeni¢ (GCH-Tg) mice, in which human
GTPCH transgene overexpression is targeled (o the endothelium
under control of the murine Tie-2 promoter, were generaled in a
C57BL/6 background as described previously?¢ Heterozygote
eNOS-Tg mice were mated with heterozygote GCH-Tg mice 10
produce experimental eNOS/GCH-Tg, eNOS-Tg, GCH-Tg, and
wild-type littermates in a 1:1:1:1 ratio. Mice (between 13 and 20
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weeks of age in all expenments) were howsed in individually
ventilated cages with 12-hovr light/dark cycle and controlled tem-
perature (20°C o 22°C) and fed normal chow and water ad libitum.

Western Blot Analysis

Lung samples (n=4 per group) were homagenized on ice for 20
seconds in lysis buffer (50 mmol/L. Tris, pH 7.5, 150 mmol/l. NaCl.
0.1% SDS, 0.5% deoxycholate, 1% Nonidet P-40) containing pro-
tease inhibitors (Complete; Boehringer Mannheim) and 1 mmol/L
phenylmethylsulfonyl Muoride. Protein lysates (8 pg) were resolved
using SDS-PAGE and transferred o polyvinylidene difluoride mem-
branes. Membranes were incubated with a 1:2000 dilution of mouse
anti-eNOS monoclonal antibody (Transduction Laboratories), which
recognizes murine and bovine eNOS, followed by a 1:2500 dilution
of rabbil anti-mouse horseradish peroxidase—conjugated secondary
antibody (Promega). Protein bands were visualized by chemilumi-
nescence. To investigate the ratio of eNOS homodimer (0 monomer,
Western blots were performed as above using nonboiled aortic
lysates and low-temperature SDS-PAGE as described previously.2”

Primary Cultures of Murine Lung

Endothelial Cells
Lungs were harvested into culure medium (35% DMEM, 35%
Ham’s F- 10 nutrient mixture, 20% FBS, 2 mmol/L. L-glutamine, 100
U/100 pg/mL penicillin-streptomycin, 100 pg/ml. heparin, and 50
a/ml. endothelial mitogen [Biogenesis]), cutinto 1- (o 2-mm pieces
and digested vsing 0.1% collagenase Lype 1 for 1 hour at 37°C. The
lung digest was passed throngh a 100-pm cell strainer. Cells were
centrifuged, resuspended in culture medium, and plated onto 0.1%
gelatin-coated cover slips. Cultures were maintained at 37°C in
humidified 5% CO,/95% air atmosphere for 72 hours before lixation
with 4% paraformaldehyde.

Immunocytochemistry

Fixed culures were permeabilized with PBS containing 0.5% Triton
X-100, and nonspecific staining was reduced by blocking with 10%
normal goal serum. Cultures were incubated with a polyclonal rabbit
anti-eNOS primary antibody (Transduction Laboratories) followed
by goat anti-rabbit secondary antibody (Alexa Fluor 48K; Molecular
Probes). Cells were mounted with cover slips using Vectashield
containing propidium iodide (Vector Laboratories) and imaged using
a Bio-Rad MRC-1024 laser-scanning confocal microscope.

Measurement of Biopterins and Neopterin

Biopterins, such as BH4, BH2 and bioptenn, and neoplenn were
measured in aortic homogenates by high-performance liquid chro-
matography (HPLC) analysis after iodine oxidation in acidic or
alkaline conditions as described previously.?*2¢ In bref, thoracic
aortas (n=6 10 8 per group) were homogenized for 20 seconds in
ice-cold extract buffer (S0 mmol/l. Tris-HCI, pH 7.4, 1 mmol/L.
dithiothreitol, and 1 mmol/L. EDTA) containing 0.1 pwmol/L. neop-
terin as an internal recovery standard. Samples were deproieinated
before undergoing oxidation with 1% iodine/2% potassium iodide
under either acidic or basic conditions. Biopterin content was
assessed using HPLC in 5% methanol/95% water using an ACE S
C18 column (ACT) and fluorescence deétection (350 nm excitation
and 450 nm emission). BH4 concentration was calculated as pico-
moles per milligram of protein by subtracting BH2 and biopterin
from total biopterin content.

Arginine-to-Citrulline Conversion

NOS enzymalic activity, and indirectly NO synthesis, was measured
by the conversion of "C L-arginine to "'C r-citrulline in fresh intact
aorta (n=35 1o 8§ per group) and lung homogenate (n=6 per group) as
described previously 242 The integrals of citrulline peaks were
expressed as a proportion of total “C counts for cach sample.
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