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Abstract

Objective: NO has both cytoprotective and cytotoxic effects. A key cytoprotective action of NO is atiributed to inhibition of nuciear
factor-«B (NF-xB)-mediated gene expression; this potentially endows NO with ubiquitous anti-inflammatory activity. Since
immunostimulant-induced INOS gene expression is itself dependent on NF-xB, NO is expected to limit its own synthesis. On the other
hand, many cytotoxic actions of NO have been attributed to the chemical reactivity of peroxynitrite (ONOO™) formed from NO by néar
diffusion-limited reaction with Oz . To assess whether ONOO™ shares the ability of NO to inhibit NF-kB activation and consequent iNOS
gene expression, we compared effects of NO donors (NOR3 and SNAP), an ONOO™ donor (SIN-1), and pure ONOO™ on LPS-induced
responses in vasciiar smooth muscle cells (VSMC). Methods and results: NO donors, but not ONOO™, suppressed LPS-induced NF-xB
activation and expression of a murine iNOS promoter/reporter construct. An NO donor also suppressed NF-+B activation when induced by
IL-1D or TNFo. Northern biot and RT-PCR analyses showed that NO, but not ONOO™ or §-bromo-cGMF, decreases LI*S-induced expression
of iNOS mRNA. Electrophoretic mobility shift assays (EMSA) and immunocytochemical analyses confirmed that NO but not ONOO™
inhibits puclear translocation of NF-xB. Although ONOO™ generation from SIN-1 did not inhibit NF-«B activation, conversion of SIN-1 to a
pure NO donor (by addition of excess superoxide dismutase) resulted in potent inhibition of NF-kB activation. Dose—response analyses
suggest that the inhibitory effect of NO on iNOS gene transeription results specifically from inhibition of NF-xB activation, and is mediated
by a G-cyclase-independent mechanism that is unavailable to ONOO™. LPS stimulates IsB-o phosphorylation by inducing [xB kinase (TKK)
activity, and NO, but not ONOO ™, inhibits LPS-induced IxB-o phosphorylation and IKK activity. Conclusion: We demonstrate that only NO
inhibits the activation of NF-xB and suppresses INOS gene expression. This distinction provides a novel paradigm to rationalize
cytoprotective and cytotoxic actions attributed to NO.
© 2004 European Society of Cardiology. Published by Elsewe; B.V. All rights reserved.
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1. Introduction product, leading to NO overproduction and vasopatho-
physiology [1]. iINOS-derived NO overproduction appears

Endothelial-derived nitric oxide (NO) plays a physio- to be a ubiquitous mediator of vascular inflammatory
logical role in regulating vascular tone and blood pres- conditions, including atherogenesis [2] and various forms
sure, maintaining a nonadhesive vasoluminal surface, of circulatory shock [3,4]. Importantly, the systemic
mediating angiogenesis and preventing inappropriate pro- inflammatory response is alse defined by the production
liferation of underlying vascular smooth muscle cells of oxygen-derived free radicals [5]. There is now sub-
(VSMC). In contrast to these beneficial actions of con- stantial evidence that immune stimulus-evoked cytotoxic-
stitutively produced NO, immunostimulants trigger ex- ity involves the concerted action of reactive oXygen- and
pression of the inducible NO synthase (INOS) gene nitrogen-derived species. Indeed, a major component of

injury is associated with the simultaneous production of
NG and Oy, leading to near diffusion-limited production

* Comesponding zuthor. Tel/fix: +81-282-87-2150. of the reactive species, peroxynitrite (ONOO™) [6]. Syn-
E-mail address: yhatiori@dokkyomed.ac.jp (Y. Hattori). thesis of ONOO™ has been considered as a channeling
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mechanisim that diverts NO from physiological to patho-
physiological targets. The ability of immunostimulants to
upregulate INOS gene expression in rodents [7} and man {8]
is dependent on activation of the transcription factor, nuclear
factor kB (NF-xB). Activated NF-xB serves as the master
coordinator of the inflammmatory response, binding to con-
sensus elements in the promoters of diverse immunostimu-
lant-inducible genes and upregulating transcription (for
review, see Refs. [9,10]). Dormant NF-kB resides in the
cytosol; of quiescent cells bound to inhibitory proteins, iso-
forms Jaf IxB. Inflammatory stimuli and oxidative stresses
trigger rapid phosphorylation of IxB, resulting in targeted
degradation by the proteasome. This results in untethered
cytosolic NF-kB that undergoes nuclear translocation, fol-
lowed by binding to promoter sequences in cognate target
genes that elicit transcriptional upregulation. Recently, a
cytokine-responsive IkB-a kinase (IKK) that activates NF-
vB by phosphorylation of Ser32 and Ser36 residue in [kB-o
has been identified [[T —E3]. In the murine INOS gene, a 5’ -
flanking NF-kB binding clement was shown to be both
necessary and sufficient to initiate franscription in maecro-
phages treated with bacterial lipopolysaccharide (LPS) [7]). In
rat VSMC, LPS and interferon-y (IFN) act synergisticaily to
induce iNOS expression [14] by a process that is inhibited by
the NF-xB antagoenist, pyroliding dithiocarbamate [15]. Pro-
moter analyses in rat VSMC confinn that at least one
functional NF-«xB binding element in the rat iNOS gene
mediates immunostimulant-induced transeription {16].
NF-xB-regulated genes additionally include those which
encode cytokines, cytokine-receptors, cell adhesion mole-
cules, major histocompatibility complex proteins and
enzymes involved in the synthesis and metabolism of in-
flammatory mediators (e.g., O3 ). Transcriptional upreguia-
tion of this battery of genes constitutes a phenotypic switch
that tnight be propagated to other cells in a feed-forward
manner, where it not for the initiation of anti-inflammatory
tnechanisms that terminate transeription. One important anti-
inflammatory mediator may be NO itself. Indeed, it has been
reported that NO inhibits NF-«xB activation in vascular cells,
including human endothelial cells [17] and rodent VSMC.
[18]. Suppression of NF-kB activation by NO has been
attributed to induction and/or stabilization of IkB-c; this
may result from NO-mediated inhibition of Ik B-a phosphor-
ylation [15]. Paradoxically, NO has also been reported to
trigger MF-kB activation in various situations [19,20].
Explanations for these apparently conflicting actions of
NO--anti-inflammatory and pro-inflammatory—include
differences in rate, source or duration of cell exposure to
NO, differences in the time before measuring NF-xB activ-
ity, and cell-specific differences’ in response to NO. An
alternative explanation for the apparent opposing actions of
NO is offered by an appreciation that NO can be diverted to
reaction products with bioactivities that differ from NO
itself. As noted above, co-synthesis of O7 in the inflamma-
tory environment effectively channels NO to production of
ONOO™. In fact, ONOO™ has been reported to increase

INOS through NF-xB in vascular endothelial cells [21].
Accordingly, we hypothesized that reported NF-xB sup-
pressing and potentiating activities of NO may be reconciled
by fundamental differences in actions of NO and ONOO™.
The present study compares the effects of NO with ONOO™
on NF-kB activation and iNOS gene expression in VSMC.

2. Methods
2.1, Muaterials

Recombinant rat interferon-y, TNFe, and IL-1p were
obtained fom Genzyme (Cambridge, MA, USA). NOR3
({ & }(E)-4-ethyl-2-[(E)-hydroxyimino]-5-nitro-3-hexena-
mide), SNAP (S-nitroso-N-acetyl-pL-penicillamine), SIN-1
(3-(4-morpholinyl)-sydnonimine hydrochloride), and
ONOQ™ solutions wete purchased from Dojin (Kumamoto,
Japan). Bacterial lipopolysaccharide (LPS: Escherichia coli,
serotype No. 0127:B8), pyrrolidine dithiocarbamate
(PDTC), N-acetylcysteine (NAC), and 8-bromoguanosine
3! ;5 -cyclic monophosphate (8-bromo-cGMP) were
obtained from Sigma (St. Louis, MO, USA). Cw/Zn-super-
oxide dismutase (SOD) was purchased from Roche diag-
nostic (Tokyo, Japan). Bacteria expressing GST-IkBe (1-
55) was kindly provided by Dr. Hideaki Kamata (Himeji
Institute of Technology, Japan).

2.2, Cell culture and nitrite assay

VSMC were isolated by elastase and collagenase diges-
tion of thoracic aortae from male Wistar rats, as previously
described [22]. Nitrite accumulation, an indicator of NO
synthesis, was measured in the cell culture medium of
confluent VSMC, as previously described [14].

The investigation conforms with the Guide for the Care
and Use of Laboratory Animals published by the US
National Institute of Health (NIH Publication No. 85-23,
revised 19835).

2.3. NF-xB activation

To study NF-xB activation, VSMC were stably trans-
fected with 2 cis-reporter plasmid containing the luciferase
reporter gene linked to five repeats of NF-xB binding sites
(pNF&B-Luc: Stratagene, La Jolla, CA, USA) as previously
described [23]. The endothelial cells (YPEN-1 cell line from
prostata endothelium, ATCC) were also stably transfected
with the same plasmid, Several clones were selected for
analysis of NF-xB activation. Luciferase activity was mea-
sured using a luciferase assay kit (Stratagene).

For immunohistochemical localization of NF-xB, rat
VSMC were grown in wells on glass chamber slides (Nalge
Nunc Int., Roskilde, Denmark). Cells were treated with LPS
in the absence or presence of NORJ3 for 2 h, fixed with 4%
fonnaldehyde/[phosphate-buffered saline (PBS)] for 20 min
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at room temperature, and then treated with triton X-100
{0.2% in PBS) for 5 min. Chamber slides were incubated
with 1% bovine serum albumin in PBS for 10 min, followed
by 30-min exposure to a 1:40 dilution of a rabbit polyclonal
antibody that specifically recognizes the p50 subunit of NF-
kB (Santa Cruz Biotechnology, Santa Cruz, CA, USA). This
p50 antibedy did not cross-react with NF-xB subunits p 105,
P52, or pl00 under the conditions employed. Primary anti-
body was visualized by fluorescence microscopy (Olympus
AX 80) after a 30-min Incubation with a {:100 dilution of
green-fluorescent Alexa 488 conjugate {goat anti-rabbit IgG,
Molecular Probes, Eugene, OR, USA) and washing in PBS.
Electrophoretic mobility shift assay (EMSA) was per-
formed using nuclear extracts, prepared from VSMC that
were either untreated or treated with LPS in the absence or
presence of NOR3 for 2 h prior to harvesting nuclei. Nuclear
extracts were prepared according to the tethod of Schreiber
et al. [24]. EMSA utilized a 32P-labeled double-strand oligo-
nucleotide, containing the NF-«B/c-Rel consensus binding
sequence AGTTGAGGGGACTTTCCCAGGC (Promega
Biotech, WI, USA). Nuclear proteins were incubated with
the labeled oligonucleotide for 30 min and then subjected to
polyacrylamide gel electrophoresis and autoradiography.

2.4. iNOS promoter analysis

iNOS promeoter activity was studied as previously de-
scribed [23], using rat VSMC stably transfected with a
construct containing a 1.7-kb fragment of the mouse iINOS
promoter cloned in front of a reporter gene that encodes the
secreted form of human placentel alkaline phosphatase
(SEAP). SEAP activity in the cell culture medium was
measured by a sensitive cherniluminescence assay (Phos-
pha-Light, TROPLX, Bedlord, MA, USA).

2.5. Analysis of iNGS, MCP-1, and IxB-o mRNA
expression

Standard Northemn blotting was used to investigate the
mRNA expression for iNOS, MCP-1, and IkB-o, as previ-
ously described [23]. After probing for INQS, MCP-1, or
IkB-o expression, filters were stripped and reprobed for the
presence of glyceraldehyde-3-phosphate dehydrogenase
{(GAPDH) mRNA. Expression of INOS mRNA was also

Tig. 1. Cffect of NOR3, SNAP, SIN-1, ONOO™, and 8-bromo-cAMP on
NF-xB-dependent transeriptional activity/luciferase reporier expression in
stably transfected rat vascular smooth muscle cells. {A) Cells were treated
with LPS (30 pg/ml) in the presence of indicated concentrations of NOR3,
SNAP, SIN-1, ONOO™, or 8-bromo-cAMP for 3 h. (B} Cells were treated
with LPS (30 ug/ml) in the presenee of SIN-1 {1 mM) or SOD (5000 U/ral)
or both for 3 h. After treatment, luciferase activity in the cells was
measured. (C) Using endothelial cells (YPEN-1 cell line from prostata
endothelium, ATCC), the effect on NF-kB activation was evaluated.
Endothelial cells were treated with LPS (1 gg/ml) in the presence of
indicated concentrations of NOR3, SNAP, SIN-1, ONOO™, or &-bromo-
cAMP for 3 . Values are means + 8.EM. (n=3), *P<0.05 versus LPS in
the absence of each agent.
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analyzed by reverse transcription-polymerase chain reaction
{RT-PCR) as previously described {23]. IxB-a ¢DNA was
synthesized by amplifying ¢DNA from VSMC using pri-
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mers derived from the published ¢cDNA sequence of murine
IkB-a [26]. Sequencing of the PCR product {125 bp)
showed 96% identical to the comresponding murine IkB-a
¢DNA sequence.

2.6. Western blot unalysis

VSMC treated with LPS in the presence of NOR3 or
ONQO™ for various intervals were lysed using cell lysis
buffer {Cell Signaling, Beverly, MA, USA) with 1 mM
PMSE. The protein concentration of each sample was
measured using a Bio-Rad detergent-comnpatible protein
assay. Subsequently, R-mercaptoethanol was added at a
final concentration of [%, and each sample was denatured
by boiling for 3 min. Samples containing 15 pg of protein
wete resolved by electrophoresis on 12% sodium dodecyl
sulphate {SDS)-polyacrylamide gels and transferred to poly-
vinylidene fluoride (PVDF) membranes (Bio-Rad) incubat-
ed with Phospho-IkB-a antibody and IxB-a antibody
{1:1000, Cell Signaling). The binding of each of these
antibodies was detected using sheep anti-rabbit IgG horse-
radish peroxidase (1:20,000) and the ECL Plus system
{Amersham, Buckinghamshire, UK).

2.7. IKK kinase assay

The kinase activity of IxB kinase (IKK) was analyzed by
immune complex kinase assay using a substrate, GST-IxBu
(1-55), as described previously [27). Briefly, the cells were
solubilized in ice-cold buffer, and then centrifuged at
15,000 x g for 20 min. IKKea and IKK3 were recovered
from the lysates by immunoprecipitation, and then the

(A)
@ @

immune complexes were incubated with 20 ul reaction
buffer contaming 20 mM HEPES/NaOH, pH 7.4, 10 mM
MgClz, 50 mM NaCl, 100 mM Na,VO,, 20 mM B-
glycerophosphate, 1 mM DTT, 100 uM ATP, 0.1 pCi
[y-*PIATP, 10 ng GST-IkBa (1~55) at 30 °C for 20
min. After SDS-polyacrylamide gel electrophoresis (PAGE),
the phosphorylation of GST- IxBw was estimated by Imag-
ing plate (Fuji Film).

2.8. Statistical analysis

Comparisons between group means were perforined by
two-way ANOVA and Tukey post hoc analysis test with
InStat software {GraphiPad Software). Student’s unpaired ¢
test was used for comparisons between two treatment
groups. A value of P<0.05 was considered to be statistically
significant. '

3. Results
3.1. NF-xB-dependent transcriptional activation

LPS elicits NF-xB activation in VSMC, thereby stimu-
lating transcription of NF-kB-induced genes. Studies were
performed fo assess the effect on LPS-induced NF-xB
activation of NO-releasing agents (NOR3 and SNAP), an
ONOO™ donor (SIN-1), and pure QNOO™. As shown in
Fig. 1A, NOR3 and SNAP each caused a dose-dependent
and near-complete suppression of NF-«B activation; half-
maximal inhibitory concentrations were 50 and 80 pM,
respectively. TNFa- and IL-1(3 also markedly stimulaied
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Fig, 2. Effect of NOR3 and SIN-1 on NF-«xB nuclear translocation. VSMC were left untreated or treated with LPS (30 pg/ml), alone, or in the presence of
NORS (500 M) or SIN-1 (500 yM) for 2 h. (A) Cells were fixed and subjected to immwnchistochemical staining for suelear translocation of NF-kB. {a)
Control; (b) LPS; (c) LPS +NORS3; (d) LPS +SIN-1. (B} Cells were treated as in (A), and extracted nuclear protein (10 pg) was subjected to EMSA. using a

double-stranded oligonucleotide probe for NF-«B binding.
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(A)
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NF-xB activation in VSMC and the NO-donor NOR3 (1
mM) abolished these actions (datz not shown). In contrast,
no significant inhibition of LPS-induced NF-kB activation
was observed when ONGO™ was administered directly or
indirectly, as a product of the reaction of SIN-1-derived NO
and O; . Notably, when SIN-1 (1 mM) was converted from
an ONOO™ donor to an NO donor, by addition of 5000 U/
il SOD, LPS-induced NF-xB activity was potently sup-
pressed (Fig. 1B). Neither SOD on ils own (Fig. 1B, 5000
Ufml), nor a cell-permeant analog of cGMP, 8-bromo-cGMP
(Fig. 1A), inlibited LPS-induced NF-xB activation. Togeth-
er, these findings indicate that NO acts by a ¢GMP-inde-
pendent mechanism to suppress immunostimulant-induced
NF-kB activation and this action is not a property shared
with ONOO™. ‘

Using another cell type (endothelial cells), the effect on
LPS-induced NF-xB activation of NOR3, SNAP, SIN-1,
and pure ONOO™ was examined. As shown in Fig. 1C,
NOR3 and SNAP caused a dose-dependent suppression of
NF-xB activation in endothelial cells, while SIN-1 and pure
ONOG™ had little effect.

3.2. NF-xB nuclear translocafion

To exatnine whether NO prevents nuclear translocation
of active NF-xB in LPS treated VSMC, immunchisto-
chemical staining with an anti-p50 antibody was per-
formed. Untreated VSMC displayed a diffuse cytosolic
distribution of immunoreactive p50. Following 2-h expo-
sure of rat VSMC to LPS (30 pg/ml), a dense nuclear

8Br-cGMP
ONOO"-

SIN-1

SEAP activity {fold)

SNAP

Concentration (mM)

Fig. 3. Effect of NOR3, SNAP, 8IN-1, ONCO™, and 8-bromo-cAMP on
iNOS promoter/SEAP reporter expression in stably transfected rat VSMC.
Cells were treated with LPS (30 pg/ml) alone, or in the presence of indicated
cancentrations of WOR3, SNAP, STN-1, ONGO ™, or 8-bromo-c AMP for 24
h. After this time, SEAP activity was quantified in the cell eulture medium,
Values are means £ S.EM. (n=3). *P<0.03 versus LPS alone.

tay
h

()

MCP-1

28S

Q
[+]
-1
-~

Fig. 4. Effect of NOR3, SNAP, SIN-1, ONQO™, or 8-bromo-cAMP cn
LPS/TFN-induced increase in iINOS mRNA abundance. Rat VSMC were
treated with LPS (30 pg/ml) plus IFN (100 U/ml} in ihe presence of
indicated concentrations of NOR3 (parel A), or 1 mM concentrations of
NOR3, SNAP, SIN-1, OONO™, or 8-bromo-cAMP (panel B) for 8 h. For
MCP-1 gene expression, VSMC were treated with LPS/IFN in the presence
of NOR3 (1 mM) or ONOO™ {1 mM) for § k {panel C). Total RNA was
isolated and analyzed by northern blot hybridization with an iNOS-specific
probe (A) and with MCP-1-specific probe (C), or RT-PCR using iNOS-
specific primers {B}. ’

accumulation of immunoreactive p50 was conspicuous.
Notably, the ability of LPS to induce nuclear translocation
of NF-xB p50 was abolished by pretreatment of VSMC
with NOR3 (500 nM), but unaffected by SIN-1 (500 uM)
treatment (Fig. 2A).

EMSA confirmed significant activation of NF-kB by
LPS in VSMC. As shown in Fig. 2B, nuclear extracts from
LPS-treated cells caused a distinet shift in electrophoretic
mobility of & radiolabeled double-siranded oligonucleotide
binding probe that recognizes NF-xB; this shifted band was
absent from nuclei of untreated cells. This .LPS-induced
nuclear translocation of active NF-xB was abolished in
VSMUC that had been pretreated with NOR3 (500 pM), as
evidenced by Joss of the shifted-band (Fig. 2B). In contrast



36 ¥. Hattori et al, / Cardiovascular Reseurch 63 (2004) 31-40}

to the complete suppression of NF-kB activation observed
with an NO-donor, an ONOQQ™ donor SIN-1 (500 mM) was
without effects (Fig. 2B).

3.3. INOS promoter activation

The effects of NOR3, SNAP, SIN-1, ONOO™, and 8-
bromo-cGMP on LPS-induced iINQS promoter activation in
VSMC were evaluated. LPS potently activated the iNOS
promoter, as indicated by a >5-fold increass in SEAP
teporter geme activity (Fig. 3). This LPS-induced INOS
promoter activity was inhibited in a dose-dependent manner
by NOR3 (IC5,=70 puM) and SNAP (ICs50=175 pM). In
contrast, SIN-1, peroxynilrite, and. 8-bromo-cGMP had no
significant inhibitory effect on INOS promoter activation by
LPS (Fig. 3).

3.4. mRAN expression of iNOS and MCP-1

While iNOS mRNA levels approached the detection-
limit by northern blot analysis in unstimulated VSMC, the
combination of LPS/IFN provided a strong stimulus for
iNOS mRNA expression (Fig. 4A). The LPS/IFN-induced
increase in INOS mRINA level was substantially decreased
in cells that had been co-treated with NOR3 (0.1 to 1
mM). Fig. 4B shows the effects of NOR3, SNAPF, SIN-1,
peroxynitrite, and 8-bromo-cGMP on LPS-induced iNOS
mRNA levels, as evaluated by RT-PCR. iNOS mRNA
was barely detectable by RT-PCR in unstimulated VSMC,
but substantially upregulated by 8 h afier treatment with
LPS/IFN. The LPS/IFN-induced increase in expression of
iNOS mRNA was blocked by NOR3 and diminished by
SNAP. In contrast, no substantial effect of SIN-1,

(Al

120

100

Luciferase activity (%)
3

20

0 CONTLPSAFN +NAC +PDTC

ONQO™, or 8-bromo-cGMP could be detected on LPS-
mduced iNOS mRNA expression.

To study the effects of NO and peroxynitrite on other
gene expression, MCP-1 mRNA levels were evaluated in
LPS/IFN-stimulated VSMC (Fig. 4C). The LPS/IFN-in-
duced increase in MCP-1 mRNA levels was substantially
decreased by NOR3, while the levels of MCP-1 mRN levels
were not changed in response to ONOO™,

3.5. Antioxidants inhibit NF-xB and NQ synthesis

Pyrrolidine dithiocarbamate (PDTC) and N-acétylcys-
teine (NAC) are antioxidants that have been shown to
prevent NF-xB activation in many experimental settings.
As shown in Fig. 5A, NAC (1 mmol/) and PDTC (50 pmol/
1) markedly attenuated LPS/IFN-induced NF-«xB activity in
VSMC (62% and 85%, respectively). NAC and PDTC
similarly attenuated LPS/TFN-induced NQ synthesis (72%
and 90%, respectively; Fig. 5B).

3.6. LPS stimulates IxB phosphorviation by inducing IKK
activity, and NOR3 inlibits LPS-induced IxB phosphoryvia-
fion and IKK activity

We first determined whether LPS-induced NF-<B acti-
vation is occurred through phosphorylation/degradation of
IkB. To determine whether LPS causes IxB-e phosphor-
ylation in rat VSMCs, Western blot analysis using anti-
phospho-3er32 of IkB-u antibody was performed. LPS
induces IkB phosphorylation in 15 min, and the levels of
phospho-IkB-a disappeared in 60 min. (Fig. 6A, upper
panel). The blot was reprobed with anti-IxB antibody, and
the datz indicated that the maximum LPS-induced degra-

8]
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Nitrite (mlcroM)
5 2 8
*

S
*

CONT LPS/IFN +NAC +PDTC

Fig. 5. Effect of ﬁAC or PDTC on nitrite production and NF-sB-dependent trenscriptional activity/luciferase reporter expression. Rat VSMC cells were treated
with LPS (30 pg/ml} plus IFN (100 U/ml) in the presence of NAC (1 mM) or PDTC (50 pM). (A) Luciferase activity in the cells was measured aftera 3 h
incubation, and (B) nitrite accumulation in the colture mediun: was measured after a 24 h. Data are means &+ S.EM. {r=3). *P <0.05 versus LPS/IFN in the

absence of NAC or PDTC.



I Hattori et al. ¢ Cardiovascular Research 63 (2004) 31—40

ol
-1

(A)
ixB-c
Phospho i kB-o ; X :
0 15 30 60 120 180
180
NOR3
heB-o
ONOO-
lxB-ct " :
o0 15 30 60 120 180 180
Time afier LPS (min)
PS (B (A () O @
NOR3 () (¥) (3 () (¥ (9
SIN &) ) B O ()
Phospho | xB- o
(B)

LPS: 6 +) | 52] W W

IxB-o

Cont 0 0.25 0.5 'Il (mM)
. |

IKK oup

IxB-c B

LPS; =} ) (+}

IxB- o

Cont ) . (+
KK o/f

IxB- o

Fig. 6. (A) Effect of NOR3 and SIN-1 on degradation and phosphorylation of I B-nt in rat VEMC. Cells were incubated for 45 min with various concentrations
of NOR3 (1 mM) or SIN-1 {1 mM), followed by LPS (30 pgful) for 0- 180 min. Cell were tysed and subjected to Westemn blot analysis using anti-I B-e
antibody and aati-phospho-f B-o. (B) Effect of NOR3 and SIN-1 on IKK activity in rat VSMC, Cells were incubated for 45 min with various concentrations of
NOR3 (0.25-1 mM) or SIN-1 (1 mM), followed by LPS (30 pg/ml} for L5 min. Cells were lysed and inmmnoprecipitated with anti-IKK /s antibody and used
for kinase assay using recombinant { B-c as substrate, Note that equal intensities of IKKa/p- and T B-a-specific bands are obtained.
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dation was observed within 30 min, After that, IkB
synthesis was reactivated possibly by NF-xB in 120
min {(upper panel). Next, the effect of NOR3 or ONOO-
on LPS-induced IxB-a degradation was detenmined (mid-
dle panel). NOR3 completely blocked this IkB-e degra-
dation. SIN-1 had no effect on LPS-induced IkB-w
degradation (tniddle panel). Lower panel shows the effect
of NOR3 and SIN-1 on the phosphorylation of IxB-x.
Addition of LPS resulted in a rapid (within 15 min)
appearance of phosphorylated IxB-o. NOR3 (10~ mol/l)
prevented the LPS-stimulated increase in phosphorylated
1xB-a. While SIN-1 had no effect on the LPS-stimulated
phosphorylation of IkB-o {lower panel).

The radiolabeled, phosphorylated IkB-a-specific band is
detected in LPS treated celis while it was undetectable in the
untreated cells, demonstrating that LPS induces the IKK
activity (Fig. 6B) This IKK activity was dose-dependently
decreased by treatment of the cells with NOR3 (upper
panel). However, SIN-1 had no effect on LPS-induced
IKK activity (lower panel). The remaining half of the
immunoprecipitated samples were analyzed by Western blot
analysis using anti-IKKa/p antibody, showing the identical
level of expression of IKK, suggesting that JIKK is
expressed in these cells. The identical amount of IxB was
detected when the equal volume of kinase reaction mixture
was loaded into SDS-PAGE and analyzed by Western blot
using anti-IxB antibody {Fig. 6B).

3.7. IkB-2 mRNA expression

[1B-¢ mRNA expression was expressed at a relatively
low level in unstimulated VSMC, as measured by northern
blot analysis. Treatment of cells with LPS for 2 h substan-
tially increased levels of IxB-a mRNA. NOR3 (1 to 1000
ubM) alone neither increased the abundance of IkB-a
mRNA, nor did it (100 uM) influence the extent of
upregulation by LPS (data not shown).

4. Discussion

A-wealth of literature supports the notion that ONOO s
a key mediator of cytotoxicity arising from NO synthesis.
Herein we reveal a fundamental and potentially critical
distinction between NO and ONOO™: while NO acts to
inhibit NF-xB activation, ONOO™ allows for sustained
activation of NF-«kB. This conclusion in VSMC is uniformly
supported by results from several lines of investigation: (2)
NF-kB-driven reporter gene expression, (b) EMSA studies
of NF-xB nuclear translocation, and {¢) immunocytochem-
ical analysis of NF-xB p50 subcellular localization. Given
that iNOS gene transcription itself requires WF-«xB for
upreguiation by immunostimulants [7,8.15,16], it is also
revealing that NO, but not ONOQ™, suppressed immunos-
timulant-evoked INOS promoter activity and mBRNA ex-
pression. The ability of NO to suppress NF-xB activation

extends from iNOS to the numerous NF-xB-dependent gene
producis that contribute to the inflammatory response. That
endogenously produced NO can indeed function as an anti-
inflammatory molecule in biological Systems is supported
by reports that NOS inhibitors potentiate cytokine-induced
expression of NF-kB-regulated genes in endothelial cells
[28], macrophages [29] and in tissues from animals treated
with immunostimulants [30] or exposed to ischemia--reper-
fusion mjury [31].

Is the inhibition of NF-<B that we observe with NO-
donors actually mediated by NO? Amperometric detection
indicates that all NO donors tested—NOR3, SNAP and
SIN-1 {in the presence of SOD)—release NO in physiolog-
ical buffers at 37 °C with a T1/2<2 h [32,33]. Given the
diverse structure of these compounds, it is unlikely that their
shared ability to prevent NF-xB activation resides in either
the parent or product molecules. We cannot however ex-
clude the possibility that a NQ-derived species, other than
ONOOQ™, (e.g., a nitrosothiol) is responsible or contributes
to NF-xB inhibition,

High reactivity would predict that all added ONOO™ is
consumed within seconds of addition to cells. Accordingly,
the failure of pure ONOO™ to elicit effects on NF-kB
activation-or iNOS gene expression could conceivably be
due to a more limited exposure of cells to ONOO™,
compared with NO from donor compounds. Studies with
SIN-1 argue against this view. SIN-1 has the unique
property of generating OONO™ by releasing equimolar
quantities of O3 and NO, essentially in a simultaneous
manner. Although SIN-1 delivers a continuous flux of
ONOG™ to VSMC, no effect on LPS-induced NF-xB
activation and iNOS gene expression was observed. The
concentration of SIN-1 used in our study (1 mM) was
reported to produce ONOO™ under the conditions
employed, but no detectable NO [34). However, release of
NO by SIN-1 can be observed to occur as an increasing
function of added SOD, with ~ 5000 units achieving
complete scavenging of O and maximal stimulation of
NO production [35]. Our data show that only when SIN-1
was transformed into a pure NO donor (upon addition of
5000 units of SOD) did it substantially inhibit LPS-induced
NF-kB activation. Thus, SIN-1 generated a sufficient flux of
ONOO™, under the experimental conditions used, that
diversion to NO resulted in potent suppression of NF-xB
activation. Accordingly, findings with SIN-1 provide strong
support for the view that ONOG™ supports, rather than
suppresses, NF-kB activation.

A cGMP-independent effect of NO is suggested by our
observation that a cell-permeable ¢GMP analogue failed to
elicit a detectable effect on either NF-xB activation or iNOS
gene expression. We confirmed that NO inbibits iNOS gene
expression by directly blocking phosphorylation and subse-
quent degradation of IkB-« {18]. We further showed that LPS
stirpulates IxB-ce phosphorylation by inducing IKK activity,
and NO inhibits LPS-induced IkB-e phosphorylation and
IKK activity. These data suggested that NO suppressed the
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Summary

OBJECTIVE We investigated whether the apolipoprotein
E (apo E) phenotype affects the serum concentration
of malondialdehyde-modified low-density lipoprotein
(MDA-LDL) or forearm endothelial function in post-
menopausal women.

PATIENTS AND MEASUREMENTS Individuals were divi-
ded into three groups according to their apo E pheno-
type: E2 (E2/2 and E2/3, n = 12); E3 (E3/3, n=71); and
E4 (E3/4 and E4/4, n = 27). The serum concentrations
of lipids and MDA-LDL were measured. Forearm blood
flow during reactive hyperaemia and after sublingual
nitroglycerin administration was measured by strain-
gauge plethysmography.

RESULTS The serum concentrations of total and LDL
cholesterol were significantly higher in the E4 group
than in the E2 group (P <0.05) or in the E3 group
{P< 0.05). The serum apo B concentration was sig-
nificantly higher in the E4 group than in the E2 group
{P < 0.05). The serum concentrations of high density
lipoprotein (HDL) cholesterol and nitrite/nitrate were
significantly iower in the E4 group than in the E2 group
(P < 0.05). Other lipid concentrations did not differ in
the three groups. The serum MDA-LDL concentration
was highest in the E4 group, and was lowest in the
E2 group (E2: 91-1 6.9 1U/I, E3: 112.3 £59 U/}, E4:
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128.8 £9-9W/I; P <005). The forearm biood flow
response to reactive hyperaemia was lowest in the E4
group, and highest in the E2 group (E2: 52-2+ 5.8 ml/
min per 100 ml tissue, E3: 40-7 + 1.7 ml/min per 100 m(
tissue, E4: 334 £2.4 mi/min per 100 ml tissue; P<
0-05). The forearm blood flow changes in response to
nitroglycerine were similar between all three groups.
CONCLUSIONS The apo E phenotype affects the serum
MDA-LDL concentration and forearm endothelial
function in postmenopausal women.

Postmenopansal women are at an increased risk for coronary
heart disease (CHLD), consistenit with a typically adverse plasma
lipid profile (Coldits et al., 1987; Matthews et al., 1989) and the
presence of endothelial dysfunction (Taddei et al., 1996). How-
ever, the risk of CHD does not increase in all of these women,
because individual variations exist for genetic factors that affect
the lipid profile or endothelial function. Furthermore, it is not
well known how genetic factors affect the risk of CHD in post-
menopausal women.

Apolipoprotein (apo E), a protein constituent of chylomicrons,
very low density lipoprotein (VLDL) and high density lipo-
protein (HDL), is important in the clearance of triglyceride-rich
lipoproteins, acting as a ligand for the LDL receptor and the
lipoprotein remnant receptor (Mahley & Innerarity, 1983). The
three common alleles (€2, £3, €4) of the gene for apo E code
for the isoforms E2, E3 and E4, resulting in the presence of six
phenotypically distinct forms of apo E: E2/2, 2/3, 3/3, 3/4, 4/4
and 2/4 (Utermann et al., [977; Zannis et al., 1981). These
phenotypes have substantially different effects on lipid and lipo-
protein metabolism (Davignon ez al., 1988; Dallongeville et al.,
1992; Kamboh ef al., 1993), and influence the response to ther-
apy with hypolipidaemic agents (Ordovas ef ai., 1995; Tsuda
et al., 2001).

Malondialdehyde-modified LDL (MDA-LDL) is one of the
oxidative products of LDL metabolism, and this aidehyde may
react with lysine residues in the LDL apo B-100 moiety, resuiting
in a decreased affinity of apo B-100 for the LDL receptor and
an increased affinity for scavenger receptors (Holvoet eral.,
1995). MDA-LDL has been demonstrated in atherosclerotic
lesions, and an elevated serum concentration of MDA-LDL is
associated with CHD (Holvoet et al., 1998). ft is well known that
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endothelium-dependent vasorelaxation is attenuated by hyper-
lipidaemia and in atherosclerotic vessels. Furthermore, oxidized

LDL might play a causative role in the development of endo-

thelial dysfunction (Cox & Cohen, 1996). Endothelial dysfunction
has been implicated in the atherosclerctic process from early
atherogenesis to ischaemic cardiomyopathy (Healy, 1990), and
the degree of endothelial dysfunction is related to the clinical
severity of heart failure (Carville ef ¢f., 1998). The development
of endothelial dysfunction is associated with the progression of
myocardial diastolic dysfunction in patients with CHD (Ma ef al.,
2000). .

In the present study, we evaluated the relationship between
apo E phenotype and MDA-LDL concentration and endothelium-
dependent vasodilatation in postmenopausal women,

Methods

From January 2000 to December 2003, 110 consecutive post-
menopausal Japanese women, 49-58 years of age, participating
in the annual gynecological health check-up at our clinic, were
enrolled in this study. Each individual had experienced natural
menopause for at least 1 year but for no more than 5 years. They
were of normal weight, with a body mass index < 25 kg/m’, Men-
opausal statas was confirmed by the presence of a serum FSH
concentration > 40 mIiU/ml, and a serum oestradiol concentra-
tion < 20 pg/ml. None of the women smoked, used caffeine or
alcohol regularly, or had a history of thyroid disease, liver disease
or diabetes mellitus. None had ever received hormone replace-
ment therapy, other steroid hormones or any medications known
to affect lipoprotein metabotism. The ethics committee of the
Department of Obstetrics and Gynaecology of Hiroshima Uni-
versity approved the study protocol. Each individual gave her
informed consent for participation.

The vasodilator responses to reactive hyperaemia, an index of
endothelium-dependent vasodiiation, and to the sublingual
administration of nitroglycerine (NTG), an index of endothelium-
independent vasodilation, were evaluated in each participant.
This evaluation began at 0830 h. Each participant had fasted the
previous night for at least 14 h. After the overnight fast, the
participant rested supine in a quiet, air-conditioned room (con-
stant temperature, 22-25°C). After the participant had rested for
30 min in that position, the basal forearm blood flow (FBF) was
measured as described below. Next, the effects of reactive hyper-
aemia and of the sublingual administration of NTG on FBF were
evaluated by inflating a coff over the Jeft upper arm to 280 mmHg
for 5 min. After the cuff occlusion was released, FBF was
measured for 3 min. An NTG tablet (0-3 mg} (Nihonkayaku Co.,
Tokyo, Japan) was then administered sublingually, and the FBF
was again measured for 3 min, In a preliminary study, we con-
firmed the reproducibility of the FBF response to reactive hyper-
aemia and sublingual NTG on two separate occasions in seven

postmenopausal women {mean age 65+ 7 years). The coeffi-
cients of variation were 6-5% and 5-8%, respectively.

The fasting serum concentrations of total cholesterol, high
density lipoprotein (HDL) cholesterol, triglyceride, lipoprotein (a),
creatinine, glucose, electrolytes, nitrite/nitrate and MDA-LDL,
and the plasma renin activity (PRA) and angiotensin-converting
enzyme (ACE) activity were obtained after a 30-min rest
period, Body weight, blood pressure and heatt rate were also
measured.

apo E phenotyping

The apo E phenotype was determined by isoelectric focusing
clectrophoresis (Phenotyping Apo E IEF System, Jyoukou Co.
Ltd, Tokyo, Japan). In brief, the plasma sample was pretreated
with Tween 20 and dithiothreitol for 15 min. The sample was then
subjected to isoelectric focusing electrophoresis. Fifteen minutes
of prefocusing followed by 30 min of initial focusing were car-
ried out, and subsequent focusing (final focusing) was conducted
for an additional 90 min, Immunoblotting was performed accord-
ing to the method described by Kamboh ef al. (1988), in which
the primary antibody for human apo E was raised in goat and
labelled with alkaline phosphatase. Data from a blinded set of
samples that were analysed by the present technique (Kataoka
et al., 1994) showed a close relationship (421 of 431 samples:
98%) to data obtained in the genetic phenotyping conducted by
the polymerase chain reaction (Hixon & Vernier, 1990).

Measurement of forearm blood flow

FBF was measured with 2 mercury-filled Sitastic strain-gauge
plethysmograph (EC-5R, D.E. Hokanson, Inc., Issaquah, WA,
USAY} as described previously (Panza et al., 1990; Higashi et al.,
1999). In brief, the strain gauge was attached to the left upper
arm supported above the level of the right atrium and connected
to a plethysmography device. A wrist cuff was inflated to a pres-
sure of 50 mmHg above the systolic bloed pressure to exclude
the hand circulation from the measurements 1 min before each
measurement and throughout the measurement of the FBE The
upper arm cuff was inflated to 40 mmHg for 7 s in each 15-s cycle
to occlude venous outflow from the forearm, using a rapid cuff
inflator (EC-20, D. E. Hokanson, Inc.). The FBF oufput signal
was transmitted to a recorder (U-228, Advance Co., Nagoya,
Japan). FBF is expressed as ml/min/100 ml of forearm tissue vol-
ume. The FBF was calculated by two independent observers
who had no knowledge of the patient’s clinical data or the results
from the linear portions of the plethysmographic recordings.
The intraobserver coefficient of variation was 3-0 + 1-6%. Four
plethysmographic measurements were averaged to obtain the
FBF at baseline, during reactive hyperaemia, and after the admin-
istration of sublingual NTG.

© 2004 Blackwell Publishing Ltd, Clinical Endocr:‘nologﬁ 61, 619-625



Analytical methods

Samples of venous blood were placed in polystyrene tubes
that contained sodium ethylenediaminetetraacetic acid (EDTA)
(I mg/ml). The EDTA-containing tubes were chilled imamediately
in an ice bath. Next, the plasma and the serum were separated
by centrifugation at 4°C and room temperature, respectively, for
10 min. Samples were stored at —80°C until the time of assay.
The serum concentrations of total cholesterol, triglyceride and
HDL cholesterol were measured by enzymatic assays (McNamara
& Shaefer, 1987) (BM-2250, Nippon Denshi, Tokyo, Japan). The
serum concentration of LDL cholesterol was caleulated using the
Friedewald formula (Friedewald ez al., 1972). Serum concentrations
of oestradiol and FSH were measured by using a conventional
radicimmunoassay kit (cestradiol; ACS-180, Bayer Medical, NY,
FSH; ES-600, Roche Diagnostics, Basel, Switzerland). Nitrite/
nitrate concentrations were measured with an autoanalyser (flow
injection analyser, TCI-NOX1000, Tokyo Kasei Kogyo, Japan),
which uses a protocol based on the Griess reaction {Green ef al.,
1982). The ACE activity (IU/1 at 37°C) was measured with ACE
Colour (Fujirebio Co., Ltd, Tokyo, Japan). Plasma renin activity
(PRA) was determined using a radioimmunoassay kit, The serum
lipoprotein (a) concentration was determined by an enzyme-
linked immunosorbent assay (ELISA). A monoclonal antibody
1Hi1-based competition ELISA was used for the quantification
of MDA-LDL in the serum {Kotani ef al., 1994). The intra-assay
coefficients of variation for total cholesterol, triglyceride, HDL
cholesterol, cestradiol, FSH, lipoprotein (a), serum ACE activity,
nitrite/nitrate, PRA and MDA-LDL were all under 5%.

Statistical analysis

All data are expressed as the mean £ SE. Differences between
the three groups with differing apo E phenotypes were analysed
by cone-way analysis of variance (anova) foliowed by the Bon-
ferroni correction. Log transformations of the data using data for
triglycerides were used when the values were not normally dis-
tributed. The comparison of the time-course curves of FBF
during reactive hyperaemia between the three apo E phenotypes
was performed using two-way ANOV A for repeated reasures of one
factor, followed by the Bonferroni correction for multiple, paired
comparisons. Pearsons’ correlation coefficient was used to deter-
mine correlations between variables. The following factors were
considered as independent variables: age; systolic or diastolic
blood pressure; total cholesterol; triglycerides; HDL cholesterol;
LDL cholesterol; lipoprotein (a); serum ACE activity; nitrite/
nitrate, PRA, MDA-LDL; maximal FBF response to reactive
hyperaemia. Data were processed using the Software package
Statview V (SAS Institute Inc., NC) or Super anova (Abacus
Concepts, Berkeley, CA). A value of P < 0-05 was accepted as
statistically significant,

© 2004 Blackwell Publishing Ltd, Clinical Endocrinology, 61, 619625
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Resulis

The frequencies of the different apo E phenotypes in our popu-
lation were as follows: 0-9% (n= 1) for E2/2, 10% (n =11) for
E2/3, 64-5% (n=7T1) for E3/3, 0% (n=0) for E2/4, 22-7%
(n=25) for E3/4 and 1-8% (n =2) for E4/4. These frequencies
are similar to those reported previousiy for normal Japanese (Eto
et al., 1986; Shiraki et al., 1997) and Western (Sing & Davignon,
1985) populations. :

The individuals were divided into three apo E groups: one group
containing all subjects with the E2/2 (n=1) or E2/3 (n =11}
phenotypes (E2 group), a second group containing all subjects
with the E3/3 (n= 71) phenotype (E3 group} and a third group
containing all subjects with the E3/4 (n = 25) or E4/4 (n = 2)
phenotype (E4 group).

Within the whole population, MDA-LDL was positively
correlated with total cholesterol (r= 0-56, P<0-001), LDL
cholesterol (r = 0-54, P < 0-001) and triglycerides (=045, P<
0-001), and negatively correlated with HDL cholesterol (r =—0-45,
P < 0-001). Maximal FBF responses to reactive hyperaemia were
negatively correlated with LDL cholesterol (- =—0-26, P <0-01)
and triglycerides (»= —0-21, P<{-05).

Effect of apo E phenolype on clinical variables

The clinical characteristics of the three groups are summarized
in Table 1. There were no statistically significant differences
between the three groups with regard to mean age, body mass
index, age at menopause, blood pressure or heart rate or between
the serum oestradiol concentration, or serum FSH concentration.
The serum concentrations of total and LDL cholesterol were sig-
nificantly higher in the E4 group than in the E2 group (P < 0-03),
or in the E3 group (P < 0-05). The serum apo B concentration
was significantly higher in the E4 group than in the E2 group
(P < 0-05). The serum concentrations of HDL cholesterol and
nitrite/nitrate were significantly lower in the E4 group than in the
E2 group (P < 0-05). Other lipid concentrations did not differ in
the three groups.

Effect of apo E phenotype on MDA-LDL

The serurmn MDA-LDL concentration was highest in the E4
group, and was lowest in the E2 group (E2: 91-1 £ 6-9 IU/], E3:
112-3 £ 59 1U/L, E4: 128-8+99 U/, P<0-05; Fig. 1). The
ratio of MDA-LDE and LDL cholesterol did not differ in the
three groups.

Effect of apo E phenotype on endothielial function

Basal FBF was similar between all three groups. The FBF response
to reactive hyperaemia, an index of endothelium-dependent
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Table 1 Clinical characteristics in each phenotype

E2 group E3 group E4 group group
Variable (n=12) (n="T1) n=2D
Age (years) 555121 541206 554411
Age at menopause (years) 482%1-1 496 £ 04 49-0+0-8
Body mass index (kg/mz) 211207 21-8 %03 218106
Systolic blood pressure (mmHg) 1235 124 +2 133£5
Dvastolic blood pressure (mmHg) 78+4 76+1 79+2
Heart rate (beats/min) 663 651 662
Total cholesterol {(mmol/1) 5-38:0-10 5-67 005 615 £ 0-08ab
LDL cholesterol (mumol/1) 285022 337011 382+0-18ab
HDL cholesterof (mmol/1) 205013 1-89 £ 0:05 174 £ 0-08a
Apolipoprotein Al (g/1) 169004 1621003 1-36 + 0-04
Apolipoprotein A2 (g/1} 0323002 033001 032001
Apolipoprotein B {g/1) 0-88 £ 005 101 £003 110 £ 005
Trigiycetide {mmol/1) 1-09 £033 1-24 009 1-50 4 0-23
Lipoprotein (a) (mg/dl) 20564 26756 236+39
PRA {ng/ml/h) 1-3+03 111201 -0+ 01
Serum ACE activity (IU/T) 125+ 17 11'55+03 i28x09
Nitrite/nitrate (gmol/1) 522838 43-1+2-2 33-8x51a
Serum creatinine (umol/l) 61-8£27 61-0£09 64535
Serum glucose {mmol/1) 49+02 47£01 49 £01
Qestradiol {(pmol/1) 47+ 29 525+66 514114
ESH (IU/1) 850+ 148 735130 731291
Basal FBF (ml/min per 100 ml tissue) 65205 61+02 G206

Results are presented as the mean + SE. a: P<6-05 vs. E2 group. b: P <{-05 vs. E3 group.

P <005
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0
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Fig. 1 The serum concentrations of MDA-LDL in the E2 (n = 12),
E3 (7 =71) and E4 (1 = 27) groups. Results are presented as the
mean value £ SE. NS = not significant. The serum concentration of
MDA-LDL was significantly higher in the E4 group than in the E2
group (P < 0-05),

vasorelaxation, was lowest in the E4 group, and highest in the
E2 group (E2: 52-2%58ml/min per 100ml tissue, E3:
40-7 + 1-7 ml/min per 100 ml tissue, E4: 33-4 & 2-4 ml/min per
100 mi tissue; P < 0-05; Fig. 2). The changes in FBF after sublingual
administration of GTN, an index of endothelium-independent
vasodilation, were similar between all three groups.

Discussion

In the present study, we evaluated the relationship between the
apo E phenotype and serum MDA-LDL concentration, and the
forearm endothelial fanction in postmenopausal women. We
found that the apo E4 phenotype was associated with a higher
serum MDA-EDL concentration and lower FBF response to
reactive hyperaemia in postmenopausal women.

apo E phenolype and MDA-LDL

The apo E phenotype influences Iipid metabolism. Specificaily,
in pormal popuiation, individuals with the E2 allele have lower
concentrations of plasma total and LDL choiesterol than indi-
viduals with the E3/3 allele (Utermann ef of., 1979), and indi-
viduals with the E4 ailele have higher plasma total and LDL
cholesterol concentrations than individuals with the E3/3 allele
(Bouthillier ez al., 1983). Our findings support these previous
results, While it is not known whether the apo E phenotype
affects the MDA-LDL concentration, which is considered to be
one of the oxidative products of LD metabolism, our present
study shows that the apo E phenotype does affect the serum
MDA-LDL concentration in postmenopausal women.

The mechanisms responsible for the apparent differences in
MDA-LDL concentrations between the apo E phenotypes are not
known, Several possibilities should be considered. First, it is well
known that significant differences in the mean concentrations of

© 2004 Blackwell Publishing Ltd, Clinical Endocrinology, 61, 619-625
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Fig. 2 (a) Maximal forearm blood flow (FBF) during reaciive
hyperaemia in the E2 (n = 12), E3 (n = 71) and E4 (1= 27) groups. The
results are presented as the mean value £ SE, There was a significant
difference in reactive hyperaemia between each group (P < 0-05). (i)
Forearm blood flow at rest and during reactive hyperaemia in the E2
(r=12), E3 (n=T71) and E4 (n = 27) groups. There was a significant
difference in Teactive hyperaemia between each group (P < 0-05).

LDL cholesterol and apo B exist between groups with differing
apo E phenotypes. These concentrations are lowest in subjects
with the E2 allele and highest in subjects with the E4 allele. In
the present study, the mean of LDL cholesterol and apo B con-
centrations were highest in the E4 group and lowest in the E2
group. Because the MDA-LDL concentration is significantly
correlated with LDL and apo B concentrations, MDA-LDL con-
centrations would be expected to be highest in the E4 group
and lowest in the E2 group.

Second, the apo E phenotype might influence the oxidation
of lipoproteins. Significant differences in the activities of
enzymatic antioxidants, such as catalase and glutathione
peroxidase, exist between groups with differing apo E pheno-
types. These activities are highest in subjects with the E2 allele
and lowest in subjects with the E4 allele (Miyata & Smith, 1996;
Ramassamy et al., 1999). E4, with less antioxidant activity than
E2 or E3, might be the least effective in protecting lipids from
oxidative damage. Therefore, MDA-LDL concentrations would
be expected to be highest in the B4 group and lowest in the E2 group.

© 2004 Blackwell Publishing Ltd, Clinical Endocrinology, 61, 619625
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apo E phenotype and endothelial function

Our results also showed that the apo E phenotype is associated
with endothelium-dependent vasodilatation in postmenopausal
women. Hypercholesterolaemia, especially increased concentra-
tions of oxidized LDL, induces microvascular dysfunction char-
acterized by the loss of endothelium-derived nitric oxide (NO),
just as MDA-LDL inhibits endothelium-dependent relaxation by
inhibiting NO production and endothelium-derived hyperpolar-
izing factor (EDHF) secretion (Holvoet, 1999). The present study
showed that the concentration of nitrite/nitrate was highest in
the E2 group and lowest in the E4 group. In the E4 group, the
higher concentrations of MDA-LDL and LDL might inhibit the
production/release of NO and might induce less of an FBF
response to reactive hyperaemia.

However, recent data suggest that HDL cholesterol has direct
beneficial effects on endothelial function, HDL cholesterol acti-
vates endothelial nitric oxide synthase (eNOS) (Yuhanna ef al.,
2001) and reverses oxidized LDL-mediated inhibition of eNOS
activity (Uittenbogaard er al., 2000). In vivo studies suggest
that peripheral endothelial function is abnormal in subjects
with low HDL cholesterol concentrations and is preserved in
those with high HDL cholesterol concentrations (Kuvin ef al.,
2003). Plasma triglyceride concentration is also associated
with endothelial function. Lewis eral. (1999) suggested that
endothelium-dependent relaxation by acetylcholine is impaired
in hypertriglyceridaemic subjects with normal concentrations of
plasma LDL cholesterol. The plasma triglyceride concentration is
inversely related to LDL particle size (McNamara er al., 1992).
Because small dense LDL particles are prone to oxidative mod-
ification (Chait ez al., 1993}, increases in triglycerides can impair
endothelivm-dependent vasodilatation. Our results showed that
the HDL cholesterol concentration was highest in the E2 group
and lowest in the E4 group, and the triglyceride concentration
was lowest in the E2 group and highest in the E4 group. The dif-
ferences in FBF based on apo E phenotypes might be influenced
by the HDL cholesterol and triglyceride concentrations.

Haraki ef al. (2002) reported that there was no difference
between apo E phenotypes and flow-mediated dilatation of the
brachial artery in healthy men. The discrepancy between their
study and our results might be due to the sex-related difference
or difference in the methods of vasodilation.

Study limitations

‘A definitive way to assess endothelial function may be the direct
intra-arterial infusion of a vasoactive agent in the forearm. How-
ever, Celermajer ef al. (1992) demonstrated that the noninvasive
assessment of reactive hyperaemia is useful in assessing endo-
thelial function. In the present study, this noninvasive method was
simple to perform, reproducible and caused no adverse effects.
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We recommend use of this noninvasive technique io assess
endothelial function in routine clinical examinations and in future
studies.

The limitation of the present study is that the number of sub-
jects in each group was relatively small, especially in the E2
group. Our findings will therefore need to be confirmed in larger
studies.

Conclusions

The present study suggests that the apo E phenotype affects the
serum MDA-LDL concentration and FBF response to reactive
hyperaemia in postmenopausal women. Therefore, apo E pheno-
typing may be important in predicting the risk of CHD in post-
menopausal women.
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Autologous Bone-Marrow Mononuclear Cell Implantation
Improves Endothelium-Dependent Vasodilation in Patients
With Limb Ischemia

Yukihito Higashi, MD; Masashi Kimura, MD; Keiko Hara, MD; Kensuke Noma, MD;
Daisuke Jitsuiki, MD; Keigo Nakagawa, MD; Tetsuya Oshima, MD; Kazuaki Chayama, MD;
Taijiro Sueda, MD; Chikara Goto, RTP, MS; Hiroaki Matsubara, MD;

Toyoaki Murohara, MD; Masac Yoshizumi, MD

Background—Patients with limb ischeinia were associated with endothelial dysfunction. The purpose of this study was to
determine whether autologous bone-marrow mononuclear cell (BM-MNC) implantation improves endothelial dysfunc-

tion in patients with limb ischemia,

Methods and Results—We evaluated the leg blood flow (LBF) response to acetylcholine (ACh), an endothelium-
dependent vasodilator, and sodium nitroprusside (SNP), an endothelium-independent vasodilator, before and after
BM-MNC implantation in 7 patients with limb ischemia. LBF was measured with a mercury-filled Silastic strain-gauge
plethysmograph. The number of BM-MNCs implanted into ischemic limbs was 1.6X10°£0.3X10°. The number of
CD34* cells included in the implanted BM-MNCs was 3.8X10°+1.6X10". BM-MNC implantation improved the
ankle-brachial pressure index (0.33+0.21 to 0.39+0.17, P=0.06), transcutaneous oxygen pressure (28.4x11.5 to
36.6>5.2 mm Hg, P=0.03), and pain-free walking time (0.8=0.6 to 2.9+2.2 minutes, P=0.02). After BM-MNC
implantation, LBF response to ACh was enhanced (19.3+6.8 versus 29.6+7.1 mL/min per 100 mL; P=0.002). The
vasodilatory effect of SNP was simnilar before and after BM-MNC implantation.

Conclusions—These findings suggest that BM-MNC implantation augments endothelium-dependent vasodilation in
patients with limb ischemia. (Circulation. 2004;109:1215-1218.)

Key Words: angiogenesis m cells m endothelium w ischemia

ecent studies have shown that bone-marrow mononu-
clear cell (BM-MNC) implantation increases collateral
vessel formation in both ischemic limb models and patients
with limb ischemia.!? However, it is not clear whether these
collateral arteries have normal vascular fimction, especially
endothelial function. Endotheliai dysfunction is the initial
step in the pathogenesis of atherosclerosis and plays an
important role in development and maintenance of athero-
sclerosis. Limb ischemia is generaily associated with endo-
thelial dysfunction.** Therefore, it is clinically important to
evaluate the vascular function of collateral arteries induced
by BM-MNC implantation. We hypothesized that BM-MNC
implantation would improve impaired endothelial function in
patients with limb ischemia.
To determine the effect of BM-MNC implantation on
endothelial function in patients with limb ischemia, we
evaluated endothelium-dependent vasodilation induced by

acetylcholine (ACh) and endothelium-independent vasodila-
tion induced by sodium nitroprusside (SNP) before and after
BM-MNC implantation.

Methods

Subjects

Seven patients with peripheral arterial disease (6 men and 1 woman;
mean age, 649 years) who had rest pain and nonhealing ulcers and
who were not candidates for angioplasty or surgical revascularization
were entolled in this study. The diagnosis of limb ischemia was
confirmed by angiography, Patients with diabetes mellitus, corcnary
artery disease, and history of malignant disorders were excluded.
Four of the 7 patients had smoking habits, and those 4 patients
stopped smoking 2 months before BM-MNC implantation. The
drugs used were not changed throughout the study, Lifestyle also
was regulated throughout the study. The study protocol was ap-
proved by the Ethics Comunittee of the Hiroshima University
Graduate School of Medicine. Written informed consent for partic-
ipation was obtained from all subjects.
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Basal
Pain-Free LBF
BM-MNC Count,  CD34 {+) Cells TeOs,, Walking, mL * min~" -

Patient Age, ¥ Sex Disorders Drugs No. of Cells in BM-MNC ABI mm Hg min 100 mL™’
Patient 1

Before 74 Male HL CaB, statin, APA 1.8%10° 2.5x10° 0.35 36 0.91 1.3

After 4 wk 0.44 41 1,22 2.4

After 24 wk 0.41 40 1.35 23
Patient 2

Before 62 Male HL Statin 1.4%10° 3.3x10 0.60 42 214 35

After 4 wk 062 45 6.89 39

After 24 wi
Patient 3

Before 73 Male HT, HL CaB, ACEl, APA 1.6x10° 42%107 023 25 1.21 22

After 4 wk 0.21 H 335 241

After 24 wk 0.22 32 298 22
Patient 4

Before 56 Maie None APA 2.2x10° - 6.2x107 ND 9 0 0.2

After 4 wk 0.26 7 2.34 06

After 24 wk 0.28 3 299 0.6
Patient 5 '

Before 73 ' Femalg HT CaB, APA 1.5x10° 1.3%x107 0.39 38 0.56 1.9

After 4 wk 0.40 37 1.63 38

After 24 wk 0.38 36 1.35 3.2
Patient 6

Before 51 Male HL Statin, APA 1.4%10° 3.9x107 0.19 20 0.33 03

After 4 wk 0.22 3 0.98 0.3

After 24 wk ¢.21 29 1.01 0.3
Patient 7

Before 59 Male HT CaB, APA 1.2x10° 51x10° 0.52 29 0.76 2.6

After 4 wi 0.61 34 4,75 3.3

After 24 wk 0.59 32 5.11 341

ABl indicates ankle-brachiat pressure index; Tc0,, ranscutaneous oxygen; HL, hyperlipidemia; HT, hypertension; CaB, calcium blocker; APA, antiplatelat agent; ACE|,

angiotensin-converting enzyme inhibitor; and ND, not detected.

BM-MNC Implantation

BM-MNCs were sorted and implanted inpatients with limb ischemia
as previously described.?

Effect of BM-MNC Implantation on Endothelial
Function in Patients With Limb Ischemia

Leg vascular responses to ACh (Daiichi Pharmaceutical Co) and
SNP (Maluishi Pharmaceutical Co) were evaluated by use of a
mercury-filled Silastic strain-gauge plethysmograph (EC-5R, D.E.
Hokanson, Inc) before and at 4 weeks after BM-MNC implantation
in all subjects and at 24 weeks after BM-MNC implantation in 6 of
the 7 subjects. Subjects fasted for at least 12 hours before cell
implantation. They were kept in the supine position in a quiet, dark,
air-conditioned room {temperature, 22°C to 25°C) throughout the
study. A 23-gauge polyethylene catheter was inserted into the
BM-MNC-implanted femoral artery for the infusion of ACh and
SNP under Jocal anesthesia. After each patient had spent 30 minutes
in the supine position, we measured leg blood flow (LBF) and
arterial blood pressure. Then, the effects of the ACh and SNP
infusion on leg hemodynamics were measured. ACh (7.5, 15, and 30
jg/min} and SNP (0.75, 1.5, and 3.0 ug/min) were infused intra-ar-
terially for 5 minutes at each dose. The infusions of ACh and SNP
were performed in random order. Each study proceeded after the
LBF had returned to baseline.

To evaluate the drug-related effect on endothelium-dependent vaso-
dilation, the infusion of ACh and SNP was performed using a protocol
identical to that used for the study of Limb ischemic patients with
implanted MN-MNCs before and after 4 weeks of follow-up i 5
patients with limb ischemia (4 men and 1 woman; mean age, 65=7
years) as a controf group. Five patients were taking ACE inhibitors and
antiplatelet agents; 3 of those 5 patients were takding calcium antagonists,
and 2 were taking stating, The patients were subjected to 4 weeks of
follow-up without any drug treatment or lifestyle modification.

Measurement of LBF .

The blood flow was measured using a mercury-filled Silastic
strain-gauge plethysmograph (EC-5R, D.E. Hokanson, Inc) as pre-
viously described.?

Statistical Analysis

Results are presented as the mean*SD. All reported probability
values were 2-tailed. Values of P<0.05 were considered significant.
Comparisons of parameters before and after BM-MNC implantation
were performed with adjusted means by ANCOVA using baseline
data as covariates. Comparisons of time-course curves of parameters
during the infusions of ACh and SNP were analyzed by 2-way
ANOVA for repeated measures on 1 factor followed by the Bonfer-
roni correction for multiple-paired comparisons.
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Results

Clinical Characteristics
The baseline clinical characteristics before and at 4 weeks
and 24 weeks after BM-MNC implantation of patients with
limb ischemia are summarized in the Table. The number of
BM-MNCs implanted into ischemic limbs was 1.6X10°+
0.3%10°. The number of CD34" cells included in the im-
planted BM-MNCs was 3.8X10"£1.6X10°. BM-MNC im-
plantation improved the ankle-brachial pressure index from
0.33+0.21 to 0.3920.17 after 4 weeks (P=0.06) and to
0.35+0.38 after 24 weeks (P=0.16), transcutaneous oxygen
pressure from 28.4*11.5 to 36.65.2 mm Hg after 4 weeks
(P=0.03) and to 33.7%3.8 mm Hg after 24 weeks (£=0.06),
pain-free walking time from 0.8=0.6 to 29122 minutes
after 4 weeks (P=0.02) and to 2.5%x1.6 minutes after 24
weeks (P=0.03), and basal LBF from 1.7£1.2 to 2.4%1.4
mL/min per 100 mL tissue after 4 weeks (P=0.04) and to
2.0%1.2 mL/min per 100 mL tissue after 24 weeks (P=0.05).
BM-NMC implantation did not alter blood pressures (mean
blood pressure, from 86.2:210.3 to 88.1+11.2 mm Hg after 4
weeks and to 87.3+12.1 rom Hg after 24 weeks) or serum
concentrations of total cholesterol (from 5.28*1.24 to
5.221.06 mmol/L after 4 weeks and to 5.23*1.18 mmol/L
after 24 weeks), LDL cholesterol {from 3.88x0.78 to
3,78x0.72 mmol/L after 4 weeks and to 3.72£0.8] mmol/L
after 24 weeks), glucose (from 4.6=0.4 to 4.5+0.5 mmol/L
after 4 weeks and to 4.6£0.6 mmol/L. after 24 weeks), and
insulin (from 41.8+9.8 to 42.3-10.1 pmol/L. after 4 weeks
and to 43.6+11.4 pmol/L after 24 weeks).

Effect of BM-MNC HInmplantation on Endothelial
Function in Patients With Limb Ischemia

The intra-arterial infusion of ACh increased LBF in a
dose-dependent manner. After BM-MNC implantation, LBF
responses to ACh were enhanced in patients with himb
ischemia (Figure, top). There was no significant difference in
LBF response to ACh after 4 weeks and 24 weeks of
follow-up (Figure, top). The intra-arterial infusion of SNP
also increased LBF in a dose-dependent manner. The LBF
response to SNP was unaffected by BM-MNC implantation
(Figure, bottorn). In the control group, there was no signifi-
cant difference in LBF responses to ACh and SNP before and
those after 4 weeks and 24 weeks of follow-up (Figure). No
significant change was observed in arterial blood pressure or
heart rate in response to intra-arterial infusion of either ACh
or SNP before or after BM-MNC implantation and after 4
weeks of follow-up.

Discussion

In the present study, BM-MNC implantation improved not
only limb ischemic symptoms and findings of angiography
but also endothelium-dependent vasodilation in patients with
fimb ischemia. This beneficial effect of BM-MNC implanta-
tion on vascular function may be selective in endothelium-
dependent vasodilation (endothelial cell function) but not in
endothelium-independent vasodilation (smooth muscle cell
function).

BM-MNC Implantation and Endothelial Function = 1217

100 | . Before BM-MNC Imptantation
© 4 weeks after BM-MNG Implantation

% 4 24 weeks after BM-MNC implanmation
g0 | ® Beforecontrol
o 4woeks after control

70
g e
E
& % P <0.0001
B 4
o
= 30
o
8 20

10-

0

Baseline 7.5 15 ¢!
Acetylcholine (pg/min)
100 | 4 Before BM-MNG Implantation
o0 O 4 weoks after BM-MNC implantation
& 24 weeks alter BM-MNC implantation

80 & Before control
£+ 4 weeks after comtrol

88883

20
10

Leg hlocd fMlow (%)

Baselline 0.75 15 3.0
Sedium nitroprusside (ug/min)

Comparison of LBF (as % change from basal flow) response to
ACh administration (top) and SNP administration (bottom) before
and after BM-NMC implantation of 4 weeks and 24 weeks of
follow-up in patients with imb ischernia.

Our results showed that BM-MNC implantation increased
the ankle-brachial pressure index, transcutaneous oxygen
pressure, and basal LBF per se. Therefore, one possible
mechanism by which BM-MNC implantation angments en-
dothelium-dependent vasodilation is by increasing shear
stress results from blood flow. Acute or chronic increases in
shear stress stimulate the release of nitric oxide in isolated
vessels and cultured cells through the enhanced expression of
endothelial nitric oxide synthase gene®*®

BM-MNCs (CD34* fraction) include endothelial progenitor
cells and various angiogenetic growth factors, such as the
vascular endothelial growth factor (VEGEF) and angjopoietin
farnilies. Supplementation of the progenitor endothelial cefls
results in apgmentation of negvascularization of ischemic tissue
and Tepair of mature endothelial cells that release nitric oxide.!
VEGF induces the formation of collateral vessels and increases
collateral blood flow, leading to improvement in endothelium-
dependent vasodilation.’* In addition, VEGF directly upregu-
lates endothelial nitric oxide synthase expression and increases
subsequent nitric oxide release.!? Rajagopalan et al® recently
reported that gene therapy using an adenoviral vector encoding
a 121-amino-acid isoform of VEGF augmented ACh-induced
vasodilation in lower-leg circulation in patients with peripheral
arterial disease. Although the mechanism by which BM-MNC
implantation improves endothelial function in patients with limb
ischemia is not clear, the multiplier effect of progenitor endo-
thelial cells and VEGF may contribute to the angiogenesis-
induced improvement in endothelium-dependent vasodilation.
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We have recently shown that antihypertensive agents, such
as ACE inhibitors, restore endothelial function in patients
with mild to moderate hypertension but not in patients with
severe hypertension.'® It is clinically important that endothe-
lial dysfunction is reversible by BM-MNC implantation in
patients with severe atherosclerosis. BM-MNC implantation
is expected to prevent the development of atherosclerosis
through improvement in endothelial function,

Although a drastic change in endothelial function was
observed after BM-MNC implantation, the number of sub-
jects in this study was small, and the observation period is
relatively short. In addition, this phase 1 ¢linical trial was not
placebo-controlled. Controlled studies using a large popula-
tion of patients and with long observation periods are needed
to determine the role of BM-MNC implantation in endothelial
function in patients with severe atherosclerosis.

Although the effectiveness of therapeutic angiogenesis
with VEGF gene therapy in patients with peripheral arterial
diseases has been established, BM-MNC implantation ther-
apy may provide a new aspect of therapeutic angiogenesis in
such patients.
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Strategy for treatin% elderly
Japanese wit -
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Respiratory Medicine, Tohoku University School of Medicine, ' Department of Geriatric Medicine, Kyorin
University School of Medicine, Mitaka, The Second Department of Internal Medicine, Hiroshima
University School of Medicine, and "The Egusa Genshi Clinic, Hiroshima, Japan

Background: It has been widely accepted that control of serum cholesterol levels is
effective for prevention of cardiovascular events. Recent data have suggested that this is
also the case in the eiderly.

Methods: A research group (chaired by T. Kita) was organized as part of the Compre-
hensive Research on Aging and Health conducted by the Japanese Ministry for Health,
Labour, and Welfare in 1999-2002 to determine the best strategy for control of cholesterol
levels in elderly Japanese with hypercholesterolemia. In order to do this a review of the lit-
erature was conducted.

Conclusion: The research group concluded: (i} Japanese patients aged 65-74 years with
hypercholesterolemia should be treated by following the Guideline for Diagnosis and
Treatment of Atherosclerotic Cardiovascular Diseases by the Japan Atherosclerosis Society
(2002), as cholesterol-lowering therapy would bring a similar, or even larger, preventive
effect to the elderly, whose absolute risk of cardiovascular events is higher than that in the
younger population; (ii) target cholesterol levels in elderly Japanese aged 2 75 years with
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