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Introduction

Glomerulonephritis is usually progressive and remains an
important cause of end stage renal disease. In sclerosing
glomerulonephritis, accumulation of the extracellular matrix
(ECM) is a critical process in progressive glomerular injuries
[1,2]. Type 1V collagen (Col4) is one of the most important
components of the expanded ECM [3]. Moreover, smooth muscle
o actin (SMA) is a known common molecular marker of
phenotypic changes of mesangial cells (MCs) in many glomerular
discases. We previously reported that Smadl participates in the
development of glomerulosclerosis in experimental glomerulone-
phritis [4]. We also reported that Smadl transcriptionally
regulates the expression of Col4 and SMA [5,6]. However, the
mechanisms by which Smad] is activated in glomerulonephritis
have not been fully elucidated.

Platelet-derived growth factor (PDGT) is known to be a critical
mitogen for MCs in vitro and in vivo [1,7]. It is noteworthy that
mice deficient for PDGF B or PDGF receptor show abnormal
glomeruli due to a lack of MC development [8-11]. Several lines
of evidence indicate that PDGF plays a key role in the
development of glomerulosclerosis not only in experimental
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models but also in human glomerular discascs [12,13]. The
introduction of a neutralizing anti-PDGF antibody has shown that
both mesangial proliferation and glomerulosclerosis can  be
markedly amcliorated in a rat glomerulonephritis model [14].
Moreover, we previously showed that the development of
glomerulosclerosis from mesangial proliferation is dependent on
PDGF-induced Smadl activation [4], but ltde is known
concerning the regulatory mechanisms of Smadl activation by
PDGF in glomerulonephritis. ¢-Src is a ubiquitously expressed
non-receptor protein-tyrosine kinase [15] that is involved in
multiple pathways regulating cell growth, migration, and survival
[16]. ¢-Src is also an important component of the PDGF signal
transduction pathway [17]. Several reports have demonstrated
that PDGF plays a key role in MC proliferation and glomerulop-
athy in viwe and in vitro {7,18,19]. Previously we demonstrated that
Smad! is phosphorylated by PDGF in MCs [4]. However, the
exact role of ¢c-Src in MCs as well as in glomerulonephuritis remains
unclear.

In the present study, we demonstrated that c-Src is activated in
experimental proliferative glomerulonephritis and that the reduc-
tion of ¢-Src ameliorates the development of glomerulosclerosis by
blocking of the Smadl signal transduction pathway. We further
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showed that c-Src plays an important role as a switch molecule for
the activation of Smadl downstream of PDGF signaling. These
findings unveil the molecular mechanisms underlying the
induction of MC proliferation and MC phenotype alteration,
resulting in proliferative glomerulonephritis. Taking these results
together, we hypothesized that the Src/Smadl pathway may be
critical in the pathogenesis of proliferative glomerulonephritis.

Materials and Methods

Animals

Full details of the animal experimental protocols were approved
and ethical permission was granted by the Review Board of Kyoto
University (Permit Number: Med Kyo 08508). We used age-
matched male Wistar rats (8 to 12 weeks old, 180 to 200 g) bred at
the Shimizu Laboratory Animal Center (Hamamatsu, Japan). The
animals were housed under specific pathogen-free conditions at
the Animal Facility of Kyoto University. Levels of serum
creatinine and blood urea nitrogen were measured using a Hitachi
Mode 736 autoanalyzer. The urinary albumin concentrations
were measured from 24-h urine collections by Nephrat and
Albuwell (Exocell), according to the manufacturer’s protocols.

Cell culture experiments

A glomerular mesangial cell line was established from glomeruli
isolated from normal 4-week-old mice (C57BL/6JxSJL/J) and was
identified according to a method described previously [7]. The
MCs were plated on 100-mm plastic dishes (Nunc) that were
maintained in B medium {a 3:1 mixture of minimal essential
medium/F12 modified with trace elements) supplemented with
I mM glutamine, penicillin at 100 units/ml, streptomycin at
100 pg/ml, and 10% fetal calf serum (Irvine Scientific). The cells
were passaged weekly with trypsin-EDTA. The cuoltared cells
fulfilled the previously described criteria generally accepted for
glomerular mesangial cells [20]. Stimulation with angiotensin 11
{Ang II) (Sigma), PDGF, PP2 (Calbiochem, Darmstadt, Germany),
or olmesartan {Cosmo Bio, Tokyo, Japan) was carried out in
DMEM containing 0.5% FCS at 37°C for the indicated times. A
rat monoclonal ant-PDGFB-receptor antibody (APB3) and its
antagonistic cffects on the PDGFB-R signal transduction pathway
in vitro have been described previously [4].

Constructs, transfection, and co-immunoprecipitation

Src ¢cDNAs (pUSE Src wild type, pUSE Src kinase mutant, and
empty vector) were obtained from Upstate Biotechnology, Inc.
{Lake Placid, NY}. MCs were transfected using FuGene6 Roche,
Mannheim, Germany) according to the manufacturer’s protocol.
After 48 h of transfection, the cells were washed with PBS, and
I ml icc-cold lysis buffer (25 mM Tris-HCl pH 74, 100 mM
NaCl, 2 mM EDTA, 0.5% Nonidet P-40, Complete protease
inhibitors cocktail; Roche) was added. For co-immunoprecipita-
tion assay, whole cell lysates were first pre-cleared with protein G—
Sepharose (Amersham) and followed by incubation with anti-
PDGFR antibody (Santa Cruz) for 3 h at 4°C. The immune
complex was isolated and scparated by SDS-PAGE and analyzed
by Western bot analysis. Protein was detected using polyclonal
rabbit anti-Src antibody (Cell Signaling Technology).

Histology and Immunohistochemistry

Tissues were fixed in Methyl Carnoy’s solution and were
paraffin-embedded. Multiple sections were prepared and stained
with periodic acid silver methenamine (PASM) and periodic acid-
Schiff’s reagent (PAS). Immunohistochemical staining was per-
formed with antibodies specific to Col4 (Progen) or SMA (Abcam),
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using an established avidin-biotin  detection method (Vector
Laboratorics). Frozen scctions were used for the detection of pSrc
and pSmad] {Cell Signaling Technology). Glomerular morphom-
etry was evaluated in PASM-stained tissues. The glomerular
surface- arca and the PASM-positive arca/glomerular arca (%)
were measured using an image analyzer with a microscope (IPAP,
Sumitomo Chemical, Osaka, Japan) as previously described {21~
24]. To quantitatively measurc the expression of pSre and
pSmadl, pSrc-positive or pSmadl-positive cells/ DAPI-positive
nuclei were counted, and the mean percentages of pSre-positive or
pSmadl-positive cells were calculated. An investigator scored
scctions in a blinded fashion, according to an established scoring
system (range 0—4; 0, no ECM deposition; 4, ECM. deposition in
all sections of the glomeruli) to semiquantify the localization of
Col4 and SMA.

Small-interfering RNA

MCs (0.5 x10% were sceded into 12-well plates (Nunc) and were
grown until they were 60% to 80% confluent. The small-
interfering RNAs  (siRNAs) for ¢-Src, Smadl, and LRPI
(Dharmacon) or control scrambled $iRNA (Dharmacon) were
combined with DharmaFECT transfection reagent (Dharmacon),
and the cells were transfected according to the recommended
protocol with siRNA (100 nM final concentration). After 48 h of
transfection, cells were starved in DMEM containing 0.5% BSA
before treatment. After 48 h of incubation, the cells were
stimulated with or without PDGF (Calbiochem).

TGFB-neutralizing antibody assay

MCs were resuspended at a concentration of 1x10° cells/ml
and plated onto 100-mm dish cither in the presence of 10 pg/ml
TGFB-neutralizing antibody (R&D Systems) or a control normal
chicken IgY. After 24 h of incubation, the cells were treated with
PDGF for additional 12 h and were harvested and underwent
protein extraction on Western blotting.

Western blotting

Isolated glomerular MCs were suspended in RIPA buffer
(50 mM Tris, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 0.25%
SDS, I mM NazVOy, 2 mM EDTA, I mM phenylmethylsulfonyl
fluoride, 10 mg/ml of aprotinin) and incubated for 1 h at 4°C.
After centrifugation, the supernatants were used as total cell
lysates. T'wenty micrograms of each sample was applied to SDS-
PAGE. After electrophoresis, the proteins were transferred to
nitroccllulose filters (Schleicher & Schuell). The blots were
subsequently incubated with anti-phospho-Smadl, anti-phspho-
Src (Cell Signaling Technology), anti-SMA, anti-LRP1 (Abcam) or
anti-Col4 antibody (Progen), followed by incubation with
horseradish peroxidase-conjugated goat anti-rabbit IgG and sheep
anti-mouse IgG (Amersham). The immunoreactive bands were
visualized using horseradish peroxidase-conjugated secondary
antibody and the enhanced chemiluminescent system (Amersham).
These bands were quantified using an imaging densitometer
(Science Lab 99 Image Gauge, Fujifilm, Tokyo, Japan).

Data analysis

The data are expressed as the mean = S.D. Comparison among
more than two groups was performed by onc-way analysis of
variance (ANOVA), followed by post hoc analysis (Bonferroni/
Dunn test) to evaluate the statistical significance between the two
groups. All analyses were performed using StatView (SAS
Institute, Cary, NC). Statistical significance was defined as
P<0.05.
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Results

Glomerular phosphorylation of ¢-Src and Smad1 parallels
the progress of glomerulosclerosis in rat Thyl GN

We utilized a model of mesangial proliferative glomerulonephri-
tis, known as anti-Thyl-induced glomerulonephritis (Thyl GN),
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which exhibits sclerosis in the glomeruli. The renal function of Thyl
GN on day 6 was significantly decreased {Figure S1A). MC
proliferation began on day 3 and glomerulosclerosis began on day 6.
Renal damage clearly regressed until day 15. Sclerosis in the kidney
peaked on day 6 and sclerotic changes subsided until day 15
(Figure 1A and B). Localization of phospho-Src (pSrc) and phospho-

Day1b

Figure 1. Induction and activation of ¢-Src and Smad1 in proliferative glomerulonephritis. (A) Representative light-microscopic
appearance and immunohistochemistry of glomeruli in Thyl GN. Scale bars=100 um. (B) Quantitative assessment of PASM staining in Thy1 GN.

*P=0.002, *¥P=0.002).
doi:10.1371/journal.pone.0017929.g001
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Smadl (pSmadl) in the nuclei was scant on day 0. On day 3,
phosphorylaton began in ¢-8rc and Smad] proteins. The level of
phosphorylation gradually increased and positively stained nuclei in
parallel with the activity of mesangial proliferation during the
development of glomerulosclerosis. Phosphorylation peaked on day
6 and then decreased towards day 15 (Figure 2, G, D and E).
Phosphorylation of ¢-Sre and Smad] was almost undetectable on
day 0 but became promment during the proliferative stages in Thyl
GN, peaked on day 6, and then decreased towards day 15
{Figure 2C, D and E). In addition, the expression of Col4 and SMA
changed in parallel with the activation of c-Src and Smadl
(Figure 2A, B and E). These data suggest that both Smad! and ¢-Src
are activated in the course of proliferative injurics in rat kidneys.

PP2 preserves renal function and attenuates
glomerulosclerosis in rat glomerulonephritis

To investigate whether the ¢-Sre/Smadl pathway plays a
pivotal role in developing glomerulosclerosis, we administered a
Sre specific inhibitor, PP2, to Thyl GN rats from days 0 to 6 and
assessed glomerulosclerosis on day 6. Untreated Thyl GN rats
showed an increased degree of glomerulosclerosis, whereas
glomerulosclerosis was significantly decreased in the PP2-treated
group (Figure 3A, B), along with renal function (Figure 3, C-E).

A B
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PP2 represses the activation of Smad1 and the
expression of both Col4 and SMA in rat
glomerulonephritis

Next, to cxamine the cffcct of PP2 on the morphological
changes scen in Thyl GN glomerulosclerosis, we examined Col4
and SMA cxpression in the two groups. PP2 treatment
significantly inhibited Col4 and SMA expression, whereas
expression was increased in the non-treatment group (Figure 3F).
Moreover, we examined whether PP2 affected the phosphoryla-
tion and translocation of c-Src and Smad] in Thyl GN rats. PP2
treatment inhibited the phosphorylation of ¢-Sre and Smad1, and
their expression was localized in the nucleus in untreated Thyl
GN (Figure 3F). These data from immunohistochemistry were
confirmed by Western blot analysis (Figure 3G).

Effect of PP2 on PDGF-mediated signaling in MCs
Because PDGF is well known to play a key role in the
development of glomerulosclerosis, we investigated whether PDGF
can activate ¢-Src/Smadl signal transduction and increase the
synthesis of Col4. Expression of Col4, pSrc, and pSmadl was
induced by PDGF stimulation in MCs cultured for 12 hours
(Figure 4A-D). These inductions were inhibited by PP2 treatment
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Figure 2. Time course of glomerular expression of Col4, SMA, pSrc and pSmad1 in Thy1 GN. (A, B) Staining scores per glomerular cross-
section for Col4 (*P<<0.001, **P<<0.001) and SMA (*P<C0.001 and **P=0.009) were calculated. Data represent mean values + S.D. of at least three
independent experiments; n = 6 for each experimental group. (C, D) Quantification of glomerular pSrc and pSmad1 by optical densitometry. The pSrc-
positive nuclei and pSmad1-positive nuclei were counted in 10 consecutive fields in each specimen and normalized by the number of DAPIl-positive
nuclei. *P<0.001, **P<0.001. (E) Western blot for the glomerular lysates from each group. Data represent mean values = S.D. of at least three
independent experiments; n=6 for each experimental group.

doi:10,1371/jaurnal.pone.0017929.g002
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Figure 3. Src-specific inhibitor PP2 inhibits glomerulosclerosis and glomerular expression of pSrc and pSmad1 in Thy1 GN. (A-C)
Serum blood urine nitrogen (BUN), serum creatinine {Cre), and UAE in the nontreatment and PP2 groups. P values were 0.001, 0.001 and 0.017,
respectively. (D, E) Representative light-microscopic appearance of glomeruli (PAS and PASM staining) and quantitative assessment of PASM staining
in Thy1 GN with or without PP2 on day 6. Scale bars= 100 um. *P<0.001. (F) Immunohistochemistry of glomeruli (Col4, SMA, pSrc and pSmad1) in
Thy1 GN with or without PP2 on day 6. Scale bars =100 pm; n=6 for each experimental group: (G) Western blot for the glomerular lysates from each

group. Data represent mean values = S.D. of at least three independent experiments; n=6 for each experimental group on day 6.
doi:10.1371/journal.pone.0017929.g003
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(Figurc 4A-D). These results indicate that PDGF induced the
expression of Col4 through the activation of Src¢/Smadl signal
transduction.

Silencing of ¢-Src in MCs inhibits PDGF-mediated
phosphorylation of Smad1 and synthesis of Col4

To further confirm the role of ¢-Sr¢ in PDGF-induced
upregulation of Smadl and Cold expression, c¢-Src gene
silencing by siRNA was performed. ¢-Src silencing suppressed

Src in PDGF-Smad1 Signal in Glomerulonephritis

the PDGF-induced phosphorylation of Smadl and the
synthesis of Col4. In contrast, GAPDH protein levels, used as
a loading control, were not alfected across the samples
(Figure 4E-I). Wc confirmed the result of knockdown
experiments with PDGF stimulation by using three c¢-Src
siRNAs (Src siRNA-1, -2, and -3) (Figure S2). We showed the
representative data from using Sre siRNA-3 in Figure 4E-H.
From these results, ¢-Src¢ may be significantly involved in
PDGF-mediated Col4 expression.
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Figure 4. Activation of ¢-Src and Smad1 is regulated by PDGF in MCs. (A) Effect of PP2 on pSrc, pSmad1 and Col4. MCs were preincubated
with PP2 (10 uM) or DMSO for 48 h before exposure to PDGF (5 ng/ml, 12 h). (B) Optical densitometry of Col4 in western blot, *P<0.001 and
*#*p<0.001. (C, D) Optical densitometry of pSrc (*P<<0.001 and **P=0.003) and pSmad1 (*P=0.002, **P =0.002) in western blot analyses. (E) Effects of
RNAi-mediated silencing of ¢-Src on pSrc, pSmad1 and Col4 under stimulation of PDGF (5 ng/ml, 12 h). (F-H) Optical densitometry of Col4 (*£<0.001,
**p<0.001), pSrc (*P<<0.001, **P<0.001), and pSmad1 (*P=0.02, *P=0.002) in western blot. Data represent mean values = S.D. of at least three

independent experiments.
doi:10.1371/journal.pone.0017929.9004
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Activated c-Src is associated with PDGFR in MCs

To clarify the intracellular interaction between PDGF signaling
pathway and c-Src/Smad1 axis, the effects of constitutively active
form of ¢-Src (caSrc) transfected in MCs was examined. Transient
transfection of MCs with caSrc could induce phosphorylation of
Smadl wihtout stimulation of PDGF, and subsequenty upregu-
lated Col4 cxpression (Figure 5A). In contrast, transfection of the
dominant negative Src {dnSr¢) did not show these regulations.
Morcover, we performed knockdown analysis using Smadl
siRNAs to confirm the role of Smadl in the regulatory effect of
PDGF-induced Col4 expression. Knockdown study revealed that
Smad]l acts downstream of PDGF-c-Src signaling pathway in the
induction of Col4 (Figure 5B). Furthermore we have explored the
possibility that c-Sre, while interacting directly with PDGF
receptor, could transduce the PDGF signals in MCs. For this
purpose, PDGF receptor was immunoprecipitated from whole cell
lysates after PDGF stimulation. Anti-c-Src immunoblot revealed
that c-Sr¢ really associates with PDGIR only when stimulated by
PDGF (Figure 5C).

TGFB signaling pathway partially mediated PDGF-
induced Smad1/Col4 expression in MCs

Transforming growth factor beta (TGFB) is an important
growth factor in the modulation of cell proliferation as well as

Src in PDGF-Smad1 Signal in Glomerulonephritis

PDGF in a variety of cclls. In addition, several studics reported
that PDGF may increase the production of TGFB and the
expression of TGFB type I receptor [25,26]. To elucidate the the
molecular basis of the influence of PDGF on TGFf signaling
pathway, we performed TGFB-neutralizing antibody assay for
PDGF-stimulated MCs. PDGYF increased the expressions of TGFB
and activin receptor-like kinase 5 {ALKS5) and activated Smadl.
However, these changes by PDGF could not be inhibited by
neutralizing anti-TGFB antibody (Figure 6A), indicating that
PDGF, but not TGI'B, upregulates expression of ALKS, pSmadl,
pSre, and Cold. In particular, pSmadl is phosphorylated by
ALK, but not by ALK3, therefore, we investigated the effects of
high concentration of PDGFE on MCs. At concentration of 50 ng/
ml, PDGF increased the expressions of ALKI as well as other
proteins (Figure 6B}. Interestingly, an addition of neutralizing anti-
TGFB antibody suppressed not only ALK expression, but also

. expressions of pSmadl and Cold (Figure 6B). These results suggest
P P g 22

that PDGF has the potential to enhance TGFp signal transduction
through ALK as well as ALKS.

TGFj signaling pathway partially mediated PDGF-
induced Smad1/Col4 expression in MCs

To further elucidate the regulatory mechanisms controlling the
cross-talk between PDGF and T'GFf in the activation of Smadl
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Figure 5. Activated ¢-Src is associated with PDGF Receptor (PDGFR) in MCs. (A) Western blot analyses of MCs transfected with constitutively
active ¢-Src {caSrc), dominant negative ¢-Src (dnSrc), and empty vector (Mock). One of three independent experiments is shown. (B) Effects of RNAI-
mediated silencing of Smad1 on pSmad1 and Col4 after 5 h stimulation of PDGF (5 ng/ml). Scrambled siRNA (Scramble) was used as a control. One of
three independent experiments is shown. (C) MCs were serum-starved for 10 h and then incubated with 5 ng/ml of PDGF for 5 min. Whole cell
lysates (WCL) were immunoprecipitated with polyclonal anti-PDGFR antibody and subjected to anti-Src immunoblot,

doi:10.1371/journal.pone.0017929.g005
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Figure 6. PDGF modulated TGFf-Activin Receptor-like Kinases {(ALKs) signaling pathways in MCs. (A, B) MCs were treated with
neutralizing antibody for TGF[ (10 pg/mi) (NA) or control normal IgY (CTL) for 24 h prior to treatment with PDGF at indicated concentrations for 24 h.
Equal amounts of cell lysates were subjected to Western blot. One of three independent experiments is shown.

doi:10.1371/journal.pone.0017929.g006

and induction of Col4 in MGCs, we examined whether LDL
receptor related protein-1 (LRP1) is involved in the signal
pathways. Because Boucher et al. reported that LRP1 is tightly
involved in the pathogencsis of atherosclerosis by regulating
signaling of TGFB and PDGF, and their rcceptors [27,28],
knockdown analysis using LRP1 siRINAs was perfomed to examine
the role of LRP! in the regulatory effect of PDGF-induced Col4
expression and PDGF-activated TGF signaling pathway in MCs.
Knockdown of LRP1 enhanced the downstream pathway of
PDGF (Figure 7A) with the exception of ALK (Figure 7B). These
results suggest that LRP1 has a significant inhibitory effect on
PDGF signaling pathway leading to production of Col4 in MCs.

PDGF signaling pathway is partially involved in the Angll-
induced ¢-Src/Smad1 signal activation in MCs

We previously reported that Angll activates the ¢-Src¢/Smadl
signaling pathway in the development of diabetic nephropathy and

A B
PDGF(Bng/mi} - + + PDGF(50ng/ml) -
siRNA - - CTL  LRPY SIRNA
LRP1 LRP1
TGFp ALK1
ALKE wtubutin

pSmadi
pSro
Col4

atubulin

cultured MGs [23]. To investigate whether Angll signals influence
the regulatory mechanisms of PDGF-induced ¢-Sre/Smadl signal
transduction, we examined the inhibitory effects of APB5 and
Angll receptor blocker (ARB) on the activation of ¢-Sre, Smadl,
and Col4 by Angll and PDGF, respectively. APB5 clearly
attenuated  the  Angllinduced  ¢-Sre/Smadl/Col4  signal
(Figure 8A). In contrast, ARB treatment slightly reduced PDGF-
induced activation of the signal {Figure 8B). These data suggest
that PDGF signaling pathway is activated by Angll in MCis.

Discussion

Cellular proliferation and extracellular matrix accumulation are
characteristic features of progressive glomerular diseases, a major
cause of end-stage renal failure in humans throughout much of the
world. Glomerulosclerosis followed by mesangial proliferative
glomerulonephritis is characterized by mesangial matrix expansion

.i.
CTL LRP1

+

Figure 7. LRP1 modulated both PDGF and TGFf signaling pathways in MCs. (A, B) Effects of PDGF stimulation and RNAi-mediated silencing
of LRP1 after 5 h stimulation of PDGF at indicated concentrations on MCs. Scrambled siRNA (Scramble) was used as a control (CTL). Equal amounts of
cell lysates were subjected to Western blot. One of three independent experiments is shown.

doi:10.1371/journal.pone.0017929.g007
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Figure 8. Molecular cross-talk between PDGF and Angli signaling pathways in MCs. (A) Effects of APB5 on pSrc, pSmad1 and Col4. MCs
were preincubated with APBS (100 ng/ml) or control rat IgG for 24 h before exposure to Angli (0.1 uM, 30 min). (B) Effects of olmesartan (ARB) on
pSrc, pSmad1 and Col4. MCs were preincubated with olmesartan (10 uM) or methanol for 48 h before exposure to PDGF (5 ng/ml, 12 h). Equal
amounts of cell lysates were subjected to Western biot. One of three independent experiments is shown.

doi:10.1371/journal.pone.0017529,g008

and phenotypic change of MCs [3]. In the expanded mesangial
matrix, Col4 is a major component of ECM and is overproduced
in glomerulosclerosis [6]. In addition, phenotypic modulation is a
commonly obscrved feature in the progression of many renal
diseases leading to CKD and ESRD. Expression of SMA is a well-
known marker for the activation of MCs in most glomerular
discases. We previously reported that Smadl upregulated the
expression of Cold and SMA [5,6] and thereby participates in the
development of glomerulosclerosis in experimental glomerulone-
phritis [4]. However, the molecule that activates Smadl in
glomerulonephritis has not been fully clucidated. Since PDGF has
been consistently implicated in cell proliferation and extracellular
matrix accumulation, which characterize progressive glomerular
discase [29], and since ¢-Src is an important component of the
PDGF signaling pathway [30], we first investigated whether ¢-Src
is induced in glomeruli of proliferative glomerulonephritis. In
Thyl GN, Col4 is strongly expressed in the sclerotic lesions of
glomeruli, as previously described [4,21]. We show here that ¢-Src
and Smad] are heavily phosphorylated in the nuclei of glomerular
cells in Thyl GN. This phosphorylation parallels the progress of
glomcrulosclerosis and peaks on day 6, when Cold and SMA
expression levels have peaked. These results suggest that ¢-Src has
a potendal to be involved in the development of glomerulosclerosis
in mesangial proliferative glomerulonephritis.

¢-Src was identified as the first proto-oncogene, and a great
deal of work has been carvied out to elucidate its role in biological
systems {31-33]. The two main areas in which Src inhibitors
have been applied are regulating hone resorption [34,35] and
both tumor growth and metastasis [36,37]. Most previous studies
have shown that the role of Src family members is related to
inflammatory responses. Additionally, the small chemical inhib-
itors that effectively and specifically block Src kinases could have
great clinical implications for diseases with acute inflammatory
responses [38,39]. In a rat renal ischemia-reperfusion injury
model, increased active Src expression was found in the injured
rat kidney after reperfusion [40]. To our knowledge, however, no
report has demonstrated that ¢-Sr¢ is involved in the develop-
ment of glomerulosclerosis in glomerular diseases. In the rat
proliferative glomerulonephritis model, administration of PP2
completely abolished the phosphorylation of ¢-Src and Smadl
and resulted in the amelioration of glomerulosclerosis. Therefore,
the activation of ¢-Src signal transduction plays a pivotal role in
glomerulosclerosis, implicating it as a novel target of the
therapeutic strategies for glomernlonephritis. Moreover, our
findings show a new side of PP2 as an anti-glomerular discase
agent.

@ PLoS ONE | www.plosone.org

In addition, PDGF is known to contribute to the development of
both experimental and human glomerulonephritis [12,13]. Sre
kinase activation has been reported to contribute to PDGF-
dependent cell-cycle proliferation, mitogenesis, and chemotaxis
[24,29,30]. Thus, to investigate the molecular mechanisms
underlying the progression of proliferative glomerulonephritis,
we used cultured MCs under PDGF stimulation. PDGF induced
phosphorylation of ¢-Src and Smadl as well as Col4 expression,
and thesc changes were blocked by PP2. "The interaction between
PDGFR and ¢-Sre may be important for the phosphorylation of ¢-
Sre. In addition, the siRNA silencing cxperiments confirmed that
¢-Sre regulated Smadl activation. "These findings suggest that c-
Src activation is a key event in the PDGF-induced phosphoryla-
tion of Smadl, followed by the subsequent overproduction of Col4
in proliferative glomerulonephritis. In addition, PDGF activated
TGFB signaling pathways by induction of TGFP and its type I
receptors, ALK and ALKS. In particular, the induction of ALK1
may be an important event, because ALK transduce TGIFB
signals to Smadl. Furthermore, several recent reports demon-
strated that LRP1 has an inhibitory effect on TGFp signaling
pathway as well as PDGF signaling pathway [27,28]. As expected,
LRPI! silencing exhibited additional effect on the activation of
TGF signals by PDGF. Hence, LRP1 represents a promising new
therapeutic target for the control of proliferative glomerular
discases. Moreover, our previous study demonstrated that Angll
stimulated this Src-Smadl axis independent of p44/42 MAP
kinasc activation and that the Angll receptor blocker ARB
blocked this pathway. Because it is generally accepted that the
AngllI blockade significantly delays the progression of proliferative
glomerulonephritis [41,42], our previous findings implicd that the
inhibition of the Sre-Smadl axis may partially explain the AnglIl-
mnduced progression of proliferative glomerunonephritis. PDGF-
induced activation of ¢-Src/Smad! signaling pathway leading to
Col4 production also plays an important role downstream of
Angll stimulation, whercas ARB trecatment did not fully
suppressed the effect of PDGF. Chemical inhibitors directly or
indirectly targeting Src kinascs have been developed as potential
drugs for the treatment of cancer [43]. It was recently reported
that the inhibition of ¢-Src by these chemical inhibitors helps to
prevent ischemia-reperfusion-induced injury m organs [38,39].
The present study raises the possibility that using these chemical
inhibitors to block Src signal transduction could be a promising
option for ameliorating proliferative glomerulonephritis as well as
for the already reported effects of these inhibitors on excessive
inflammatory cells, monocytes and macrophages [44,45]. Another
report by Severgnini et al. demonstrated that c-Src controls
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Figure 9. Proposed model for PDGF effects on Smadi
activation and Col4 expression in glomerulonephritis. Activa-
tion of Smadl by PDGF mediates at least two different signal
transduction pathways, TGFB-ALK5-Smad1 and Src-Smad1. ALK1 may
potentially activate Smadl when exposed to high concentration of
PDGF (broken arrows). The expression of ALK5 is induced by PDGF and
is largely independent of TGFp. Excessive activation of these signaling
pathways may result in Col4 overproduction leading to the develop-
ment of glomerulosclerosis in glomerulonephritis.
doi:10.1371/journal.pone.0017929.g009

STAT3 activation in acute lung injury [46]. In addition, we
previously reported that STAT3 is involved in the development of
glomerulosclerosis in experimental proliferative glomerulonephri-
tis [4]. In light of these previous findings, our results highlight the
importance of ¢-Src in the development of glomerulosclerosis in
glomerulonephritis, Combining with our overall findings summa-
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event in the development of glomerulosclerosis.

In conclusion, our present study indicates that c-Src activates
Smadl-induced ECM production and phenotypic alteration, and
is involving in the progression of proliferative glomerulonephritis
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Smadl pathway and the molecules involve in this pathway is
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Supporting Information

Figure 81 Time course of renal function in Thyl GN.
Urine volume (*P=0.042) (A), serum BUN (*£=0.014) (B), and
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Article history: Aim: Familial hypercholesterolemia (FH) is caused by mutations of FH genes, i.e. LDL-receptor (LDLR),
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PCSK9 and apolipoprotein B (ApoB) gene. We evaluated the usefulness of DNA analysis for the diagnosis
of homozygous FH (homo-FH), and studied the frequency of FH in the Hokuriku district of Japan.
Methods: Twenty-five homo-FH patients were recruited. LDLR mutations were identified using the
Invader assay method. Mutations in PCSK9 were detected by PCR-SSCP followed by direct sequence
analysis.
Results: We confirmed 15 true homozygotes and 10 compound heterozygotes for LDLR mutations. Three
types of double heterozygotes for LDLR and PCSK9 were found. No FH patients due to ApoB mutations
were found. The incidences of homo-FH and hetero-FH in the Hokuriku district were 1/171,167 and 1/208,
respectively.
Conclusions: Our observations underlined the value of FH gene analysis in diagnosing homo-FH and
confirmed extraordinarily high frequency of FH in the Hokuriku district of Japan.

© 2010 Elsevier Ireland Ltd. All rights reserved.

Received in revised form 5 November 2010
Accepted 7 November 2010
Available online 13 November 2010

Keywords:

Familial hypercholesterolemia (FH)

DNA analysis of FH genes

Genetic epidemiology of homozygous FH
Incidence of FH

1. Introduction

Familial hypercholesterolemia (FH) is an autosomal dominant
disease characterized by the triad of (1) hypercholesterolemia due
to a high level of plasma low-density-lipoprotein (LDL), (2) tendon
xanthomas and (3) premature coronary heart disease [1]. Patients
with homozygous FH (homo-FH) have two mutant alleles of either
of three FH-associated genes (FH genes), which are as follows:
LDL-receptor (LDLR), proprotein convertase subtilisin/kexin type
9 (PCSK9) and apolipoprotein B (ApoB) gene [2]. Homo-FH patients
are likely to be identified in early childhood because of the early
appearance of xanthomatosis associated with an exceptionally high
plasma cholesterol levels (exceeding 15.6 mmol/l), reflecting an
extreme increase in LDL concentration. Use of the classical diag-
nosis of homo-FH and hetero-FH has led to an estimate of the
prevalence of homo- and hetero-FH is 1 in 1,000,000 and 1 in 500
persons, respectively throughout the world [1}]. The clinical pheno-

* Corresponding author at: Department of Lipidology, Graduate School of Medical
Science, Kanazawa University, Takara-machi 13-1, Kanazawa 920-8640, Japan.
Tel.: +81 76 265 2265; fax: +81 76 234 4271.
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0021-9150/$ - see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.atherosclerosis.2010.11.005

type of FH is highly variable and depends on the FH genes mutations
present. Patients with a mild phenotype of homozygous FH often
show a heterozygous phenotype of FH. Our aims of the present
study were two. First we evaluated the molecular genetic epidemi-
ology of homo-FH and then studied the frequency of hetero- and
homo-FH in the Hokuriku district of Japan.

2. Patients and methods
2.1. Diagnostic criteria of FH [3,4]

I. Hetero-FH
a) Clinical diagnostic criteria are hypercholesterolemia with
tendon xanthomas, or hypercholesterolemia in the first- or
second-degree relative of FH patients.
b) Genetic diagnostic criteria are mutations of FH genes.
II. Homo-FH
a) Clinical diagnostic criteria are juvenile xanthomatosis with
plasma cholesterol level about twice that of parents or other
family members with hetero-FH.
b) Genetic diagnostic criteria are true homozygotes, compound
heterozygotes and double heterozygotes for FH genes.

— 230 —



1€2

Table 1
Clinical characteristics of 25 homo-FH patients in Hokuriku district of Japan.

Sex

Caseno. Familyno. Name FH gene mutations Age TC TG LDL-C HDL-C ATT Father/mother  Consanguineous Qutcome
(years) (mmol/L)  (mmol/L) (mmol/L) (mmol/L) (mm) marriage
1 1 M.K. Ex2-3del/Ex2-3del F 40 143 1.61 12.9 0.7 8 ?/Hetero + D
2 2 H.Y. Ex2-3del/Ex2-3del F 34 16.4 0.91 133 1.5 27 ?/Hetero + A (LDL-a)
3 3 TT. Ex2-3del/Ex2-3del M 49 14.5 4.38 ?/Hetero + D
4 3 Y.L Ex2-3del/Ex2-3del F 52 16.2 3.56 13.7 0.8 31 ?/Hetero + A (med)
5 4 M.L K790X/K790X F 20 19.0 3.08 Hetero/hetero  ? D
6 5 S.S. K790X/K790X F 26 26.1 8.85 20 Hetero/hetero  — D
7 5 Y.S. K790X/K790X F 23 139 1.11 129 0.5 20 Hetero/hetero  — A(LDL-a)
True homozygote 8 6 S.Y. D280Y/D280Y M 24 139 0.55 129 0.8 42 Hetero/hetero  + A (LDL-a)
9 6 KY. D280Y/D280Y F 27 15.8 142 13 Hetero/hetero  + D
10 6 K.M. D280Y/D280Y F 40 15.9 2.03 25 Hetero/hetero  + D
11 7 M.N. R395W/R395W F 73 15.6 1.21 14.4 0.6 11 20?7 ? D
12 8 AY. V502M/V502M M 28 13.0 1.30 17 Hetero/hetero  — A (med)
13 9 Y.E. IVS15-3C>A/IVS15-3CCA M 11 236 3.39 Hetero/hetero - D
14 10 SY. PCSK9 E32K/PCSK9 E32K  F 49 10.9 1.73 8.2 13 9 20?7 ? A (med)
15 11 Y.G. PCSK9 E32K/PCSK9 E32K  F 44 8.4 1.95 6.1 14 Hetero/hetero  — A (med)
16 13 AT. K790X/P664L M 5 17.8 3.05 15.1 0.7 6 Hetero/hetero - A (LDL-a)
17 13 M.T. K790X/P664L M 15 14.1 2.73 11.4 0.8 9 Hetero/hetero - A (LDL-a)
18 14 N.Y. K790X/? F 36 11.1 1.05 9.5 1.0 14 Hetero/hetero - A (med)
19 15 K.C. C163R/? F 21 12.8 0.80 111 14 10 Hetero/hetero  — A (med)
Compound heterozygote 20 16 Y.T. Exon3-6dup/? M 48 15.1 8.67 0.8 30 ?[? ? A(med)
21 17 MM.  W23X[? M 36 12.0 242 9.8 1.0 28 Hetero/hetero — A (LDL-a)
22 18 H.T. R94H/W159X M 59 12.8 145 111 1.0 22 ?? - A(med)
23 19 Y.G. IVS15-3C>A/PCSK9E32K M 45 12.0 2.51 9.6 1.3 15 ?/hetero - A (med)
24 20 T.K K790X/PCSK9 E32K M 1 9.0 2.55 6.4 14 - Hetero/hetero - A (med)
25 21 M.K. C183S/PCSK9E32K M 3 16.4 1.25 14.2 0.7 - Hetero/hetero  — A(med)

Data are shown in mmol/L; F: female, M: male; ATT: achilles tendon thickness; Hetero: hetero-FH; D; deceased; A; alive; LDL-a: LDL-apheresis; med: medication.
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2.2. Patients

Twenty-five clinically or genetically diagnosed homo-FH
patients were selected for the study of genetic epidemiology of
homo-FH and the calculation of the incidence of FH in the Hokuriku
district. Written informed consent was obtained from each of the
subjects prior to participation in the study.

2.3. Laboratory measurements

Blood samples for assays were drawn after overnight fast-
ing. Concentrations of plasma total cholesterol (TC), triglyceride
(TG) and high-density-lipoprotein-cholesterol (HDL-C) were deter-
mined at accredited clinical laboratories using routine clinical
methods. LDL-cholesterol (LDL-C) concentrations were calculated
using the Friedewald equation [5].

2.4. FH genes analysis

Detailed methods of FH genes analysis were described in our
previous paper [6], and are described in brief here. Genomic
DNA was prepared from white blood cells using a Genomic DNA
Purification Kit (Gentra Systems, Minneapolis, MN, USA). Primers
covering all of the exons and exon-intron boundary sequence of
LDLR and PCSK9 were designed using Primer3 online software
(http://frodo.wi.mit.edu/). LDLR mutations were identified using
the Invader assay method (Third Wave Technologies, Inc., Madison,
W], USA) for point mutations previously identified in Japan [7]. The
multiplex ligation-dependent probe amplification (MLPA) method
for large rearrangements was performed using a P062B LDLR MLPA
kit (MRC Holland, Amsterdam, Netherlands) and DNA sequencing
was performed using a BigDye Terminator v3.1 Cycle Sequencing
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Kit (Applied Biosystems, Foster City, CA, USA) for the other muta-
tions. ApoB mutations were screened by the methods reported
in our previous paper [8]. Mutations in PCSK9 were detected
by polymerase chain reaction (PCR) single-strand conformational
polymorphism (SSCP) followed by direct sequence analysis.

2.5. Statistical analysis

Plasma lipid concentrations were compared among FH groups
using Student's t-test. All data in the text are expressed as
mean + SD. JMP 5.1.2 software (SAS Institute, Cary, NC, USA) was
used for statistical analyses. p<0.05 was considered statistically
significant.

3. Results
3.1. Genotypic analyses of homo-FH patients

A DNA study of FH gene mutations was performed in all 25
clinically and genetically diagnosed homo-FH patients. Thirteen
LDL-R mutants were found in these homo-FH patients, and one
PCSK9 mutant (PCSK9 E32K) was found in five patients (Table 1).
True homo-FH was confirmed in 15 patients (Table 1, Fig. 1), and
six true homozygotes (13 patients) were for LDLR mutations, and
one (2 patients) was true homozygote for PCSK9 E32K. Four true
homozygotes of Ex2-3del in three families and three homozygotes
of D280Y in one family were born to consanguineous marriage. The
geographical distributions of these homo-FH patients are shown in
Fig. 1. Nine types of compound LDLR mutations were found in 10
homo-FH patients. Three types of LDLR and PCSK9 double heterozy-
gotes were found. No case of FH patients due to ApoB mutation was

Fig. 1. Geographical location of 25 homo-FH patients with FH gene mutations in the Hokuriku district of Japan.
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found. No consanguineous marriage was found in these compound
or double heterozygote families (Table 1, Fig. 1).

Thirteen cases diagnosed by DNA analysis showed less than
14.3 mmol/L of TC. Mean (£SD) TC levels (15.7 +4.0mmol/L) in
homo-FH patients confirmed by DNA analysis were significantly
lower than those (18.5 + 4.1 mmol/L) diagnosed by clinical criteria
(p<0.0442) [9]. Two patients who were true homozygotes due to a
mutation in the PCSK9 gene were newly found among our homozy-
gotes. PCSK9 E32K produced relatively mild homo-FH phenotypes.
The mean (+SD) plasma cholesterol level in homozygotes for LDLR
gene mutations (15.7 3.8 mmol/L) was significantly higher than
that (11.3 +£3.2 mmol/L) in true homozygotes or double heterozy-
gotes for PCSK9 mutations (p<0.0276).

The outcomes of the patients are shown in Table 1. Seven
patients died of cardiac death and one (M.K.) died of leukemia. Sev-
enteen patients are alive, and 6 patients have been treated with
LDL-apheresis, and 11 patients with medications (Table 1).

3.2. Frequency of FH calculated using the Hardy-Weinberg
equilibrium

Among 11 true homo-FH families consanguineous marriage was
detected in four. In the remaining seven families, there were no
consanguineous marriages. In nine families of compound heterozy-
gotes no consanguineous marriage was found (Table 1, Fig. 1).
The Hardy-Weinberg equilibrium was used to calculate the fre-
quency of hetero-FH. The frequencies of homo-FH, hetero-FH
and unaffected persons are p?, 2pq and g2, respectively (where
p+g=1) and the general population in the Hokuriku district was
3,081,000. If the 7 patients from consanguineous marriage were
ignored, p? could be 18/3,081,000=1/171,167 and then p=1/414.
As q=1-p=413/414, the frequency of the hetero-FH (2pq) is
2 x 1/414 x 413/414=1/208. Therefore, frequencies of the homo-
FH and the hetero-FH were 1/171,167 and 1/208, respectively.

4. Discussion

It has been thought that homo-FH is easily diagnosed. However,
it is sometimes difficult to differentiate severely affected heterozy-
gotes from mild-type homozygotes without DNA analysis of FH
genes. Recently, analysis of FH gene mutations has made it possible
to identify presymptomatic homo-FH phenotype. DNA analysis of
FH-associated genes shows true homozygote of identical heterozy-
gous mutant, compound heterozygote of different heterozygous
mutant of the same gene, and double heterozygote of different
FH gene mutations. True homozygotes often came from a consan-
guineous marriage, whereas compound or double heterozygotes
almost never did so. True homozygotes and compound heterozy-
gotes for PCSK9 E32K show mild phenotypic homo-FH, compared
with LDLR mutant homo-FH patients [6]. Currently, the diagnosis of
FH involvesclinical assessment and biochemical tests (lipid profile),
but DNA-based testing will play a greater role in the identification
and management of FH [10].

The prevalence of hetero-FH among the general population has
been estimated to be at least, 1 in 500 among Caucasians, rang-
ing from 1 in 200 to 1 in 1000 [11,12]. In 1978, we summarized
51 homozygous patients with FH in Japan, and estimated the fre-
quency of homo-FH in Japan as 1 in 1.45 millions, and that of
hetero-FH as 1 in 500 [9]. However, the low incidence of FH in
most countries is due to the low frequency of homo-FH diagnosed

by classical diagnostic criteria based on physical signs, laboratory
findings and data from the parents. In the present study genetic
diagnosis detected unexpectedly mild phenotypic cases of homo-
FH, and several new cases of homo-FH were discovered. As FH is
an autosomal dominant genetic disease, the frequency of hetero-
FH has been calculated by the incidence of homo-FH in the district
using the Hardy-Weinberg equilibrium. Here we found an extraor-
dinarily high incidence of FH in this district of Japan.

A remarkably high prevalence of FH has been reported in sev-
eral areas of the world, owing to founder effects. In Lebanon, the
estimated prevalence of homozygotes and heterozygotes is 1 in
10,000 and 1 in 171, respectively [13]. In the Hokuriku district of
Japan, the most frequent mutation in hetero-FH was the K790X
LDLR mutation, with a frequency of 31.7% [ 7]. However, this mutant
was less frequent in the Osaka district (5.4%) in Japan. No histori-
cal immigration records have been maintained in this district, and
thus the K790X mutant of LDLR should not be classified as a founder
gene in Japan, but only as a historically old mutant that prevailed
locally and widely over a long period of time. High frequency of FH
gene mutations might have produced true homozygotes without
consanguineous marriage.

These observations underline the value of gene analysis in diag-
nosing hetero- and homo-FH patients and the extraordinarily high
frequency of FH in this district of Japan.
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1. Introduction

Background: Bezafibrate and fenofibrate show different binding properties against peroxisome
proliferator-activated receptor subtypes, which could cause different clinical effects on circulating pro-
protein convertase subtilisin/kexin type 9 (PCSK9) levels and on various metabolic markers.
Methods: An open, randomized, four-phased crossover study using 400mg of bezafibrate or 200 mg
of fenofibrate was performed. Study subjects were 14 dyslipidemia with impaired glucose tolerance
or type 2 diabetes mellitus (61416 years, body mass index (BMI) 26+3kg/m?, total cholesterol
(TC) 219+53 mg/dL, triglyceride (TG) 183 +83 mg/dL, high-density lipoprotein-cholesterol (HDL-C)
46 + 8 mg/dL, fasting plasma glucose 133 +31 mg/dL and HbA1c 6.2 4 0.8%). Subjects were given either
bezafibrate or fenofibrate for 8 weeks, discontinued for 4 weeks and then switched to the other fibrate
for 8 weeks. Circulating PCSK9 levels and other metabolic parameters, including adiponectin, leptin and
urine 8-hydroxy-2'-deoxyguanosine (8-OHdG) were measured at 0, 8, 12 and 20 weeks.
Results: Plasma PCSK9 concentrations were significantly increased (+39.7% for bezafibrate and +66.8% for
fenofibrate, p<0.001) in all patients except for one subject when treated with bezafibrate. Both bezafi-
brate and fenofibrate caused reductions in TG (—38.3%, p<0.001 vs. —32.9%, p<0.01) and increases in
HDL-C (+18.0%, p<0.001 vs. +11.7%, p <0.001). Fenofibrate significantly reduced serum cholesterol levels
(TC, —11.2%, p<0.01; non-HDL-C, ~17.3%, p<0.01; apolipoprotein B, —15.1%, p<0.01), whereas bezafi-
brate significantly improved glucose tolerance (insulin, —17.0%, p <0.05) and metabolic markers (y-GTP,
—38.9%, p<0.01; adiponectin, +15.4%, p<0.05; urine 8-OHdG/Cre, —9.5%, p<0.05).
Conclusion: Both bezafibrate and fenofibrate increased plasma PCSK9 concentrations. The addition of a
PCSK9 inhibitor to each fibrate therapy may achieve beneficial cholesterol lowering along with desirable
effects of respective fibrates.

© 2011 Elsevier Ireland Ltd. All rights reserved.

reduced clearance and accumulation of LDL-C in the circulation
[1-3]. Statins have been known to increase the nuclear translo-

Proprotein convertase subtilisin kexin type 9 (PCSK9) is a mem-
ber of the subtilisin-like serine convertase superfamily made and
secreted by the liver into the plasma. Secreted PCSK9 regulates
plasma LDL-cholesterol (LDL-C) levels by directing cell-surface LDL
receptors (LDLR) to the lysosomes for degradation, resulting in

* Corresponding author. Tel.: +81 76 265 2268, fax: +81 76 234 4271.
E-mail address: junji@med.kanazawa-u.ac.jp (J. Kobayashi).

0021-9150/$ - see front matter © 2011 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.atherosclerosis.2011.02.012

cation of sterol-regulatory element binding protein-2 (SREBP-2),
which activates not only the LDLR but also PCSK9 gene expression
[4-6]. Subsequently, statins increases serum PCSK9 levels [5-8] and
this increment may attenuate the LDL-C lowering effect of statins. It
may in a part explain the rule of 6% for statins, which indicates that
each doubling of the statin dose results in only about a 6% further
decrease in LDL-C.

Unlike statin treatment, the association of fibrate treatment
with PCSK9 is less clear. Recently, it was shown that fenofibrate
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suppressed PCSK9 expression at the promoter level and reduced
statin-induced PCSK9 secretion invitro [9], whereas, fenofibrate did
not suppress and rather increased circulating PCSK9 level in several
invivo studies [8,10,11]. Bezafibrate is another widely used fibrate,
and both of which have substantial triglyceride (TG)-reducing-
effect and high-density lipoprotein cholesterol (HDL-C)-raising
effect. Bezafibrate is a pan-agonist for peroxisome proliferator-
activated receptor (PPAR)-et, B and & and fenofibrate is a more
selective ligand for PPAR-a [12], and thus the effects of these drugs
varies in several aspects. To the best of our knowledge, there is no
previous study on the effect of bezafibrate treatment on PCSKS.

In this background, we directly compared the effect of fenofi-
brate and bezafibrate treatment on plasma PCSK9 and other
metabolic parameters related to insulin sensitivity in crossover
design.

2. Materials and methods
2.1. Study subjects

To assess the effects of bezafibrate and fenofibrate on plasma
PCSK9, glucose tolerance and lipid metabolism, we enrolled
14 dyslipidemic subjects with impaired glucose tolerance or
type 2 diabetes mellitus (T2DM); 11 men and 3 women, age
60.5+15.6 years, body mass index (BMI) 26.0+ 3.1 kg/m?, total
cholesterol (TC) 219.0+52.7 mg/dL, TG 183.0+82.9 mg/dL, HDL-
C 45.9 + 8.4 mg/dL, fasting plasma glucose 133.0 +£30.8 mg/dL and
HbAlc 6.22+0.85%. Among them, 5 were on anti-diabetic drug
and 7 were on anti-hypertensive drug, and the dosages of these
treatments were not changed during the study period. None of the
subjects were on insulin treatment or anti-lipid drugs other than
fibrates.

Exclusion included: age>75 years, BMI>30kg/m?,
HbAlc>7.5%, serum TG level>400mg/dL, abnormal liver or
muscle enzymes, creatinemia, habitual alcohol intake > 3 standard
drink/day or endocrinological disorder.

2.2. Study protocol

This study was conducted as open randomized crossover design
to compare the efficacy and the safety of bezafibrate and fenofi-
brate. All the participants were outpatients and were divided into
two groups by envelope-method (Table 1). The group 1 (6 male,
average age of 63.0 years) was started with 400 mg/day of bezafi-
brate, while the group 2 (5 male and 3 female, average age of 58.6
years) with 200 mg/day of fenofibrate. Any lipid lowering agents
had been discontinued at least for 4 weeks before the study. The
first phase was continued for 8 weeks, then bezafibrate or fenofi-
brate was discontinued for 4 weeks, and then subsequently patients
were switched to the other fibrate treatment and continued it for
another 8 weeks.

A statement of institutional approval of the study in accor-
dance with the Declaration of Helsinki was provided, and written
informed consent was obtained from all of the participants in this
study.

2.3. Measurement of the laboratory data

Blood samples were obtained after an overnight fasting,
and centrifuged at 4°C. Serum TC and TG were determined
by enzymatic method, and HDL-C levels were measured by a
polyamine-polymer/detergent method (Daiichi Pure Chemical,
Tokyo, Japan) as described elsewhere [13]. LDL-C levels were calcu-
lated using the Friedewald formula. Apolipoprotein Al, A2, B, C2,
C3 and E were determined as described previously [14]. Plasma
PCSK9 concentrations were determined using a commercially

Table 1
Profile for the study subjects in group 1 and 2.
Group 1 Group 2
Number of subjects, n (M/F) 6 (6/0) 8(5/3)
Age, years 63.0+£18.2 58.6+14.3
Body mass index, kg/m? 263+3.1 259433
Risk Factors, n (%)

Hypertension 2(33.3) 4(50)

Diabetes mellitus 3(50) 5(62.5)

Current smoking 0(0) 1(12.5)

CAD 0(0) 0(0)

Medication, n (%)

Anti-hypertensive? 3(50) 4(50)
CCBs 2(33.3) 1(12.5)
ARBs 2(33.3) 4(50)
ACE inhibitors 0(0) 1(12.5)
Diuretics 1(16.7) 0(0)
Beta blockers 0(0) 1(12.5)

Anti-diabetes 3(33.3) 2(25)
Sulfonylurea 1(16.7) 1(12.5)
Alpha-GI 1(16.7) 1(12.5)
Glinide 1(16.7) 0(0)

Abbreviations: CCBs, calcium channel blockers; ARBs, angiotensin Il receptor block-
ers; ACE, angiotensin-converting enzyme; Alpha-Gl, alpha-glucosidase inhibitors.
Values for age and body mass index are shown as mean =+ SD.
The numbers in the parentheses show percent.

2 Some of the patients had received more than one agent for hypertension.

available quantitative sandwich enzyme-linked immunosorbent
assay (ELISA) kit targeting human PCSK9 following the manufac-
turer instructions (Circulex CY-8079, CycLex Co, Nagano, Japan).
The plasma levels of adiponectin and leptin were determined by
the previously reported methods [15,16]. The levels of Urinary
8-hydroxy-2'-deoxyguanosine (8-OHdG) were determined using
an ELISA kit (Stressgen, British Columbia, Canada) in accordance
with the manufacturer’s instructions. Other laboratory values,
including fasting plasma glucose, HbAlc, glycoalbumin, aspar-
tate aminotransferase (AST), alanine aminotransferase (ALT) and
gamma-glutamyl transpeptidase (y-GTP) were obtained using
commercially available kits with an autoanalyzer. Serum insulin
levels were determined by enzyme immunoassay. Uric Acid
was determined using the uricase method. Homeostasis model
assessment-insulin resistance (HOMA-IR) was calculated using the
formula: HOMA-IR = (fasting insulin in mU/! x fasting plasma glu-
cose in mg/dL)/405.

2.4. Statistics

All values in the text and tables are expressed as mean=+SD
unless otherwise stated. Effects of each drug therapy on each vari-
able were analyzed by means of paired t-test. Treatment effects
were compared between two fibrates using a mixed model ANOVA.
Linear correlations were analyzed using Pearson'’s correlation coef-
ficient analysis. All statistical analyses were performed with PASW
statistics 17.0.3 (SPSS, Chicago, IL). A p-value of less than 0.05 was
considered to indicate statistical significance.

3. Results

3.1. Characteristics of study subjects at baseline were similar in
both groups

In either group 1 or 2, parameters related to lipid, glycemic con-
trol and other markers did not significantly differ before starting
either fibrate. For further analysis, the data from both groups were
combined and analyzed in detail. Pre- and post-treatment values
of each parameter were shown in Table 2. There were no variables
that would indicate carry-over and time-dependent effects.
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Table 2
Effects of bezafibrate and fenofibrate treatment on metabolic parameters.

Bezafibrate

Pre-treatment Post-treatment

Fenofibrate Mixed model ANOVA p value

Pre-treatment Post-treatment

Body mass index, kg/m? 262 + 3.2 26.0 + 3.3
AST, U/L 34.6 + 19.6 364 + 18.5
ALT, U/L 47.1 + 35.8 369+ 214
yGTP, U/L 59.1 4+ 43.8 36.1 £ 227"
Uric Acid, mg/dL 56+ 1.3 6.0+ 17
Total cholesterol, mg/dL 211.1 £ 51.5 209.6 + 44.2
Triglyceride, mg/dL 196.4 + 81.3 121.1 £ 52.77
HDL-cholesterol, mg/dL 444 + 9.1 52.4 4 10.6™
LDL-cholesterol, mg/dL 127.5 £ 47.0 133.0 + 36.8
Non-HDL-cholesterol, mg/dL 166.8 + 47.6 157.2 +£ 41.0
PCSK9, ng/mL 272.0 +£ 62.0 380.0 & 84.8™
Apo A1, mg/dL 128.8 + 18.1 141.4 + 220
Apo A2, mg/dL 298 + 4.3 407 £56™
Apo B, mg/dL 107.4 + 28.0 104.5 + 24.2
Apo C2, mg/dL 5927 52423
Apo C3, mg/dL 109 + 3.7 8.8 £3.07
Apo E, mg/dL 53+ 1.7 46+ 1.0
Plasma glucose, mg/dL 132.0 £ 288 121.6 +£ 249
HbA1c, % 6.24 + 0.83 6.18 + 0.78
Glycoalbumin, % 17.5+ 4.2 16.8 + 3.7
Insulin, mU/L 94+ 50 7.8 +34
HOMA-IR 2.84 +1.29 2.32 +£ 1.06°
Leptin, ng/mL 74+ 50 73 £66
Adiponectin, p.g/mL 6.5+2.7 7.5+3.1
Urine 8-OHdG/Cre, ng/mgCre 105+ 2.6 9.5+ 1.7

26.0 £3.0 260+ 3.1 0414
32.8 +21.1 327 £ 145 0.800
427 £ 33.0 354 £ 21.0 0.765
55.6 & 40.1 41.8 £ 239 0.465
59+ 14 4.0+ 13" <0.0011
216.3 £ 49.1 192.1 + 404" 0.034t
179.4 & 77.1 120.3 £ 39.5™ 0511
453 +£9.2 506 £ 11.2"" 0.097
135.1 £ 44.3 117.4 £ 335 0.032¢
171.0 & 44.3 141.5 £ 36.5”7 0.058
266.7 + 56.6 444.8 £ 101.3™ 0.077
1307 + 184 1418 £ 1947 0.696
303 £5.1 407 £ 4.9 0.742
1122 £ 25.0 95.3 £ 21.6” 0.018f
6.0 + 3.1 49+ 19 0412
112 £ 4.2 8.5+23" 0.548
56+£23 49 +32 1.000
126.1 & 25.2 124.9 + 28.6 0.246
6.03 +£0.71 6.25 £ 0.77 0.053
16.6 +£ 3.0 17.5 £ 4.1 0.0111
94 +£56 8.8 +39 0278
2.90 + 1.86 279 £+ 1.65 0.241
78 +76 83+64 0.553
6.9 + 3.1 7.1+36 0.187
10.0 £ 2.7 9.6 +£ 2.0 0471

Abbreviations: AST, aspartate aminotransferase; ALT, alanine aminotransferase; y-GTP, gamma-glutamyl transpeptidase; HDL, high density lipoprotein; LDL, low density
lipoprotein; Apo, apolipoprotein; HOMA-IR, homeostasis model assessment-insulin resistance; 8-OHdG, 8-hydroxy-2'-deoxyguanosine.

Values are shown as mean = SD.
" p<0.05 vs. pre-treatment value.
* p<0.01 vs. pre-treatment value.
" p<0.001 vs. pre-treatment value.
t p<0.05 vs. bezafibrate treatment.
tt p<0.001 vs. bezafibrate treatment.

3.2. Bezafbrate decreased y-GTP, whereas fenofibrate showed
better effect on uric acid than bezafibrate

There was no significant change in BMI and AST between
values before and after treatment. There was a slight but not
significant reduction in ALT during either treatment. y-GTP
decreased with bezafibrate (p<0.01), but not with fenofibrate.
Uric acid decreased with fenofibrate (p <0.001), whereas slightly
increased with bezafibrate (p<0.05), and the effects of two
fibrates on uric acid were significantly different from each other
(p<0.001).

3.3. Fenofibrate had better effects on cholesterol metabolism than
bezafibrate, though both fibrates increased plasma PCSK9 levels

Plasma PCSK9 levels were increased in 13 of 14 subjects with
bezafibrate (+39.7%, p<0.001, Fig. 1A) and in all subjects with
fenofibrate (+66.8%, p<0.001, Fig. 1B).

Both bezafibrate and fenofibrate treatments were associated
with reductions in serum TG (bezafibrate, p<0.001; fenofibrate
p<0.01), and increases in HDL-C (p <0.001 for either of treatment).
There were significant reductions in TC (p<0.01), apolipoprotein
B (p<0.01) and non-HDL-C (p<0.01), and slight decrease in LDL-C
during fenofibrate treatment, whereas bezafibrate did not produce
reductions in these parameters. As a result, cholesterol lowering
effect of fenofibrate were significantly stronger than that of bezafi-
brate (p<0.05 for TC, LDL-C and apolipoprotein B).

Serum levels of apolipoprotein Al and A2 were significantly
increased (p<0.001) and those of apolipoprotein C3 were sig-
nificantly decreased (p<0.01) during both of these treatments.
Apolipoprotein E level was slightly but significantly decreased
during bezafibrate treatment (p <0.05). There were no significant

changesinapolipoprotein C2 levels between values before and after
fenofibrate or bezafibrate treatments.

3.4. Bezafibrate had better effects on glucose tolerance than
fenofibrate

Changes in plasma glucose and glycoalbumin were not signif-
icant during either treatment. Fenofibrate was associated with a
slight but significant increase in HbA1lc (p <0.05) whereas bezafi-
brate was not. Insulin level and HOMA-IR significantly decreased
with bezafibrate (p <0.05) but not with fenofibrate.

3.5. Bezafibrate improved serum adiponectin level and oxidative
stress marker

Bezafibrate but not fenofibrate was associated with a signifi-
cant increase in serum adiponectin (p <0.05) and with a significant
decrease in urine 8-OHdG/Cre (p <0.05). Serum leptin did not sig-
nificantly alter in either treatment.

3.6. Associations of plasma PCSK9 with cholesterol and several
metabolic markers

As shown in Table 3, circulating PCSK9 levels were signif-
icantly correlated with TC (r=0.477, p=0.01), LDL-C (r=0.501,
p<0.01), non-HDL-C (r=0.453, p<0.05), BMI (r=0.377, p<0.05),
yGTP (r=0.376, p<0.05), plasma glucose (r=-0.426, p<0.05),
HbAlc (r=-0.468, p<0.05), glycoalbumin (r=-0.563, p<0.01),
insulin (r=0.507, p<0.01), HOMA-IR (r=0.396, p <0.05) and leptin
(r=0.416,p<0.05) at baseline levels. When analyzed using absolute
or percent change value for each variable during the treatment, no
significant associations were observed in the present study.
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Fig. 1. Changes in circulating PCSK9 concentrations in response to 8 weeks of treatment with (A) 400 mg of bezafibrate per day or (B) 200 mg of fenofibrate per day. Open

circles represent means of 14 subjects and bars SD. ***p<0.001 vs. pre-treatment value.

4. Discussion

The main finding of the present study is that all subjects with
fenofibrate treatment and all but one subject with bezafibrate treat-
ment showed increasesin their circulating PCSK9 levels. The degree
of increase in PCSK9 tended to be higher in fenofibrate treatment
than in bezafibrate treatment (+66.8% vs. +39.7%, p=0.077). This
is the first study investigating the differences between bezafibrate
and fenofibrate in their effects on circulating PCSK9 level and other
metabolic parameters related to insulin resistance and oxidative
stress in Japanese hyperlipidemic subjects.

As observed in previous reports [17-19], we found that plasma
PCSK9 levels positively correlated with TC, LDL-C, non-HDL-C, BM],
vGTP, insulin and HOMA-IR at baseline levels in subjects with
impaired glucose tolerance or T2DM. On the other hand, fasting
plasma glucose was negatively correlated with plasma PCSK9 levels
in our study onimpaired glucose tolerance or T2DM, which does not
appear to be consistent with these reports on non-diabetic patients.
Very recently, however, it was shown that PCSK9 knockout mice

Table 3
Relationships of PCSK9 to metabolic parameters at baseline.
T p
Total cholesterol 0.477 0.010°
Triglyceride -0.132 0.504
HDL-cholesterol 0.349 0.069
LDL-cholesterol 0.501 0.007™
Non-HDL-cholesterol 0.453 0.016
Body mass index 0.377 0.048°
AST 0.188 0.337
ALT 0.326 0.090
yGTP 0.376 0.049"
Uric acid 0.179 0.382
Plasma glucose -0.426 0.024"
HbAlc -0.468 0.016"
Glycoalbumin —-0.563 0.002"
Insulin 0.507 0.008™
HOMA-IR 0.396 0.045
Leptin 0.416 0.028"
Adiponectin 0.235 0.229
Urine 8-OHdG/Cre 0.019 0.927

Abbreviations as in Table 2.
' p<0.05.
" p<0.01.

had higher glucose and lower insulin levels than wild-type mice
[20], suggesting some association of PCSK9 with increasing insulin
leading to lowering of plasma glucose. This may in part explain the
negative correlation of PCSK9 with plasma glucose and HbAlc in
our study.

Bezafibrate and fenofibrate have some evidence of preventing
coronary artery disease in Bezafibrate Infarction Prevention (BIP)
[21,22] and Fenofibrate Intervention and Event Lowering in Dia-
betes (FIELD) Study [23], respectively. Our present data indicate
that fenofibrate treatment (200 mg per day for 8 weeks) produced
more favorable effects on cholesterol metabolism than did bezafi-
brate treatment (400mg per day for 8 weeks) with regard to
lower TC, non-HDL-C, LDL-C and apolipoprotein B levels. Circulat-
ing PCSK9 protein levels were significantly increased by either of
these two fibrates. Previous reports showed conflicting findings
on the effect of fenofibrate on PCSK9. Kourimate et al. demon-
strated that PPAR-a activation resulted in the repression of PCSK9
promoter activity, and in the up-regulation of PC5/6A and furin,
which degrade PCSK9 [9]. To our knowledge, two clinical studies
suggest that fenofibrate treatment was associated with decrease
in PCSK9 levels [24,25]. Lambert et al. [24] reported that fenofi-
brate 200 mg/day was associated with decrease (—8.5%,p = 0.041)}in
PCSK9 level in diabetic patients and Chan et al. [25] showed fenofi-
brate 145mg/day was associated with decrease (—13%, p<0.05)
in statin treated T2DM subjects. In contrast to these reports,
Mayne et al. and Troutt et al. represented an increase in circu-
lating PCSK9 level after fenofibrate treatment with 200 mg/day in
dyslipidemic patients (+17%, p=0.031 and +25%, p<0.01, respec-
tively) [8,10], although the precise mechanism contributing to
these increases remains to be clarified. Furthermore, Costet et al.
reported that 6 weeks of treatment with either 10mg/day ator-
vastatin or 160 mg/day fenofibrate increased PCSK9 levels (+14%,
p=0.01 and +26%, p<0.01, respectively) in T2DM subjects, with
no additive effect after 6 weeks of combined therapy [11]. In
our study, the effect of fenofibrate treatment with 200 mg/day
on plasma PCSK9 level was more prominent (+66.8%) than these
reports and was even higher than previously reported value of high
dose (80mg) atorvastatin treatment (+47%) [26], although study
population and duration of the treatment were different.

In patients with T2DM, insulin resistance inhibits catabolism
of remnant lipoproteins by reducing lipoprotein lipase (LPL) activ-
ity, contributing to the development of hypertriglyceridemia and
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low HDL-C [27-29]. The present data indicate that bezafibrate and
fenofibrate had equivalent efficacy on TG and HDL-C improvement
insubjects with hyperglycemia. As a PPAR-a agonists, these fibrates
improve triglyceride and HDL-C concentrations by enhancing 3-
oxidation of fatty acids and LPL activity, increasing production of
the components of HDL (apolipoproteins Al and A2), and reduc-
ing production of the inhibitor of LPL activity (apolipoprotein C3)
[30-34], while enhancing cholesterol efflux from the liver [35].
Several reports [8,10] suggest that these effects of PPAR-a on
cholesterol and lipoprotein metabolism may lead indirectly to
decrease hepaticintracellular cholesterol levels, and thusresultina
secondary increase in PCSK9 expression and secretion. Costet et al.
reported that one-day administration of atorvastatin increased
PCSK9 levels whereas that of fenofibrate did not [11], which might
support the indirect slower effect of PPAR-o agonist on PCSK9
expression.

PPAR-v is another target of bezafibrate and is expected to have
effects on glucose metabolism and insulin resistance [36]. Several
previous studies have indicated that bezafibrate treatment could
be associated with improvement of glycemic control in diabetic
subjects [37,38] or with delay of the onset of T2DM [39,40]. As
for fenofibrate treatment, on the other hand, there are conflicting
reports on its effect on glycemic control [41,42]. In our previous
study [43], fasting plasma glucose level was unchanged after 8
weeks of treatment with fenofibrate, which is consistent with the
present study. Of note, the very recent retrospective cohort study
using data from routine medical practice in the United Kingdom
[44] has shown that compared to fenofibrate, bezafibrate was asso-
ciated with a particularly low hazard for the occurrence of T2DM
(HR 0.41, 95% CI 0.29, 0.58). Indeed, our present findings sug-
gest that bezafibrate is more desirable than fenofibrate concerning
serum insulin level and HbA1c.

The mechanism by which the degree of PCSK9 increases was
more modest in bezafibrate than in fenofibrate is not clarified
yet. Costet et al. reported that insulin increased hepatic PCSK9
mRNA expression in rodent primary hepatocytes and in vivo dur-
ing a hyperinsulinemic—euglycemic clamp in mice {45]. This finding
combined with our present result that insulin level positively cor-
related with plasma PCSKS level at baseline and that insulin level
was decreased with bezafibrate but not with fenofibrate may in
part explain the more modest increase in PCSK9 levels produced
by the former than the latter.

In addition to the effect on glycemic control, these fibrates
may have beneficial effects on adipocytokines, such as leptin,
which positively correlated with PCSK9 in the present study, and
adiponectin [41,46-49]. Damci et al. showed a reduction in lep-
tin levels with fenofibrate treatment (250 mg/day for 3 months)
[41], whereas no significant change in leptin levels was observed
in either fibrate treatment in the present study with a shorter dura-
tion. For the effect of fibrate treatment on serum adiponectin, the
present finding that fenofibrate did not increase serum adiponectin
is consistent with our previous study [43], although some studies
have shown associations of fenofibrate treatment with adiponectin
increase in humans [46,47]. On the other hand, bezafibrate treat-
ment was associated with an increase in serum adiponectin in the
present study. Indeed, there are several previous studies linking
bezafibrate to an increase in serum adiponectin in patients enrolled

inthe BIP study [48]and in spontaneous T2DM model (Otsuka Long-

Evans Tokushima Fatty; OLETF) rats [49]. Hiuge et al. also reported
that bezafibrate and fenofibrate significantly increased adiponectin
levels in mice and 3T3-L1 adipocytes [48].

For the association between fibrate and liver function, there is a
reportlinking bezafibrate treatment to animprovement of y-GTPin

subjects with chronic liver disease [50], which is compatible with"

the present finding although subjects did not have chronic liver
disease in our study. Consistent with the report by Cariou et al. [18],
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y-GTP positively correlated with PCSK9 at baseline in our study,
and thus the significant decrease in y-GTP only with bezafibrate
might be related to the milder increase in circulating PCSK9 levels
with bezafibrate than fenofibrate. A significant reduction in uric
acid levels by fenofibrate in the present study is consistent with
previous report [51], whereas there is no previous report on the
effect of bezafibrate treatment on uric acid.

Angiopathy of T2DM has a complex etiology that may involve
the effects of hyperlipidemia and oxidative stress on endothelial
function. Similar to certain types of lipid lowering agents such as
probucol and atorvastatin [52], we observed beneficial effect of
bezafibrate to produce significant decreases in urine 8-OHdG/Cre,
which has been recognized as animportant oxidative stress marker.

One of the limitations of our study is the small sample size. How-
ever, the study was accomplished in the cross over design, making
it possible to investigate the effect of bezafibrate and fenofibrate
treatments in the same subjects and thereby enabling to exclude
the possibility of study subject bias. Moreover, the results were
clear and convincing especially in PCSK9 changes during fibrate
treatment.

In conclusion, both bezafibrate and fenofibrate cause consider-
able increase in plasma PCSK9 in hyperlipidemic subjects with the
former in more modest manner. We suggest that in the treatment
of hyperlipidemic subjects, the addition of a PCSK9 inhibitor to each
fibrate therapy may achieve beneficial cholesterol lowering along
with desirable effects of respective fibrates.
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