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simvastatin in vessel walls is increased and the direct effect may
more easily occur.

The period of hemodialysis and the TNF-« level might constitute the
difference in background between study participants receiving low or
moderate doses of statin. Since LDL levels in each group became the same
after treatment and TNF-a levels did not change after statin treatment in
the present study, it is possible that the term of hemodialysis may reflect
the severity of atherosclerosis. These differences may mask the different
effects of different doses of statin, although the mechanism requires
further clarification.

In the present study, 8-isoprostane, an oxidant marker, was also
decreased after 16 weeks. In atherosclerotic arteries, the increase in
oxygen radicals and their decrease in response to statin treatment are
well known. Statins could decrease 02~ release from rabbit aortas
when rabbits were fed regular chow [33,34]. It is possible that an
increase in NO down-regulates an 02~ releasing enzyme, such as
NADPH oxidase [35-37]. A decrease in the levels of 02~ releasing
enzyme may contribute to a prolonged NO lifespan and indirectly
improve endothelial function [37,38].

. Our data may partially support simvastatin's anti-atherosclerotic
effects, especially with regard to restoration of endothelial function,
which may relate to the stabilization of atheroma. There is a common
ground between the changes in levels of adhesion molecules and
endothelial function resulting from statin treatment in this study and
the anti-atherosclerotic effect of the statin. '

5. Limitations of the study

There were a limited number of patients in the present study. The
slight tendency toward lipid profile changes was observed even seven
days after treatment, but this may have been inevitable because the
hemodialysis was performed three times per week and the conditions
used to measure FMD and %NTG may need to be adjusted. These
effects are not guaranteed to continue for years. Recently, atorvastatin
was reported to have no beneficial effect during the end stage of renal
failure, and the merit of statin may be limited only to the arteries of
patients during the early term of chronic hemodialysis without severe
atherosclerosis. However, there were many differences in conditions
in the pertinent study, such as the amount prescribed or the frequency
of adverse effects. Further examination of whether these effects
persist is needed.

In conclusion, in elderly patients undergoing hemodialysis, seven
days of treatment with simvastatin may improve endothelial function
of atherosclerotic arteries. Changes such as those observed in ¥FMD
and adhesion molecules induced by simvastatin could prevent A-V
shunt trouble or cardiovascular diseases due to thrombotic occlusion
in patients with chronic hemodialysis.
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Recently, small interfering RNA (siRNA)-based therapeutics have been used to treat diseases. Efficient and
stable siRNA delivery into disease cells is important in the use of this agent for treatment. In the present
study, pullulan was introduced into polyethylenimine (PEI) for liver targeting. PEI/siRNA or pullulan-con-
taining PEI/siRNA complexes were delivered into mice through the tail vein either by a hydrodynamics-
or non-hydrodynamics-based injection. The incidence of mortality was found to increase with an
increase in the nitrogen/phosphorus (N/P) ratio of PEI/siRNA complexes. Moreover, the hydrodynam-
ics-based injection increased mice mortality. Introduction of pullulan into PEI dramatically reduced
mouse death after systemic injection. After systemic injection, the PEl/fluorescein-labeled siRNA complex
increased the level of fluorescence in the lung and the PEI-pullulan/siRNA complex led to an increased

Keywords:
Polyethylenimine
Gene delivery
Cationic polymer

Cytotoxicity fluorescence level in the liver. These results suggest that the PEIl-pullulan polymer may be a useful,
low toxic means for efficient delivery of siRNA into the liver.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction important role in the escape of genes from the endosome after

Small interfering RNA (siRNA)-based therapeutics, which are
now recognized as a medical approach for the treatment of
difficult-to-cure diseases such as viral infections and tumors, are
attracting considerable attention in recent times.'? However,
naked siRNA is unstable in the bloodstream and is rapidly elimi-
nated through the urinary system. Moreover, its negative charge
inhibits efficient cellular uptake due to the negative charge of the
cell surface. Thus, efficient and stable siRNA delivery into diseased
cells is critical in this treatment modality. Many researchers have
attempted to induce various chemical modifications into siRNA
or to form complexes with several cationic carriers such as cationic
polymers, liposomes, peptides, or proteins.>->

Among cationic polymers, polyethylenimine (PEI) is the most
popular synthetic polymer and has a high cationic charge density.
It has been widely used to deliver siRNAs into cell lines or tissues.
Naked siRNAs are unstable and are rapidly degraded, but PEI is able
to form stable complexes with siRNAs, leading to the protection of
genes from enzymatic degradation. Moreover, PEI shows a strong
buffer capacity over a wide range of pH values; this plays an

- Corres;onding author. Tel.: +81 6 6833 5012; fax: +81 6 6835 5476.
E-mail address: yamtet@ri.ncvc.go.jp (T. Yamaoka). N
" These authors contributed equally to this work.

0968-0896/$ - see front matter ® 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/1.bmc.2010.04.031

endocytosis. On the other hand, the high cationic density of PEI al-
lows for the formation of highly condensed complex with siRNAs,
but complex formation with PEI can lead to cytotoxicity.5'® Infor-
mation on the safety and biodistribution of PEI or PEI/siRNA com-
plexes both in vitro and in vivo would contribute to improving the
safety and efficiency of siRNA delivery using PEI.

In the present study, we introduced pullulan into PEL Pullulan is
a water-soluble polysaccharide consisting of three a-14-linked
glucose polymers with different o-1,6-glucosidic linkages. It is
used for liver targeting because of its high affinity for the asialogly-
coprotein receptor in the liver.''"'* We delivered PEI/siRNA or
pullulan-containing PEI/siRNA complexes into mice through the
tail vein by a hydrodynamics- or non-hydrodynamics-based injec-
tion. The incidence of mortality was found to increase with
increasing the nitrogen/phosphorus (N/P) ratio of PEI/siRNA com-
plexes. On the other hand, the introduction of pullulan into PEI re-
duced mouse mortality and increased liver-targeting efficiency.

2. Results and discussion
2.1. Polymers

A linear 22-kDa PEI was used for the synthesis of the siRNA and
PEI-pullulan polymer complex (Fig. 1). The amount of pullulan in
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Figure 4. Delivery of PEI alone or polymer/siRNA complexes into mice by using the (A) non-hydrodynamics- or (B) hydrodynamics-based procedure. Numbers of dead mice

per total mice are described below.

results suggest that intravenous injection with PEI alone or the PEI/
siRNA complex at high N/P ratios can increase mortality, but intro-
duction of pullulan into PEI results in low mortality. Moreover,
hydrodynamics-based injection can increase the mouse mortality
rate, compared to non-hydrodynamics-based injection. High
in vivo toxicity or mortality caused by systemic injection of the
PEI-based complex is an obstacle to be overcome. Many research
efforts such as the introduction of poly(ethylene glycol) (PEG)'®
and removal of free PEIs after complex formation'® were reported
to efficiently reduce in vivo toxicity or mortality. In the present
study, introduction of pullulan to PEl dramatically reduced
in vivo toxicity and mortality.

2.5. Biodistribution after injection of the polymer/siRNA
complex into mice -

siRNA formed a complex with PEI at a N/P ratio of 3 and with
PEl-pullulan at a N/P ratio of 48. Complexes were injected into
the mice via the tail vein using the non-hydrodynamics-based

procedure. The fluorescence in each tissue (heart, lung, liver,
spleen, and kidney) was detected at 1 or 3 h after the injection.
At 1h after the injection of the PEI/siRNA or PEI-pullulan/siRNA
complex, fluorescence was identified mainly in the lung and kid-
ney. At 3 h, fluorescence increased in the livers of the PElI-pullu-
lan/siRNA complex-injected mice, but was barely found in the
livers of the PEI/siRNA-injected mice (Fig. 5).

Several studies have reported that linear and branched PEl/gene
complexes show different biodistribution and transfection effi-
ciency.®® The linear PEl/gene complex exhibits more efficient
transgene expression in the lung when injected intravenously, as
compared to the branched PEl/gene complex;57°14?! however the
transgene expression of the branched PEl/gene complex may be more
efficient in other tissues (e.g., kidney).>?? Further, although PEI cyto-
toxicity depends on molecular weight and N/P ratios, the branched
PEl/gene complex is found to have higher toxicity or cause more tis-
sue damage as compared to the linear PEl/gene complex.®%%

In the present study, we used a linear 22-kDa PEI for complex
formation with siRNA and for synthesizing the PEl-pullulan
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4.3. Measurements of the diameter of complexes

Polymer and siRNA complexes were prepared by incubating
both the siRNA and the polymer in water for 30 min. The final con-
centration of the siRNA was adjusted to 1 pg/mL using water (pH
7.3). The diameters of the complexes were determined using a
Zetasizer (Malvern Instruments, Malvern, UK) with the He/Ne laser
at a detection angle of 173° and a temperature of 25 °C.

4.4. Electrophoresis of the polymer/siRNA complex

For the electrophoresis experiment, various concentrations of
the polymer were mixed with the siRNA in ultrapure distilled
water (Invitrogen) at room temperature for 30 min, and then ana-
lyzed by 19% polyacrylamide gel electrophoresis.

4.5. Delivery of polymer/siRNA complexes into mice by direct
injection

All animal studies were performed in accordance with the
Guidelines for Animal Experiments, established by the Ministry
of Health, Labour and Welfare of Japan, and by the National Cardio-
vascular Center Research Institute. Male 6-week-old BALB/c mice
(CLEA Japan Inc., Osaka, Japan) weighing approximately 22 g were
used in this study. The mice were maintained in a temperature-
controlled room (22 °C) with a 12-h light-dark cycle and were pro-
vided with a standard pellet diet (CE-2; CLEA Japan) and water ad
libitum. One week after arrival, mice were divided into two groups,
the hydrodynamics injection group and the non-hydrodynamics
injection group. In the hydrodynamics injection group, 2 mL of
5% glucose solution containing each polymer/siRNA complex was
injected, whereas in the non-hydrodynamics injection group,
0.2mL was injected. For the hydrodynamics-based procedure,
solutions were injected over 6-8 s into the tail vein using a 27-
gauge needle. The mice were sacrificed 1 or 3 h after the injections,
and thereafter each tissue type (lung, heart, liver, spleen, and kid-
ney) was excised. Images were obtained with the Maestro In Vivo
Imaging System (Cambridge Research & Instrumentation, Woburn,
MA, USA).
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BACKGROUND: C-reactive protein (CRP) increases in re-
sponse to inflammation and is purported to be a risk
factor for atherogenesis. We recently demonstrated
that a scavenger receptor, lectin-like oxidized LDL re-
ceptor (LOX-1), is a receptor for CRP. In light of the
overlapping ligand spectrum of scavenger receptors
such as modified LDL, bacteria, and advanced glyca-
tion end products, we examined whether other scaven-
ger receptors recognize CRP.

METHODs: We analyzed the uptake of fluorescently la-
beled CRP in COS-7 cells expressing a series of scaven-
ger receptors and in a monocytic cell line, THP-1,
differentiated into macrophage with phorbol 12-
myristate 13-acetate (PMA). We applied small interfer-
ing RNA (siRNA) against class-A scavenger receptor
(SR-A) to THP-1 cells to suppress the expression of
SR-A. Wealso analyzed the binding of nonlabeled CRP
to immobilized recombinant LOX-1 and SR-A in vitro
using anti-CRP antibody.

resuLts: COS-7 cells expressing LOX-1 and SR-A
internalized fluorescently labeled CRP in a dose-
dependent manner, but cells expressing CD36, SR-BI,
or CD68 did not. The recombinant LOX-1 and SR-A
proteins recognized nonlabeled purified CRP and na-
tive CRP in serum in vitro. THP-1 cells differentiated
into macrophage-like cells by treatment with PMA-
internalized fluorescently labeled CRP. siRNA against
SR-A significantly and concomitantly inhibited the ex-
pression of SR-A (P < 0.01) and CRP uptake (P <
0.01), whereas control siRNA did not.

concrusions: CRP is recognized by SR-A as well as
LOX-1 and taken up via SR-A in a macrophage-like cell
line. This process might be of significance in the patho-
genesis of atherosclerotic disease.

478

C-reactive protein (CRP),' which is synthesized by
hepatocytes in response to inflammation and tissue
damage (1), binds to various ligands exposed on dam-
aged tissues or bacteria promoting phagocytosis and
complement activation with Clq (1, 2). Plasma CRP
concentrations may rise as much as 1000-fold during
infection or inflammation (3 ). In addition, CRP con-
centrations, within the reference range, can predict
cardiovascular diseases (4, 5), and there is a good
correlation between plasma CRP concentrations and
the degree of atherosclerosis in hypercholester-
olemic rabbits (6 ).

Fcy receptors CD16, CD32, and CD64 have been
reported as the receptors for CRP (7-9). In addition,
we recently demonstrated that CRP increases vascular
permeability through a direct binding to lectin-like ox-
idized LDL receptor (LOX-1), which is expressed in
endothelial cells (10). Members of the scavenger recep-
tor family, such as class A scavenger receptor (SR-A),
CD36, LOX-1,and scavenger receptor B-I (SR-BI), rec-
ognize common ligands such as modified LDL, bacte-
ria, and advanced glycation end products, and they are
thought to affect the progression of atherosclerosis
(11, 12). In this study, to further elucidate the athero-
genic properties of CRP, we addressed whether other
scavenger receptors are involved in the recognition
of CRP.

Human sera with high and normal concentrations
of CRP were obtained from Dako. Human CRP puri-
fied from pleural fluid was purchased from Chemicon
(AG723). Sodium azide in the solution was extensively
removed by dialyzing 3 times against a 3000-fold vol-
ume of Dulbecco’s PBS (Wako). Gram-negative bacte-
rial endotoxins were undetectable by limulus amebo-
cyte lysate (Associates of Cape Cod), which can detect
as little as 0.03 endotoxin units per mL endotoxins.
CRP was fluorescently labeled with CypHer5E (GE
Healthcare) and dialyzed 3 times against a 3000-fold
volume of PBS.

COS-7 cells maintained with Dulbecco’s modified
Eagle’s medium (DMEM,; Invitrogen)/10% fetal bovine
serum (FBS) were seeded 1 day before transfection. After
reaching 80%-90% confluency, we transfected the cells
with the plasmid using Lipofectamin 2000 transfection
reagent (Invitrogen). We used the following cDNAs: hu-
man LOX-1 (GenBank NMO002543), SR-A (GenBank
NM002445), CD36 (GenBank NM000072), SR-BI (Gen-
Bank NM005505), CD68 (GenBank NM001251), and

' Nonstandard abbreviations: CRP, C-reactive protein; LOX-1, lectin-like oxidized
LDL receptor; SR, scavenger receptor; DMEM, Dulbecco’s modified Eagle's
medium; FBS, fetal bovine serum; siRNA, small interfering RNA; PMA, phorbol
12-myristate 13-acetate; SRA-C6, anti-SR-A antibody, DAPI, 4',6-diamidino-2-
phenylindole.
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dectin-1 (GenBank NM197947), which were sub-
cloned into pcDNA6.2/V5/GW/D-TOPQO expression
vector (Invitrogen). We used pcDNA3.1/V5-His/lacZ
(Invitrogen) as a control. After 48 h, we washed the
cells with DMEM:1% antibiotics and antimycotic
(AbAm; Invitrogen). We replaced the medium with
CypHer5E-CRP-containing DMEM/1% AbAm and
incubated the cells for 2 h at 37 °C. After washing with
PBS, the cells were fixed with phosphate-buffered for-
malin (Wako) and permeabilized with 0.1% Triton
X-100/PBS. We detected the expression of each recep-
tor by immunostaining with anti-V5 antibody (Nacalai
Tesque) combined with Alexa 488 antimouse IgG (In-
vitrogen). The nuclei of the cells were counterstained
with 0.5 mg/L 4,6-diamidino-2-phenylindole (DAPI)
(Sigma). We divided the fluorescence intensities of
CypHerSE and Alexa 488 by the cell number in a field,
then divided the CypHer5E-CRP fluorescence inten-
sity in the field by the Alexa 488 fluorescence value.
These quantitative analyses were performed with an IN
Cell Analyzer 1000 system (GE Healthcare).

We prepared recombinant human SR-A (amino
acids 76-358) as described for LOX-1 (10). Recombi-
nant human SR-A (0.1 ug) or BSA (0.1 ug, Sigma) was
immobilized to each well of 384-well plates (High
Bind; Corning) by incubating at 4 °C in PBS overnight.
After 2 washes with PBS, the plates were blocked with
80 uL of 20% ImmunoBlock (DS Pharma)/PBS at 4 °C
for 8 h. After washing twice with PBS, we added CRP
in the reaction buffer (10 mmol/L HEPES, 150
mmol/L NaCl, 2 mmol/L CaCl,, 1% BSA, pH 7.0) to
each well and incubated them at 4 °C overnight. We
detected the binding of CRP with a TMB Peroxidase
EIA Substrate kit (Bio-Rad) as described for LOX-1
(10). We obtained small interfering RNA (siRNA)
duplex oligoribonucleotides targeting the SR-A cod-
ing region (GenBank NM002445) from Invitrogen
and used stealth RNAi duplex (Invitrogen) as a neg-
ative control. The siRNA sequences were as follows:
5'-GAUAUAACUCAAAGUCUCACGGGAA-3',5'-U
UCCCGUGAGACUUUGAGUUAUAUC-3' and 5'-C
AGACCUUGAGAAAUAUCACUUUAA-3', 5'-UUA
AAGUGAUAUUUCUCAAGGUCUG-3'.

THP-1 cells were maintained with 10% FBS/1%
AbAm/20 pmol/L mercaptoethanol:RPMI 1640 and
differentiated with 100 nmol/L phorbol 12-myristate
13-acetate (PMA) (Sigma) for 48 h. We transfected the
cells with siRNA oligos or control siRNA using Lipo-
fectamin 2000 transfection reagent (Invitrogen) ac-
cording to the manufacturer’s instruction. After incu-
bation at 37 °C for 24 h, we washed the cells with RPMI
1640/1% AbAm and replaced the medium with
CypHer5E-CRP—containing RPMI 1640/1% AbAm,
and the cells were incubated for 2 h. After washing with
PBS, the cells were fixed with phosphate-buffered for-

malin (Wako) and permeabilized with 0.1% Triton
X-100/PBS. We detected the effects of downregulation
of SR-A gene expression by immunostaining with anti—
SR-A antibody (SRA-C6; Trans Genic Inc) combined
with Alexa 488 antimouse IgG. For detection of Fcy
receptors, we used anti-CD32 antibody (AT10; Santa
Cruz) and anti-CD64 antibody (10.1; Santa Cruz). For
CRP detection, we used anti-CRP antibody (Bethyl).
The nuclei of the cells were counterstained with 0.5
mg/L DAPI. We divided the fluorescence intensities of
CypHer5E and Alexa 488 by the cell number in a field.
Quantitative analysis was performed with an IN Cell
Analyzer 1000 system. All transfections were per-
formed in triplicate.

All data are presented as mean (SE). Statistical
analysis was performed with Student ¢-test. A P value
<0.05 was considered statistically significant.

We examined whether CRP binds to scavenger
receptors: LOX-1, SR-A, CD36, SR-BI, CD68, and
dectin-1. Dectin-1 has the closest structural similarity
to LOX-1 and belongs to C-type lectin-like molecule,
although it is not a member of scavenger receptors.

Alexa546-labeled CRP at the concentration of 1
mg/L at 4 °C bound significantly to LOX-1-expressing
cells (P < 0.01) but bound poorly to the cells express-
ing the other receptors (see Supplemental Fig. 1, which
accompanies the online version of this article at http://
www.clinchem.org/content/vol56/issue3). Cellular up-
take of CypHer5E-labeled CRP, which shows fluores-
cence after endocytosis, was significantly higher in SR-A—
expressing cells, in a dose-dependent manner (1-30

mg/L), as well as in LOX-1-expressing cells, compared

with cells expressing the other receptors (Fig. 1). Im-
munostaining with anti-V5 antibody revealed that all
the receptors were expressed at a similar level in the
respective cells.

Using anti-CRP antibody, we confirmed that non-
labeled CRP was also taken up by SR-A-expressing
COS-7 cells. We further observed a significant binding
of nonlabeled CRP (0.1-1 mg/L) to immobilized re-
combinant SR-A (P < 0.01) (see online Supplemental
Fig. 2). The binding was not affected by polymyxin B
(5mg/L), suggesting that it did not depend on the pres-
ence of endotoxin. Importantly, native CRP contained
in human serum showed significant binding to SR-A,
as well as to LOX-1 (P < 0.01) (see online Supplemen-
tal Fig. 3). The binding was dependent on the concen-
tration of CRP in the serum, suggesting that SR-A and
LOX-1 have a capacity to bind to a native form of CRP
in serum in the presence of other plasma proteins.
These results indicate that SR-A and LOX-1 are the
receptors for CRP among the examined receptors.

Beécause SR-A works in the monocyte-macrophage sys-
tem, we assessed whether CRP is taken up by macro-
phages via SR-A. We used a human monocytic cellline,

Clinical Chemistry 56:3 (2010) 479
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THP-1, after inducing differentiation into macro-
phage by the treatment of PMA (13 ). In PMA-treated
THP-1 cells, CypHer5E-CRP was taken up in a dose-
dependent manner (0.3-30 mg/L). SR-A expression
and CRP uptake were concomitantly suppressed by 2
different siRNAs targeting SR-A, but not by control
siRNA (Table 1). The siRNA targeting SR-A did not
affect the expression of Fcy receptors (data not shown),
indicating that CRP is taken up mainly via SR-A in a
macrophage cell line, at least under these conditions.

The ligand specificity of the scavenger receptor
family overlaps considerably (11, 12 ), and while all can
bind to oxidized LDL, only SR-A or LOX-1 bound to
CRP. Interestingly, dectin-1, the most structurally sim-
ilar molecule to LOX-1, did not bind to CRP.

Using a monoclonal antibody, a previous report sug-
gested the presence of an unknown receptor other than
Fcy receptors in macrophages (14). It has been reported
that fucoidin, a ligand for SR-A, inhibits the in vivo CRP-
promoted uptake of oxidized LDL (15). SR-A might be
the unidentified CRP receptor. Fcy receptors and SR-A
are under different regulation of gene expression. In fact,
in response to differentiation stimulus of PMA, the ex-
pression of SR-A is strongly induced, whereas the expres-
sion of Fcy receptors is suppressed (16, 17 ). Conversely,
stimulation by interferon-y enhances the expression of
Fcryreceptors but suppresses the expression of SR-A (18).
These results suggest that Fcy receptors and SR-A would
work in the cells stimulated by different molecules.

480 Clinical Chemistry 56:3 (2010)

CypHer5E-CRP, %

siRNA 'SR-A expression, %
None 103 (3.2) - 108(9.1)
Control siRNA 100 (2.7) 100 (9.8)
SiRNA? for SR-A 17 (1.6 L3139
SiRNA2 for SR-A 13(0.0)° 32011

2 Data are as mean (SE).
b Significant difference vs control siRNA groups (P < 0.01).

Interestingly, the activity of SR-A as CRP receptor
was more pronounced in the uptake of CRP, whereas
LOX-1 showed strong activity in both binding and up-
take. Because SR-A works in phagocytes; the CRP up-
take activity of SR-A is reasonable. CRP was originally
identified as a binding protein for bacterial component
C-polysaccharide (3). SR-A may function to engulf
bacteria, viruses, and harmful substances opsonized by
CRP in a context of innate immunity.

Related to epidemiological risk factors for cardiovas-
cular disease, the presence of CRP in atheroma has been
reported in both rabbits and humans (6). Furthermore,
the colocalization of CRP and SR-A in macrophages in
atheromas has been reported (19). Taking these reports
together with the present results, SR-A-mediated CRP
uptake by macrophages in atheromas might affect the
foam cell formation and progression of atherosclerotic
disease.
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Aim: Familial hypercholesterolemia (FH) patients are at particular risk for premature coronary artery
disease (CAD) caused by high levels of low density lipoprotein (LDL). Administration of statins en-
abled us to reduce LDL-C levels in heterozygous FH patients. To evaluate the impact of statins on
the clinical fate of heterozygous FH, a retrospective study was performed.

Methods: We analyzed the clinical influence of statins on age at the first clinical onset of CAD in 329
consecutive FH patients referred to the lipid clinic of the National Cardiovascular Center. Among
329 heterozygous FH patients, the onset of CAD was identified in 101.

Results: The age at onset of CAD was 58.8 + 12.5 years in the 25 patients on statins at onset, signifi-
cantly higher than that in the 76 patients not on statins (47.6% 10.5 years) (»p<0.001). The average
age at CAD onset was significantly higher after widespread use of statins (54.2% 13.2 years in 48 pa-
tients; Group 1) compared to before October 1989 when statins were approved in Japan (46.9+9.6
years in 53 patients; Group 2, p=0.002). A significant difference was seen between Groups 1 and 2
in the variables, including sex, prevalence of smoking habit, LDL-C, and the use of statins, aspirin
and probucol. After adjusting for these variables, only statin use was independently associated with

the difference in age at CAD onset by multivariable analysis.
Conclusion: Statins have improved the clinical course of patients with heterozygous FH.

J Atheroscler Thromb, 2010; 17:667-674.

Key words; Familial hypercholesterolemia, Statin, Coronary artery disease, LDL cholesterol

Introduction

Familial hypercholesterolemia (FH) is a heritable
disease of high prevalence with an autosomal-domi-
nant mode of transmission and is linked to mutations
in the low-density lipoprotein (LDL) receptor or its
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related gene. It is characterized by phenotypes of the
elevation of plasma LDL, cutaneous and tendenous
xanthomas, arcus corneae, and coronary artery disease
(CAD) due to premature atherosclerosis”. The earliest
clinical sign of heterozygous FH is an elevation of
plasma LDL cholesterol (LDL-C), noted as early as at
birth?. All other clinical manifestations seem due to
an increase of LDL-C in plasma. CAD is the most se-
rious clinical manifestation and determines the prog-
nosis of FH. According to a previous report, Japanese
FH heterozygotes generally develop the first CAD
event in their 40s or later for men and 50s or later for
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women?.

To reduce plasma LDL-C in FH heterozygotes,
bile acid-sequestering resins have been used since the
1970s to upregulate the LDL receptor, but their effect
is limited to a 10 to 20% decline because of the con-
comitant induction of hepatic cholesterol synthesis?.
Statins, competitive inhibitors of a rate-limiting en-
zyme of cholesterol biosynthesis, 3-hydroxy-3-methyl-
glutaryl (HMG) CoA reductase, were introduced onto
the market in the late 1980s. Pravastatin, the first ap-
proved statin in Japan, became commercially available
at the beginning of October 1989 and simvastatin one
year later”. Synthetic analogues became available in
the late 1990s, including several “strong” statins, which
lower the level of LDL-C by more than 40%®. Many
large-scale clinical trials of statins worldwide, includ-
ing Japan, showed that they reduced the risk of cardi-
ac events or stroke in hypercholesterolemic popula-
tions”'?, Effective reduction of LDL-C by statins was
also shown in FH heterozygotes'" ?; however, their
clinical benefits in FH patients have not been clearly
demonstrated with fixed clinical endpoints. This is
partly because of the extremely high risk for CAD in
FH patients, thus making controlled clinical trials of
sufficient size to yield significant outcomes unethical.

Aim

Substantial numbers of FH patients have been
referred to and regularly treated at the lipid clinic of
the National Cardiovascular Center (NCVC) since it
was founded in 1977. We therefore retrospectively an-
alyzed the clinical records of these patients to assess
the impact of the introduction of statins on the clini-
cal prognosis of FH heterozygous patients, using pa-
tient age at the development of CAD. This parameter
is specific and solid for each patient and the analysis is
less influenced or biased by other factors. In addition,
Mabuchi and colleagues used the same parameter in
their study of Japanese FH reported before statin
availability .

Methods

Subjects

Of the patients referred to the lipid clinic at
NCVC from 1977 to 2007, 329 consecutive patients
(139 men, 190 women) were diagnosed as FH hetero-
zygotes using the criteria previously described . Most
of the FH patients analyzed in the present paper were
referred to our lipid clinic by their general practitioner
because of hypercholesterolemia. The medical records
of patients were examined according to the analysis

protocol approved by our institutional ethics commit-
tee (ID#M20-25-2). Of the 329 FH patients, 101
were identified as having CAD, specifically, coronary
artery stenosis (more than 75%) on angiography, in-
cluding 53 patients who had CAD at the first clinic
visit. The other 228 patients did not have clinical or
angiographic evidence of CAD. For each patient, the
age at onset of CAD was determined by the first sign,
ascertained by a standardized questionnaire, which in-
cluded fixed clinical endpoints of CAD, administered
by attending physicians at the clinic. The compliance
with statins was evaluated from the medical records.

Clinical Risk Factors

Body mass index (BMI) was calculated as weight
(kg) divided by height (m) squared (kg/m?). Hyper-
tension was defined as the use of antihypertensive
drugs or a blood pressure level higher than 140 mmHg
systolic or 90 mmHg diastolic or both at the first clin-
ic visit (the criteria for hypertension of the Japanese
Society of Hypertension Guidelines)'?. Diabetes mel-
litus was defined according to the 2002 Guideline for
the Treatment of Diabetes Mellitus of the Japan Dia-
betes Society'®. A family history of CAD was identi-
fied by the standardizcd questionnaire. Smoking was
identified from patients’ self-reporting. Achilles ten-
don thickness was measured as previously described'”.

Analysis of Serum Lipids

Fasting plasma lipid concentration was measured
before any lipid-lowering treatment. Total cholesterol
(TC), triglycerides (TG), and HDL cholesterol (HDL-
C) levels were measured enzymatically using an auto-
mated system in the clinical laboratory of the NCVC.
LDL-C level was calculated by the Friedewald formula
when the TG level was less than 400 mg/dL; three pa-
tients with TG level more than 400 mg/dL were omit-
ted from this particular analysis. TG values were ex-
pressed as the median, (range), and logarithmically
transformed before analysis.

Statistical Analysis

Statistical analysis was performed using the SPSS
15.0 (SPSS Inc., Chicago, IL) program. Parametric
values are expressed as the mean*standard deviation
(SD). The statistical significance of differences in con-
tinuous variables was evaluated by Student’s ¢ test for
unpaired data or ANOVA. The Pearson’s x> test was
used to assess differences in the d1str1but10n of cate-
gorical traits.
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Table 1. Clinical characteristics of heterozygous FH patients with or without coronary artery disease

(CAD) at first visit to our center.

Toral subjects CADY(+) CAD (-) p value
n 329 101 228
Age (years) 43.8+16.0 48.9%+10.2 41.6%17.6 <0.001
Sex
Men 139 (42.2%) 66 (65.3%) 73 (32.0%) <0.001
BMI (kg/m?) 22.0+3.2 23.0£27 226%3.3 <0.001
Total cholesterol (mg/dL) 319+70 333+85 31361 0.039
Triglyceride (mg/dL) (114) 80-176 (147) 96-193 (109) 76-162 0.263
HDL cholesterol (mg/dL) 5017 4214 54%17 <0.001
LDL cholesterol (mg/dL) 24172 25984 232+65 <0.001
Hypertension (n, %) 54 (16.4%) 33 (32.7%) 21 (9.2%) <0.001
Diabetes Mellitus (7, %) 13 (4%) 8 (7.9%) 5 (2.2%) 0.014
Family history of CAD (n, %) 121 (36.8%) 46 (45.5%) 75 (32.9%) 0.028
Smoking habits (7, %) 127 (38.6%) 72 (71.3%) 55 (24.1%) <0.001
Achilles tendon thickness (mm) 13.5%5.4 16.2£5.7 12.1+4.6 <0.001
CAD present at first visit (7, %) 53 (16.1) 53 (52.5) 0 (0) <0.001
Statin treatment at first clinic visit 39 (11.9) 18 (17.8) 21 (9.2) 0.541

Values are shown as the mean = SD except for triglyceride. For triglyceride, the median (range) is shown.
BMI, body mass index; HDL, high density lipoprotein; LDL, low density lipoprotein; CAD, coronary artery disease

Results

Patient Background

The baseline clinical characteristics of the 329
heterozygous FH patients analyzed in this study are
shown in Table 1. Their plasma lipid and lipoprotein
profiles are similar to patients in previous reports of
Japanese FH? 18 Patients with CAD were older, had
higher levels of BMI, TC, and LDL-C, lower HDL-C,
and a higher incidence of diabetes mellitus, hyperten-
sion, a family history of CAD, and smoking habit,
compared to patients without CAD.

Onset of CAD

In the 101 patients with CAD, age by decade at
the first onset of CAD is illustrated in Fig. 1. The av-
erage age was 45.8+10.6 years in men and 59.0%9.5
years in women, and this is consistent with a previous
report of Japanese FH patients'?. Analysis of CAD
onset in relation to the presence (+) or absence (-) of
statin treatment showed that in the 66 FH men with
CAD, 13 did and 53 did not have statin treatment,
and in the 35 FH women with CAD, 12 did and 23
did not have statin treatment. The age distribution at
the first onset of CAD in statin (+) or statin (=) pa-
tients is shown in Fig. 2. The peak was at an older age
in statin (+) men and women (Panels A and B, respec-
tively) compared to statin (=). The lipid profile at the
time of first onset of CAD in statin (+) and statin (=)

@Male
B Female

20-28 30-39 40-49 50-59 60-69  70-79
Age (year old)

Fig.1. Distribution of age when CAD was first identified in
101 men and women with heterozygous familial hy-

percholesterolemia (FH) and coronary artery disease
(CAD), for the study period of 1969 to June 2007

patients is shown in Table 2. Statin (+) patients were
older when CAD was identified and had lower TC
and LDL-C levels than statin (=) patients. ‘

To identify the factors that may influence the age
at which CAD developed in statin (+) and statin (=)
patients, we analyzed covariates (ANCOVA; Table 3),
which included sex, smoking, BMI, hypertension, di-
abetes mellitus, family history of CAD, thickness of
Achilles tendon, LDL-C levels, and the use of aspirin,
probucol, and cholestyramine. We found that statin
(+) patients were older when CAD developed, about
10 years older for each variable compared to statin (-)
patients, which may be due to the use of statins and
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Statin (-)
B Statin (+)

2029 30-39 4049 50-53 60-69 70-79
Age (vear old)

Number

@ Statin (=)
W Statin (+)

20-29 30-3% 40-49 50-59 60-69 70-79
Age (year old)

Fig.2. Distribution of age when CAD was first identified in men (Panel A) and women (Panel B) with CAD taking a statin (+) or

not (-)

Table 2. Age, lipid and lipoprotein profiles of FH at the onset of CAD in relation to statin use.

Statin (+) Statin (-) p value

n 25 76
Age of onset of CAD 57.8%12.5 47.6+10.5 <0.001

Lipid and lipoprotein profile at the event

Total cholesterol (mg/dL) 242 %55 315+108 <0.001
" Triglycerides (mg/dL) (127) 93-171 (115) 91-153 0.922
HDL cholesterol (mg/dL) 4012 3813 0.569
LDL cholesterol 167+ 35 250108 <0.001

Values are shown as the mean * SD except for triglyceride. For triglyceride, the median (range) is shown.

Table 3. Onset age of CAD adjusted by each variable.

Variables Age (95% CI) in Statin (+) Age (95% CI) in Statin (—) p value
Overall 57.8 (55.3-60.3) 47.6 (46.4-48.8) <0.001
Smoking habit 58.2 (54.1-62.3) 47.3 (44.8-49.7) <0.001
Sex 57.2 (53.3-61.0) 48.1 (45.9-50.3) <0.001
BMI 58.9(54.4-63.3) 47.5 (45.0-50.1) <0.001
Hypertension 59.4 (54.8-64.4) 47 .4 (44.8-49.9) <0.001
Diabetes mellitus 58.7 (54.3-63.1) 47.7 (45.2-50.3) <0.001
Family history of CAD 58.8 (54.4-63.2) 47.1 (44.6-49.7) <0.001
Achilles tendon thickness 58.7 (54.3-63.2) 46.7 (44.0-49.4) <0.001
LDL cholesterol 58.4 (53.9-63.0) 47.6 (45.0-50.3) <0.001
Aspirin 57.2 (52.9-61.5) 48.2 (45.7-50.7) 0.001
Probucol 56.0 (51.0-61.0) 48.6 (46.0-51.3) 0.017
Cholestyramine 58.2 (53.0-63.3) 47.9 (45.2-50.6) 0.001
the reduction of LDL-C. developed CAD from October 1989 (to June 2007;

To determine the impact of statin treatment on
the age at which CAD developed, we analyzed the
same data for the pre- and post-statin eras. Pravastatin
was the first statin approved in Japan. Patients were
divided into two groups: Group 1 developed CAD be-
fore the end of September 1989 (7 =53) and Group 2

n=48). Of the 66 men with CAD, 39 were in Group
1 and 27 in Group 2, and of the 35 women with
CAD, 14 were in Group 1 and 21 in Group 2. The
men and women whose CAD developed after the be-
ginning of October 1989 were older than those who
developed CAD before that date (Fig.3A, B). At the
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Fig.3. Distribution of age at CAD onset in men (Panel A) and women (Panel B)
who developed CAD before the end of September 1989 from October

1989

Each inset figure shows the percent of distribution, respectively.

first clinic visit, no clinical differences were seen in
these patients in average age, BMI, plasma lipid and
lipoprotein profile, Achilles tendon thickness and the
incidence of hypertension, diabetes mellitus, and fam-
ily history of CAD (Table 4); however, significantly
more of the patients who developed CAD before the
end of September 1989 were smokers. Assessment of
clinical parameters obtained at the time CAD was
identified shows that patients who developed CAD af-
ter the beginning of October 1989 were older (Table 5),

reflecting the influence of statins on the onset age of
CAD (Fig.3A, B), and that TC and LDL-C levels
were lower, reflecting that more of these patients were
receiving lipid-lowering treatment than patients who

developed CAD before this date.

Analysis of Factors that Affect Age at the First
Onset of CAD
Age at the development of CAD in Groups 1

and 2 was analyzed using analysis of covariance (AN-
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Table 4. Clinical characteristics (at first visit) of FH Patients depending on the onset date of CAD

Group 1 Group 2
1969-Sept. 1989 Oct. 1989-June 2007 p value
n 53 48
Age 48.4%9.1 49.5+11.4 0.584
Sex
Male 39 (73%) 27 (56%) 0.068
BMI (kg/m?) 22.6+2.8 23.5%£2.6 0.288
Total cholesterol (mg/dL) 343 +84 321+85 0.195
Triglycerides (mg/dL) (114) 103-193 (148) 82-208 0.785
HDL cholesterol (mg/dL) 4015 44+13 0.127
LDL cholesterol (mg/dL) 268+80 250+87 0.279
Hypertension (#, %) 21 (39.6%) 12 (25.0%) 0.118
Diabetes Mellitus (7, %) 2 (4%) 4 (8.3%) 0.535
Family history of CAD (», %) 23 (43.4%) 25 (52.1%) 0.317
Smoking habits (r, %) 41 (83.7%) 31 (64.6%) 0.036
Achilles tendon thickness (mm) 16.0x5.3 16.5£6.1 0.710

Values are shown as the mean = SD except for triglyceride. For triglyceride, the median (range) is shown.

Table 5. Age, lipid and lipoprotein profiles and medication of FH at the onset of CAD.

Group 1 Group 2
1969-Sept. 1989  Oct. 1989-June 2007 p value
n 53 48
Age of onset of CAD 46.9+9.6 54.2+13.2 0.002
Lipid and lipoprotein profile at the event
Total cholesterol (mg/dL) 323+100 267 £95 0.011
Triglycerides (mg/dL) (119) 96-162 (121) 79-152 0.427
HDL cholesterol (mg/dL) 36+13 41%12 0.088 -
LDL cholesterol 257+100 19995 0.011
Medication, 7 (%)
Statin 1(2.0) 24 (50.0) <0.0001
Probucol 6(11.8) 17 (35.4) 0.005
Cholestyramine 3(5.7) 11 (22.9) 0.015
Aspirin 1 (2.0) 7 (14.6) 0.021
No medication 44 (83.0) 22 (45.8) <0.001
Values are shown as Mean = SD except for triglyceride. For triglyceride, median (range) is shown.
Table 6. Onset age of CAD adjusted by each variable.
Variables Age (95% CI) in Group 1 Age (95% CI) in Group 2 p value
Overall 46.9 (44.2-50.0) 54.2 (50.3-58.0) 0.002
Smoking habits 46.9 (43.7-50.0) 53.4 (50.2-56.5 0.005
Sex 47.9 (45.2-50.7) 53.1 (50.2-55.9) 0.013
LDL cholesterol 48.2 (44.2-52.3) 54.5 (50.8-58.2) 0.029
Statin 49.1 (45.8-48.3) 51.8 (48.3-55.4) 0.325
Aspirin 47.9 (44.8-51.0) 53.2 (50.0-56.4) 0.021
Probucol 48.1 (45.0-51.2) 53.0 (49.8-56.2) 0.034
Cholestyramine 47.6 €¢44.4-50.8) 53.6 (50.2-56.9) 0.013
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COVA; Table 6). Significant differences between
groups were seen for sex, prevalence of smoking,
LDL-C, and the use of statins, aspirin and probucol.
After adjusting for these variables, statin use was inde-
pendently associated with age at the onset of CAD.

Discussion

The mortality rate for CAD is 11 times higher in
heterozygous FH patients than in the general popula-
tion; thus, prevention of CAD is the key therapeutic
goal for these patients'¥. Treatment to reduce high
levels of LDL-C in FH patients was limited before
statins became available, and a clinically meaningful
decrease in LDL-C levels was difficult to obtain.
Pravastatin was first introduced onto the Japanese
market at the beginning of October 1989 and thereaf-
ter, LDL-C reductions of 20% to 30%, even in FH
heterozygous patients, became possible’”. Recently,
the risk of myocardial infarction in heterozygous FH
was reported to be reduced by 76%, similar to the
general population of the Netherlands®. In the pres-
ent paper, we assessed the impact of statin use on the
clinical prognosis of Japanese FH patients visiting our
lipid clinic by retrospectively analyzing their clinical
records. The use of statins delayed the first CAD event
by about 7 years in FH patients whose first event oc-
curred after the introduction of statins, compared to
FH patients whose first event occurred prior to the in-
troduction of statins.

In this study, 101 of 329 (30.6%) consecutive
heterozygotes of FH had clinical evidence of CAD.
The profile of CAD patients is similar to previous re-
ports, that is, more men than women®?"%?, and high-
er BMI, higher TC and LDL-C levels, lower HDL-C
levels, and a higher incidence of hypertension, diabetes
mellitus, family history of CAD, and smoking?® !> 2%,

The time span of our study allowed us to assess
the impact on the development of CAD of the intro-
duction of statins onto the Japanese market at the be-
ginning of October 1989. Comparing clinical param-
eters at the first clinic visit in the patients whose CAD
developed before the end of September 1989 with af-
ter that date, revealed that only smoking was different,
perhaps reflecting the social trend against smoking
(Table 4). In contrast, interesting differences between
these groups were seen in relation to when they devel-
oped CAD. Patients who developed CAD prior to the
introduction of statins were younger on average (46.9
years old) and had higher levels of TC and LDL-C (323
and 257 mg/dL, respectively). Two other prominent
differences were the improved lipid-lowering drug reg-
imens, including statins, cholestyramine, probucol,

and aspirin, and a decline in the number of smokers.
Notably, statin use was independently and significant-
ly associated with age at CAD onset in the 101 FH
patients on covariate analysis of factors known to af-
fect the age of developing CAD. Besides these factors,
many other factors should be considered for the po-
tential influence on the onset age of CAD, such as the
widespread recognition of FH and the regimen for the
treatment of other risk factors, such as hypertension
and diabetes mellitus. Nevertheless, we should con-
clude from this analysis that the use of statins is a ma-
jor factor contributing to the improvement of the clin-
ical prognosis of FH patients in Japan.

More recently, “strong” statins have become avail-
able, making it possible to reduce LDL-C levels to
much lower levels compared to conventional statins in
FH patients®®?”. The possible impact of these stron-
ger statins on delaying the development of CAD in
FH patients will be of interest.

One diagnostic criterion for heterozygous FH in
the existing guidelines is a family history of premature
CAD?3%_ However, our results suggest that this crite-
rion may need to be reconsidered because of the prov-
en ability of statin treatment to delay the development
of CAD to an age similar to that in persons who do
not have heterozygous FH.

We showed in this retrospective analysis that the
development of CAD was delayed by about 7 years in
FH patients whose CAD developed after the introduc-
tion of statins in Japan compared to those whose CAD
developed before the current statin era.
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