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Figure 3. Cardiac hypertrophic responses by Ang Il infusion into cardiac-specific ATRAP transgenic (Tg52) mice and LC mice. A,
Effects of Ang Il infusion on cardiac hypertrophy in Tg mice and LC mice. Representative images of hematoxylin and eosin-stained
section of the hearts of all 4 groups examined (top, bar: 1 mm), representative images of antidystrophin monoclonal antibody-stained
section of the LV for cell size measurement in all 4 groups (middle, magnification: x400; bar: 20 pm), and quantitative analysis of a
cardiomyocyte cross-sectional area of the LV (bottom). *P<0.01 vs vehicle. B, Effects of Ang Il infusion on cardiac atrial natriuretic pep-
tide (ANP) and brain natriuretic peptide (BNP) mRNA expression in LC and Tg52 mice. Values are calculated as the fold induction of
those achieved with extracts in the vehicle-infused group and expressed as the mean+SE (n=6 in each group). *P<0.05 vs LC. C,
Representative Western blot and quantitative analysis of the effects of Ang Il infusion on LV ATRAP and AT,R protein expression in LC
mice. Values are calculated relative to those achieved with extracts in the vehicle-infused group (Ang Il) and expressed as the
mean+SE (n=6 in each group). *P<0.05 vs vehicle. D, Representative Western blot and quantitative analysis of the effects of Ang Il
infusion on LV ATRAP and AT,R protein expression in Tg52 mice. Values are calculated relative to those achieved with extracts in the
vehicle-infused group (Ang Il) and expressed as the mean=SE (n=6 in each group). *P<0.05 vs vehicle.

pletely suppressed in Tg52 mice with cardiac-specific over- levels of atrial natriuretic peptide and brain natriuretic peptide
expression of ATRAP. by 1.7- and 2.1-fold induction, the upregulation of these

mRNAs in response to Ang Il infusion was completely
Effects of Ang II Infusion on Hypertrophy-Related suppressed in Tg52 mice (Figure 3B). With respect to the

Gene Expression in Cardiac-Specific ATRAP inhibitory effect of Ang II treatment on the cardiac
Tg Mice ATRAP/AT,R ratio, although Ang II infusion significantly
We examined whether cardiac-specific overexpression of decreased the cardiac ATRAP/AT,R ratio through sup-
ATRAP attenuates the cardiac hypertrophy-related gene ex- pression of cardiac ATRAP expression in LC mice (Figure
pression induced by chronic Ang Il infusion. Although Ang 11 3C), Ang II treatment did not affect the ratio at all in Tg52
infusion in LC mice increased the LV mRNA expression mice (Figure 3D).
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Figure 4. Effects of Ang Il Infusion on

MAPK activation in cardiac-specific

ATRAP transgenic (Tg52) mice. Repre-

sentative Western blots (top) and quanti-

o tative analysis (bottom) of the effects of

0-
Time 0 15m 30m 60m 3d 14d

Ang Il infusion for 0, 15, 30, and 60 min-
utes and 3 and 14 days on phosphory-
lated and total MAPK (A, p38; B, ERK;
and C, JNK) in LC mice (left, LC) and
Tg52 mice (right). Values are calculated
relative to those achieved with extracts
in the mice at baseline (time 0) and
expressed as the mean*SE (n=6 in
each group). m indicates minutes; d,
days. *P<0.05 vs baseline.
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Effects of Ang II Infusion on MAPK Activation in

Cardiac-Specific ATRAP Tg Mice

As the downstream effector of the AT R signaling pathway,
MAPK plays an important role in the development of cardiac
hypertrophy.?°-22 Thus, ultimately we examined the time
course of LV MAPK activation in LC and Tg52 mice during
Ang II treatment. LV p38 was significantly activated after 30
minutes and 14 days of Ang II infusion in LC mice (Figure
4A). However, LV p38 was not at all activated in Tg52 mice
during Ang II treatment. On the other hand, LV JNK and
ERK were not significantly activated by Ang II infusion in
either LC or Tg52 mice (Figure 4B and 4C).

Discussion
This is the first report to our knowledge of a novel inhibitory
function of cardiac ATRAP on cardiac hypertrophy in vivo.
Activation of AT R signaling through the tissue renin-angioten-

04
Time 0 15m 30m 60m 3d 14d

sin system provokes sequential activation of signaling pathways,
which leads to cardiac hypertrophy,>-26 and chronic elevation of
circulating Ang II causes sustained hypertension and associated
cardiac hypertrophy.?” The carboxyl-terminal portion of AT R is
important for receptor internalization and activation of down-
stream signaling pathways.?%2 ATRAP was cloned as a specific
interacting molecule with the carboxyl-terminal domain of the
AT, receptor by a yeast 2 hybrid screening system.? The results
of in vitro studies showed that ATRAP suppresses Ang II—
induced hypertrophic and proliferative responses by promoting a
constitutive internalization of AT R and decreasing the p38
activity and transforming growth factor 8 production in cardio-
myocytes and vascular smooth muscle cells, respectively,
thereby suggesting that ATRAP is an endogenous inhibitor of
AT,R signaling.3°

In the present study, we first showed that chronic infusion
of Ang II significantly decreased the cardiac expression ratio
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of ATRAP/AT R with the development of cardiac hypertro-
phy, for which the effect was completely inhibited by an
AT,R antagonist. We observed recently that treatment with
an AT,R antagonist recovered a constitutive decrease in the
ratio of cardiac expression of ATRAP/AT R in spontaneously
hypertensive rats, which was accompanied by a decrease in
cardiac p38 activity and a suppression of cardiac hypertro-
phy.*¢ Previous studies have shown that increases in cardiac
p38 activity through the activation of AT,R signaling are
profoundly involved in cardiac hypertrophy and the damage
incurred in genetic and experimental hypertension models,
including spontaneously hypertensive rats and Ang Il
infusion.*1-32

Because we had hypothesized that cardiac-specific upregu-
lation of thc ATRAP/AT,R ratio suppresses the cardiac
hypertrophy induced by Ang Il infusion, we produced the
cardiomyocyte-specific ATRAP Tg mice, with a constitu-
tively high expression of cardiac ATRAP and a resultant
upregulation of the cardiac ATRAP/AT)R ratio, to examine
this hypothesis. We obtained in vivo evidence that ATRAP
attenuates the cardiac hypertrophy by chronic Ang II infusion
concomitant with a suppression of cardiac p38 activation.
Because the physiological parameters, such as BW, heart rate,
radiotelemetric BP, cardiac functions, and HW/BW ratio, arc
comparable at baseline in LC and Tg mice, the effect of
cardiac-specific overexpression of ATRAP is likely to be
excrted only in the context of a hypertensive challenge.

The present study shows the enhancement of cardiomyo-
cyte-specific ATRAP expression in vivo protects against the
hypertrophic responses in mice induced by an Ang II-
induced BP increase. Nevertheless. a limitation of the present
study is that the results do not allow us to dissociate the direct
effect of ATRAP enhancement on cardiac hypertrophy from
the influence of pressurc overload. In fact, several previous
studies have indicated that cardiac hypertrophy can occur
even in the absence of cardiac AT R,*** that high doses of
Ang Il-released specifically in the heart do not result in
cardiac hypertrophy,*> and that if the kidneys do not express
AT R, infusion of a very high dose of Ang II does not result
in cardiac hypertrophy.3¢ Therefore, the role of ATRAP in the
regulation of cardiac hypertrophy in vivo needs to be further
investigated in other models of hypertension and/or pressure
or volume overload.

Perspectives

Because the results obtained in this study are essentially
derived from Tg mice, it is important to exercise caution in
interpreting the finding to be relevant to the pathophysiology
of human cardiac hypertrophy. Nevertheless, the findings of
the present study provide important information for the
further investigation of the in vivo functional roles of ATRAP
in the pathogenesis of cardiac hypertrophy and suggest the
potential benefit of an ATRAP activation strategy. Additional
studies to elucidate the molecular mechanisms of the antihy-
pertrophic properties of cardiac ATRAP may enable a clini-
cal application of ATRAP in the near future, such as the
use of activating ligands for more efficient inhibition of
AT R signaling in combination with inhibitors of the
renin-angiotensin system.
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Table S1. Blood Pre ssure and Heart Rate 14 Days after Ang Il Infusion in LC,

Tg46,and Tg52 Mice

LC Tg46 Tg52
Variable Vehicle  Ang |l Vehicle  Angll Vehicle Ang i
SBP, mmHg 11246 12116 109+5 12046 10545 1124
HR, bpm 652+44 657422 673124 648129 572+54 612122

SBP indicates systolic blood pressure; HR, heart rate. All of the values are mean+SE

(n=6 to 8).
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Figure S1. Western Blot Analysis of AT1R Protein in the Mouse Heart

The result of Western blot analysis showed a single protein band of
approximately 42kDa in tissue extracts derived from heart of C57BL/6J wild-type
mice at baseline. This single band was notobserved when the antibody was
preabsorbed with an AT1R-selective blocking peptide. These results
demonstrate the specificity of AT1R antibody used in the present study. Ab,
antibody; BP, blocking peptide.
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Figure S2. Generation of Cardiac-specific ATRAP Transgenic Mice

(A) Transgenic mice expressing ATRAP specifically in cardiomyocytes were
generated on a C57BL/6J background with standard techniques. Briefly, a
5.5-kb fragment of the mouse a-myosin heavy chain (MHC) promoter (a kind gift
from Dr. Jeffrey Robbins, University of Cincinnati, Cincinnati, OH) ' and a mouse
ATRAP cDNA 2° were subcloned into a pBsKs(-) plasmid. The resultant
recombinant plasmid, pMHC-ATRAP, was digested with Kpn! and Notl to
generate a ~6.3 kb of DNA fragment consisting of the ? -MHC promoter, mouse
ATRAP cDNA, and the bovine growth hormone polyadenylation sequence (BGH
polyA). This construct was microinjected into the pronucleus of fertilized mouse
embryos. The resulting pups were screened for the presence of the transgene
by PCR, using forward (TGCTTGGGGCAACTTCACTATC) and reverse
(ACGGTGCATGTGGTAGACGAG) primers. F and R indicate the locations of
the forward and reverse primers used for genotyping by PCR, respectively. (B)
Quantitative analysis of ATRAP expression at the protein level revealed the
highest and moderate expression levels of ATRAP in lines 52 and 46 (Tg52 and
Tg46), respectively, among the 10 obtained lines of transgenic mice and these
two lines of transgenic mice were further characterized. (C) To examine the
transgene copy number in the transgenic mice, Tg46 and Tg52, genomic DNA
was isolated from kidneys of littermate control mice and these transgenic mice,
digested by Dral, and subjected to Southern blot analysis. The results of
Southern blot analysis showed that Tg46 had one copy and Tg52 had nine
copies of the transgene. (D) The results of real-time quantitative RT-PCR
analysis showed 59- and 244 fold increases in cardiac ATRAP mRNA
expression over littermate control mice in Tg46 and Tg52, respectively. (E) The
results of Western blot analysis also showed unaltered extracardiac ATRAP
expression in Tg46 and Tg52 mice.
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Figure S3. Direct Mean BP and HR measurement by radiotelemetric
devices in LC and Tg mice

(A) In LC mice, Ang Il infusion for 2 weeks tended to increase the mean BP
(MBP) in the light period (105.7+4.6 versus 116.0£3.5 mmHg, P=0.126) and in
the dark period (115.8+3.4 versus 126.943.8 mmHg, P=0.076), without statistical
significance. Similarly in Tg52 mice, Ang Il infusion tended to increase MBP in
the light period (102.4+3.3 versus 114.3+5.0 mmHg, P=0.071) and in the dark
period (115.942.8 versus 125.7+4.6 mmHg, P=0.126), also without statistical
significance. (B) Regarding the radiotelemetric heart rate (HR), Ang Il in fusion
did not affect HR in LC and Tg mice in either the light period or the dark period.
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Sustained Inhibition of Oxidized Low-Density Lipoprotein Is
Involved in the Long-Term Therapeutic Effects of Apheresis
in Dialysis Patients

Yuko Tsurumi-lkeya, Kouichi Tamura, Koichi Azuma, Hiroshi Mitsuhashi, Hiromichi Wakui,
Ichiro Nakazawa, Teruyasu Sugano, Yasuyuki Mochida, Toshiaki Ebina, Nobuhito Hirawa,
Yoshiyuki Toya, Kazuaki Uchino, Satoshi Umemura

Objective—1Low-density lipoprotein (LDL) apheresis is a potential therapy for conventional therapy-resistant
peripheral artery disease. In the present study, we examined the chronic effects of LDL apheresis on clinical
parameters in vivo and endothelial cell functions in vitro in hemodialysis patients who had the complication of
peripheral artery disease.

Methods and Results—Twenty-five patients were enrolled, and the responses of 19 patients to LDL apheresis were
analyzed. Patients were classified into 2 groups according to change in ankle-brachial pressure index (ABI) after
treatment: patients with improved ABI (responders, n=10) and patients with worsened ABI (nonresponders, n=9). In
the responders, apheresis resulted in a long-term reduction of circulating levels of oxidized LDL, C-reactive protein, and
fibrinogen. In human umbilical vein endothelial cells (HUVECS), the serum from the responders increased expression
of activated endothelial nitric oxide synthase protein and proliferative activity. Furthermore, there was a significant
correlation between ABI and activated endothelial nitric oxide synthase protein level in HUVECs treated with responder
serum (R=0.427, P<<0.05).

Conclusion—These results demonstrate that LDL apheresis decreases oxidized LDL and inflammation and improves
endothelial cell function in the responders. This may be one of the mechanisms involved in the long-term
therapeutic effect of LDL apheresis on peripheral circulation in hemodialysis patients. (Arterioscler Thromb Vasc
Biol. 2010;30:1058-1065.)

Key Words: atherosclerosis m endothelium m nitric oxide synthase m oxidized lipids m peripheral arterial diseasc
m lipoproteins @ oxidative stress

ardiovascular disease is the primary cause of death in

patients with end-stage renal disease. Patients on
dialysis are reported to have a 10-20-fold greater risk of
cardiovascular discase—associated mortality than the gen-
eral population after stratification for age, gender, race,
and the presence or absence of diabetes. Patients undergo-
ing dialysis have many of the risk factors for atheroscle-
rosis, such as hypertension, dyslipidemia, and disturbed
calcium-phosphate metabolism, and, indeed, they com-
monly experience severe atherosclerosis, including periph-
eral artery disease (PAD). Low-density lipoprotein (LDL)
apheresis is a potentially useful treatment for conventional
therapy—resistant hypercholesterolemic patients with cor-
onary artery disease and PAD.!2 Previously, it was shown
that a single LDL apheresis session enhanced the periph-
eral microcirculation, probably by increasing the produc-
tion of nitric oxide (NO) and bradykinin,? reducing blood

viscosity and adhesion molecules,* and inducing endothe-
lium-dependent vasodilatation.® However, the precise mo-
lecular mechanism of the long-term effects of LDL aphere-
sis on the improvement of the peripheral circulation
remains unclear and warrants further investigation.

We undertook the present study to investigate the short-
and long-term effects of LDL apheresis on clinical and
laboratory parameters in vivo and vascular endothelial cell
function in vitro, in hemodialysis patients with PAD, and to
identify factors related to the improvement of the peripheral
circulation by LDL apheresis.

Methods
Patients and Study Design

The study protocol was approved by the Human Ethics Commit-
tee of Yokohama City University Hospital. A total of 25 consec-
utive hemodialysis patients with leg impairments and ankle-
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brachial pressure index (ABI) values less than 0.9 were recruited
in Yokohama City University Hospital, and written informed
consent was obtained from all participating patients. All patients
were being treated with cilostazol, aspirin, icosapentate ethyl,
ticlopidine, or sarpogrelate. The drug therapy was not changed
during the study period. Of the 25 patients enrolled in this study,
5 patients could not complete the study because of death (n=3),
amputation (n=1), or percutaneous transluminal angioplasty
(n=1) during the study period, and they were excluded from the
analysis.

LDL apheresis was carried out once or twice a week on
nonhemodialysis days, and 10 sessions of apheresis were per-
formed for each patient. The absolute walking distance and ABI
were principally estimated on nonhemodialysis days before the
Ist and 10th sessions and at 3 months after the end of treatment.
ABI was measured by an oscillometric method using the Form
PWV/ABI (AT Co.). Because most participating patients were
unable to perform treadmill exercise because of conditions such
as previous heart attack or paralysis. the absolute walking
distance was evaluated by medical staff on a flat floor in the
hospital. Blood samples were collected before and after the first
session, at the start of the 10th session, and at 3 months after the
end of treatment (before regular hemodialysis).

LDL Apheresis Technique

LDL apheresis was performed using hollow polysulfone fibers
(Sulflux, Kaneka) as the plasma separator and a dextran sulfate
cellulose column (Liposorber LA-15, Kaneka) as the LDL absorber.
Blood flow from the arteriovenous fistula access was in the range of
80 to 100 mL/min, the plasma flow was 25 to 30 mL/min, and 3000
to 4000 mL of the plasma volume was treated per session.

Human Endothelial Cell Culture

Human umbilical vein endothelial cells (HUVECs) were purchased
from Kurabo. HUVECs were maintained in HuMedia-EG2 medium
(Kurabo} and were cultured as described previously.® Cells from the
fourth to seventh passages were used for all experiments.

Determination of the Total and Activated

Endothelial Nitric Oxide Synthase Protein Levels
HUVECs were cultured for 24 hours in HuMedia-EG2 medium
containing 50% serum from the patients. Western blot analysis
was performed essentially as described previously.”® Briefly,
whole cellular extracts from the HUVECs were loaded on 5%
SDS-polyacrylamide gel electrophoresis gels. After protein trans-
fer, membranes were immunoblotted with either anti-human
endothelial nitric oxide synthase (eNOS) polyclonal antibody
(Transduction Laboratories) or anti-human phospho-eNOS (Ser-
1177) polyclonal antibody (Cell Signaling Technology). The
protein levels were measured with densitometry using NIH
Image] and were expressed relative to those achieved with
HUVECs treated with the serum at baseline. Activated eNOS
protein levels were normalized to the signal generated by the
probe for the total eNOS protein.

Cell Proliferation Assay

HUVECs were seeded at 5X10° cells per well in a 96-well
collagen I-coated plate (Becton Dickinson} and cultured for 48
hours in growth factor-depleted medium for preparation of the
growth-arrested condition before the experiment. The growth
factor-depleted medium contained HuMedia-EB2 and 2% FBS,
but neither human epidermal growth factor nor human fibroblast
growth factor. The HUVECs were incubated with a fresh growth
factor—depleted medium containing 50% serum from patients for
24 hours, The proliferation activity assay was conducted by
5-bromo-2’-deoxyuridine (BrdUrd) incorporation assay, essen-

Apheresis Suppresses Oxidized LDL 1059

tially as described previously.? The absorbance of samples was
measured by a plate reader (ImmunoReader NJ-2100, InterMed)
at 405 nm, with a reference wavelength at 490 nm. The mean
absorbance was calculated for each of 10 samples.

Tube Formation Assay

Experiments on tube formation were conducted in triplicate in
24-well dishes using an angiogenesis assay kit (Kurabo) accord-
ing to the manufacturer’s instructions. Briefly, HUVECs cocul-
tured with fibroblasts were cultivated in the medium containing
5% serum from patients. After 11 days, cells were fixed in 70%
ethanol and then visualized with CD31 antibody (Kurabo).
Vascular endothelial growth factor (VEGF) (10 ng/mL) was also
tested as a positive control. Tube length was quantified using
angiogenesis imaging software (Kurabo).

Statistical Analysis

Data are expressed as the mean*SE. The significance of the changes
before versus after treatment was analyzed by the Wilcoxon single-
rank test. Differences between responders and nonresponders were
determined by the Student ¢ test, Welch ¢ test, or Mann-Whitney test.
P<0.05 was deemed to be statistically significant.

Results

Effects of LDL Apheresis on Clinical Parameters
Of the 20 patients, 1 patient experienced a worsening of
leg pain despite ABI improvement and was excluded from
the analysis. Nineteen patient responses were investi-
gated. The absolute walking distance improved signifi-
cantly at the 10th session of LDL apheresis compared with
baseline (from 17133 mto 294+ 34 m, P<<0.05) and even
at 3 months after the end of the treatment (from 17133 m
to 27042 m, P<0.05). Similarly, the ABI improved at the
10th session compared with baseline (from 0.59+0.04 to
0.67+£0.04, P<0.05). Subsequently, the patients were
classified into 2 groups according to the changes in the
ABI at 3 months after the end of treatment. The 2 groups
were patients with improved ABI (responders, n=10) and
patients with worsened ABI (nonresponders, n=9). In the
responders, the absolute walking distance and the ABI
were significantly increased at the 10th session compared
with baseline (from 118+26 m to 333+45 m, P<0.05;
from 0.530.06 to 0.69%0.06, P<0.005; absolute walking
distance and ABI, respectively) and even at 3 months after
the end of treatment (from 118*+26 m to 297+63 m,
P<0.05; from 0.53:0.06 to 0.69+0.05, P<0.005). On the
other hand, neither absolute walking distance nor ABI
showed any statistically significant change during the
study period in the nonresponders. The baseline character-
istics in each group are shown in Table 1. There was no
significant difference between the 2 groups in gender,
cause of renal disease, diabetes or nondiabetes, age, body
mass index, hemodialysis period, duration of PAD, grade
of Fontaine classification, ABI, absolute walking distance,
laboratory data, or the frequency of LDL apheresis.

Effects of LDL Apheresis on

Laboratory Parameters

The short- and long-term lipid reductions by LDL aphere-
sis in each group are shown in Table 2. Blood collection
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Table 1. Comparison of Baseline Parameters Between Responders and Nonresponders

Responders (n=10} Nonrespenders (n=9) P

Gender, male/female 7/2
Cause of renal disease

Diabetic nephropathy 4

Nephroscrelosis 3

Chronic glomerulonephritis 2
Diabetes/nondiabetes 4/5
Age, years 66.3+2.8 66.1:3.5 NS
Body mass index, kg/m? 19.8+0.7 208+09 NS
Hemodialysis period, years 74+18 7.3+23 NS
Duration suffering from PAD, years 6.5+3.9 64+48 NS
Fontaine classification, n 1, 1; lig, 0; flb, 5; W, 3; M, 1 I, 0; Ha, 3; Iib, 4; ), O; IV, 2 NS
ABl 0.53x0.06 0.66=0.05 NS
Absolute walking distance, m 11826 232+58 NS
Total cholesterol, mg/dL 1589 16414 NS
Triglycerides, mg/dL 12125 14563 NS
HDL cholesteral, mg/dL. 465 52:+9 NS
LDL cholesterol, mo/dL 88+7 83+8 NS
MDA-LDL, UL 90+10 99+20 NS
Oxidized LDL, UL 38+3 385 NS
Fibrinogen, mg/dL 400+14 388+38 NS
CRP, mg/dL 0.87+0.40 0.81+047 NS
VEGF, pg/mL 114+14 98-+24 NS
HGF, ng/mL 0.36+0.03 0.32+0.03 NS
CNP, fmol/mL 31.3+6.1 26.5x4.2 NS
CaxP, (mg/diy* 50.5+4.5 52.3+6.7 NS
Intact PTH, pg/mL 299+81 232+63 NS
iL-18, pa/mL 0.25+0.03 0.20x0.01 NS
Frequency of LDLA per week once 6, twice 4 once 6, twice 3 NS

Parameters are shown as the mean+SE values or the number of patients. CNP indicates C-type natriuretic peptide;
PTH, parathyroid hormone; IL-15, interleukin-18; LDLA, LDL apheresis; NS, not significant.

was performed before and after first apheresis, at the start
of the 10th apheresis, and 3 months after the 10th aphere-
sis. Therefore, lipid concentrations at the start of the 10th
apheresis and 3 months after the 10th apheresis increased
compared with those after the first apheresis. The serum
levels of total cholesterol, LDL-cholesterol,
malondialdehyde-modified (MDA)-LDL, and oxidized
LDL were significantly reduced during a single session in
both groups. Specifically in the responders, oxidized LDL
continued to be significantly lower even at the 10th session
compared with baseline. On the other hand, in the nonre-
sponders, MDA-LDL and oxidized LDL concentrations
had increased compared with the baseline levels by 3
months after the end of the treatment. These results
indicate that LDL apheresis exerted a sustained lowering
effect on lipid-related oxidative stress in the responders.
We also measured lipid-independent oxidative stress mark-
ers, such as plasma 8-hydroxydeoxyguanosine, as well as
advanced glycation end products. However, these general
oxidative stress markers did not improve during the course

of the study period, irrespective of the efficacy of the LDL
apheresis (data not shown).

The short- and long-term changes in inflammatory markers
and vasculogenerative factors induced by LDL apheresis in each
group are summarized in Table 3. Although in both groups the
C-reactive protein (CRP) and fibrinogen concentrations were
significantly reduced during a single session, it was only in the
responders that they tended to remain reduced at the 10th session
compared with baseline. The plasma C-type natriuretic peptide
concentration was significantly increased during a single session
only in the responders. We did not find any significant short-
term or long-term effects of LDL apheresis on the VEGF,
hepatocyte growth factor (HGF), or interleukin-1 8 concentration
in either group.

Effects of LDL Apheresis on Activated eNOS
Expression in Vascular Endothelial Cells Exposed
to Patient Serum

The total eNOS protein expression levels in HUVECs did
not undergo significant change by incubation with the
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Table 2. Short- and Long-Term Effects of LDL Apheresis on Lipid Concentrations

After 1st At 10th Three Months After
Baseline Apheresis Apheresis 10th Apheresis P1 P2 P3

Responders

Total cholesterol, mg/dL 1589 945 15110 180+13 <0.01 NS 0.06

Triglycerides, mg/dlL. 12125 10116 11020 107+16 NS NS NS

HDL cholesterol, mg/dL 465 415 516 607 NS NS 0.06

LDL cholesterol, mg/dL 88+7 323 78+9 98+11 <0.01 NS NS

MDA-LDL, UL 90+10 44+5 87+13 95+10 <0.01 NS NS

Oxidized LDL, UL 38+3 20x2 323 384 <0.01 <0.05 NS
Nonresponders

Total cholesterol, mg/dL 16414 9510 14616 18620 <0.05 NS NS

Triglycerides, mg/dL 145+63 118+40 88+14 18556 NS NS NS

HDL cholesterol, mg/dL 529 46+8 53+8 4611 <0.05 NS NS

LDL cholesterol, mg/dL 83+8 26+2 7510 10416 <0.05 NS NS

MDA-LDL, UL 99:+20 40+6 90+12 118+23 <0.05 NS <0.05

Oxidized LDL, U/L 38+5 18+2 32+4 466 <0.05 NS <0.05

Parameters are shown as mean *SE values. P? indicates baseline vs after the 1st apheresis: P2, baseline vs at the 10th apheresis;
P3, baseline vs 3 months after the 10th apheresis. NS indicates not significant.

serum collected from either group during the course of the
study period (Figure 1A and 1B). However, the serum
collected from the responders at the 10th session signifi-
cantly increased the expression level of the activated
eNOS protein in HUVECs compared with the serum after
the first apheresis, although the increases in activated
eNOS protein level at the 10th apheresis and at 3 months
after 10th apheresis did not reach statistical significance as
compared with baseline (Figure 1A). In contrast, the serum
from the nonresponders did not alter the expression of the
activated eNOS protein in HUVECs (Figure 1B).

Effects of LDL Apheresis on the Proliferative
Activity of Vascular Endothelial Cells Exposed to
Patient Serum

To examine the possible effect of LDL apheresis on the
proliferative activity of HUVECs, we performed a BrdUrd
incorporation assay using patient serum. The synthesis of DNA
in HUVECs was significantly increased by incubation with the
responder serum collected 3 months after the end of the
treatment compared with the serum at baseline (Figure 2A). On
the other hand, the serum from the nonresponders did not alter
the synthesis of DNA in HUVECs (Figure 2B).

Table 3. Short- and Long-Term Effects of LDL Apheresis on Inflammatory Markers and

Vasculogenerative Factors
After st At 10th Three Months After
Baseline Apheresis Apheresis 10th Apheresis P1 P2 P3
Responders
Fibrinogen, mg/dL 40014 308+18 337+32 39435 <0.01 0.07 NS
CRP, mg/dL 0.87+0.40 0.49+0.20 0.39+0.23 0.75+0.47 <0.05 0.07 NS
VEGF, pg/mL 114+14 87+13 94+15 97+20 NS NS NS
HGF, ng/mL 0.36+0.03 0.31+0.03 0.31+0.03 0.36x0.04 NS NS NS
CNP, fmol/mL 31x6 367 33+6 387 <0.05 NS NS
IL-18, pg/mL 0.25+0.03 0.22+0.02 0.17£0.02 0.28+0.04 NS NS NS
Nonresponders
Fibrinogen, mg/dL 388+38 264+28 340+45 42735 <0.05 NS NS
CRP, mg/dL 0.81x047 0.34x0.21 1.12x1.02 0.61x0.35 <0.05 NS NS
VEGF, pg/mL 98+24 6613 108+34 10126 NS NS NS
HGF, ng/mL 0.32+0.03 0.31:0.04 0.38:0.05 0.400.06 NS NS NS
CNP, fmol/mL 27+4 29+3 27+4 314 NS NS NS
IL-18, pg/mL 0.20+0.01 0.72+0.39 0.29+0.12 0.46x0.16 NS NS NS

Parameters are shown as the mean=SE values. P1 indicates baseline vs after the 1st apheresis; P2, baseline vs at the 10th

apheresis; P3, baseline vs 3 months after the 10th apheresis

. CNP indicates C-type natriurstic peptide; IL-15, interleukin-18.
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Figure 1. Representative Western blot analysis showing the
expression of the activated eNOS protein, which is phosphory-
lated at Ser-1177 (P-eNOS) in HUVECs incubated with the
serum from the responders (A) or nonresponders (B), along with
the expression of the total amount of eNOS protein. Values are
expressed as mean=*SE.

Effects of LDL Apheresis on Tube Formation in
Vascular Endothelial Cells Exposed to

Patient Serum

To examine the effects of LDL apheresis on HUVEC tubular
morphogenesis, we cocultured HUVECs with human fibro-
blasts and incubated them with patient serum. The tube length
and area were evidently unchanged by incubation with the
serum collected during the course of the study period in either
group (Supplemental Figure IA and IB, available online at
http://atvb.ahajournals.org).

Relationships Among Walking Distance, ABI,
Oxidized LDL, Fibrinogen, and Activated

eNOS Expression

Finally, there were statistically significant correlations
between walking distance and plasma oxidized LDL
(R=-0.448, P<0.05, Figure 3A) and fibrinogen
(R=-0.779, P<0.05, Figure 3B) levels and activated
eNOS protein level in HUVECs (R=0.568, P<0.01, Fig-
ure 3C) in responders. There was also a significant
correlation between the ABI and activated eNOS protein
level in HUVECs (R=0.427, P<0.05, Figure 3D) in
responders. In nonresponders, there was a significant
correlation between the ABI and activated eNOS protein
level in HUVECs (R=-0.470, P<0.05, Supplemental
Figure IIA) and a marginal correlation between walking
distance and plasma oxidized LDL (R=—0.329, P=0.07,
Supplemental Figure 1IB). On the other hand, no signifi-
cant correlation between CRP or BrdUrd incorporation and
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Figure 2. A 5-bromo-2’-deoxyuridine (BrdUrd) incorporation
assay was performed for HUVECs incubated with the serum
from the responders (A) or nonresponders (B). The absorbance
of samples was measured at 405 nm, with a reference wave-
length at 490 nm. Values are expressed as mean+SE.

ABI or walking distance was observed in either group
(data not shown).

Discussion
It is now widely accepted that the endothelium exerts a
critical role in the regulation of vascular tone, modification
of lipoproteins, inflammation, thrombogenesis, and trans-
formation of circulating monocytes into pathological foam
cells. Accumulating evidence also indicates that proin-
flammatory and prothrombotic markers play an important
role in the pathogenesis of atherosclerosis, and various
factors are involved in the inflammatory and coagulatory
processes that are active during atherosclerosis.! In par-
ticular, oxidative stress is reported to be increased in
patients with end-stage renal disease!'! and has been
implicated in the endothelial injury caused by oxidized
LDL, a key lipid-related oxidative stress marker.!!!2
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Oxidized LDL affects endothelial cell function in various
ways, eg, by inducing the expression of proinflammatory
cell adhesion molecules, inhibiting endothelial cell prolif-
eration with stimulated apoptosis, and impairing endothe-
lial vasodilater function.*3-!5 Atherosclerosis is also asso-
ciated with increased concentrations of inflammatory
hepatic markers, including CRP and fibrinogen.!s CRP and
fibrinogen are reported .to be elevated in renal insuffi-
ciency, inducing adhesion molecule expression in endothe-
lial cells so as to provoke an inflammatory response and
the atherosclerotic process,!? and to support the interaction
of endothelial cells with matrix and inflammatory cells.!s
Both the oxidative stress and proinflammatory conditions
result in a significant decrease in eNOS activity and thus
impair endothelial function and promote atherosclerotic
lesions.‘“s-"’"’

Previous studies demonstrated that a single LDL aphere-
sis decreased not only the total LDL cholesterol but also
the oxidized LDL, CRP, and fibrinogen concentrations as
short-term  effects.20.21 Although previous studies re-
ported that LDL apheresis may induce long-term reduction
of the CRP and fibrinogen concentration,?'? there has
been no report of the long-term effects of LDL apheresis
on lipid-related oxidative stress. In this study, we demon-
strated short-term reductions of the LDL, MDA-LDL,
oxidized LDL, CRP, and fibrinogen concentrations during
a single apheresis, consistent with the results of previous
studies.>2"2! More importantly, our results disclosed a
long-term reduction of oxidized LDL, CRP, and fibrinogen
specifically until the 10th apheresis in the responders.
Although LDL apheresis did not cause a sustained de-
crease in LDL cholesterol in the responders or the nonre-
sponders, the long-term therapeutic effects of LDL aphere-
sis were related to the relatively sustained decrease in
oxidized LDL, which is a marker of lipid peroxidation.

On the other hand, LDL apheresis did not significantly
affect plasma 8-hydroxydeoxyguanosine, which is a
marker of DNA oxidation injury, or advanced glycation
end products, which reflect protein oxidation, in the
responders. A recent study also showed apheresis-
mediated reduction of thiobarbituric acid reactive sub-
stances, which is a marker of lipid peroxidation, and also
production of reactive oxygen species via suppression of
NADPH oxidase expression in leukocytes in hemodialysis
patients.2? Therefore, these results suggest that LDL
apheresis—mediated suppression of lipid peroxidation is a
major contributing factor to its therapeutic effect on
peripheral circulation in end-stage renal disease patients
with PAD. With respect to the effects of LDL apheresis on
high-density lipoprotein (HDL), because there was a short-
term reduction of the HDL concentration during a single
apheresis in nonresponders and a trend toward an increase
3 months after the 10th apheresis in comparison with
baseline in responders (Table 2), it is possible that a
differential effect on the HDL profile may have arole in its
therapeutic impact.

We further examined the effects of LDL apheresis on
vascular endothelial cell functions in vitro by analyzing the
expression of the activated form of eNOS, which is
phosphorylated at Ser-1177;24 cellular proliferative activ-
ity; and tube formation capacity. The expression of the
activated eNOS protein in HUVECs was significantly
increased by incubation with the serum from the respond-
ers at the 10th session compared with the serum collected
after the first apheresis. Furthermore, the proliferative
activity of HUVECs was increased by the serum collected
from the responders at 3 months after the end of treatment.
These results suggest that a repeat of LDL apheresis is
important for the responders to obtain the beneficial effect
on endothelial cell function. Although the precise molec-
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