impaired regenerative capacity of skeletal muscle in aged mice.
These results suggest that Clg activates Wnt signaling and
modulates mammalian aging-related phenotypes.

RESULTS

Complement C1q Is a Fz-Binding Protein in the Serum
Consistent with a previous report (Brack et al., 2007), mouse and
human serum activated canonical Wnt signaling, as assessed
by the TOPFLASH reporter gene assay that reflects Tci/Lef-
dependent transcription (Figure 1A). Human serum-induced
activation of Wnt signaling was parily suppressed by a Fz8
CRD-IgG/F¢ fusion protein (Fz8/Fc), but not by IgG/Fe (Fig-
ure 1B}, and serum from aged mice showed higher TOPFLASH
activity than serum from young mice (Figure 1C). We also found
that the serum obtained from two different mouse models
of heart fallure more potently increased TOPFLASH activity
compared with serum from aged mice (Figure 1D). We therefore
hypothesized that the serum of mice with heart failure contains
the Wnt activator more abundantly than that of aged mice,
and we used the former as a starting material to isolate the
Whnt activator in the serum. Precipitation of Fz8/Fc-binding
proteins foliowed by SDS-PAGE identified a 26 kDa protein
that was upregulated in the serum from mice with heart failure
(Figure 1E). Mass spectrometric analysis revealed that this
26 kDa protein was complement Glga, which is a major constit-
uent of complement Clq.

Clq is composead of 18 polypeptides: 6 Clga, 6 Clgb, and 6
C1ge chains, each encoded by 3 individuat genes. Although Clg
is known to bind te Fc portion of aggregated immunoglobulins,
purified Cl1q was precipitated by Fz8/Fc and a Fz8 CRD-alkaline
phosphatase (AP) fusion protein, but not by 19G/F¢ or AP protein
in & pull-down assay {Figures 1F and 1G and Figures S1A and
S1B available onling}, indicating that C1q binds to CRD of Fz8.
C1q also bound to CRD of other Fz receptors such as Fz1, 2,
4, and 7 (Figure 81C}.

Complement C1q Is an Activator of Canonical

Wnt Signaling

We next invesiigated whether C1q is a specific ligand for Fz
receptors. A binding assay demonstrated that the interaction

between Clq and Fz8 CRD was specific and saturable (Fig-
ure 1H). A Scatchard plot analysis revealed that Cig has a
single binding site for Fz8 CRD, with a binding affinity compa-
rable to that of Wni3A (Kdgag: 2.8 nM, Kdwniaa: 1.25 nM) (Figures
11, 81D, and S1E}. A heterologous competition assay revealed
that C1g and Wnt compete with each other for the binding to
Fz8 CRD (Figure §1F). Purified C1g dose dependently increased
TOPFLASH activity {Figure 1J), stabilized cytosolic B-catenin
{Figure 1K}, and increased the expression of Axin2, a well-estab-
lished target gene of canonical Wit signaling (Figure 1L). Clg-
induced TOPFLASH activity was inhibited by Fz8/F¢ or Dikki
(Figure 1J). These resulis strongly suggest that Clq is a Fz-
binding protein that activates canonical Wnt signaling.

Despite the similar binding affinity to Fz receptor, dose-
response curves of C1q and Wni3A on TOPFLASH activity
revealed that the ECsg of Cl1qg on activation of Wnit signaling
(259 nM) was 200-fold higher than that of Wnt3A (1.27 nM)
(Figures 1M and 1N). Based on the mode of C1g activation by
immunaglobulins or SIGN-R1 (Duncan and Winter, 1988; Kang
et al., 2006; Schumaker et al,, 18886), in which the binding of
multiple or aggregated immunoglobulins or SIGN-R1 to Cig
initiates C1q activation, we hypothesized that increasing the
amount of Fz recepiors may promote Clg-induced activation
of Wnt signaling. Indeed, overexpression of Fz8 decreased
the ECsq of C1g by 13-fold (258 nM to 22.8 nM), whereas the
ECsq of Wnt3A was less affected {1.27 nM to 0.852 ni)
{Figures 1M and 1N). These results suggest that the mode of
Wnit signaling activation by C1q is distinet from that by Wnt3A
and is affected by the cellular context, including the density of
Fz receptors.

Clq Mediates Serum-Induced Activation of Wnt
Signaling In Vitro and Maintains Basal Wnt Signaling
Activity in Multiple Tissues In Vivo

We assessed whether serum-induced activation of Wnt signaling
is attributable to Cl1q. C1g-depleted serum or serum treated with
Fz8/Fc showed lower TOPFLASH activity compared with normal
serum and G3- or C5-depleted serum, and addition of Fz8/Fc to
Clg-depleted serum did not further reduce TOPFLASH activity
{Figure 2A). Likewise, serum from Clga-deficient mice showed
lower TOPFLASH activity compared with serum from wild-type

Figure 1. Complement C1q Binds to Fz and Activates Wnt Signaling

(A-D) TOPFLASH assay. Mouse and hurnan serum (10%) ang Wnt3A, protein (10 ng/mi) activated canonical Wnit signaling to the same degree (A). Activation of
Wt signaling by human serum was suppressed by Fz8/F¢ (500 ng/mi). " < 0.05 versus human serum (B). Serum-induced Wnt signaling activity was higher in
aged mice (C) and in mice with heart faflure (D). Data are presented as mean +3SD. PO, mice with pressure overload; DCM, mice with dilated cardlomyopathy,
(B} Sitver staining of SDS-PAGE gel. Serum obtained from control mice and mice with heart failure were incubated with Fz8/F¢ and precipitated by protein G.
SDS-PAGE of the precipitates revealed that the amount of a protein of ~26 kDa (arowhead) was increased in the serum from mice with heart failure. PO, mice
with pressure overload; DCIM, mice with dilated cardismyopathy. '

(F and G} Pull-down assay. C1q was precipitated by Fz8/Fc, but not by 1g&/F¢ (F). C1g was precipitated by Fz8 CRD-AP, but not by AP (G).

(H and Iy Binding kinetics of G1q to Fz8 CRD. A binding curve (H) and a Scatchard plot {§ are shown.

) TOPFLASH assay. G1q dose dependently activated canenical Wit signaling, which was blosked by Fz8/Fc {20 pa/mi} or Dkk-1 (20 ng/ml). Data are presented
as mean 8D *p < 0,01 versus of Clg (100 pg/mi).

) B-catenin stabilization assay, f-catenin stabilization assay was performed in HEK283 cells 1 hr after C1q stimulation (200 pg/mi).

{L) Axin2 mRNA levels, C1q {100 pg/ml} and Wnit3A (10 ng/ml) activate canonical Wnt signaling to the same degree as assessed by Axin2 mRNA indugtion in
HEK293 cells. Axin2 mRNA was assessed 24 hr after stimulation. Data are presented as mean =S0.

(4 and N} Dose-response curves of Clg and Wnt3A on TOPFLASH activity. Fz8 overexpression induced marked leftward shift of the response curve of
Clg-induced TOPFLASH activity {M) but had minimal effects on that of Wnit3A-induced TOFPFLASH activity ().

See also Figure S1.

1300 Cell 748, 1298-1313, June 8, 2012 ©2012 Elsevier Inc.

58



12 25 Cytoselic Protein
10 Bcatenln
2 :
actin |G~ wainig
8 : |
= z 15 serum normal Nermal
& 3 4 Serum Seum
g6 E +
=
g B Faffe
4. w
¥
2] 05+
Q4 et 2 £ P [3
Serum Nomwl  Normal Clg Clg o <5 Young Aged Young  Aged
o] Senm Serum Deplated  Depleted  Dzplatad Depleted wr wT Cigkod  CIgke
+ Serurn Serum Senurn Serum
FzBiFe +
F28/Fc
D Cytosolic Protain E F
— o =35
tenin ($a0 e oGRS B-catanin| whei
Pos i ﬂmpﬂj g,
st - st ey G2
Serum mm! [<T] [« cs Serwm  Nomal  Clg Clyg gg 2
8] serum Depleted Depleted Depleted ¢} Serurn Depleted Dapleted ae
Serum  Serum  Serum Serurn  Serum 251 5
g - 2 : . =
COHTH & R
G 05 ool el 5 -
NI I B EEE N
O T Ceum  Nommal Wommal  Clg . Cla s
(€] Serumn  Serum Depleted Depleted Deplated Depleted
+ Serm Serym Serum Serum
Fra/fFc *
G Cig
16
14 I
2] [ T 1 L

-

<
o

Relative Expression of Axin2 mRNA
< 1=
o &

Braln Lung Heart Liver Kidney Spleen Intestine LN. SkM

Wildtype 3 C1gKO 8 C3KO

Figure 2, C1q Mediates Serum-Induced Activation of Wnt Signaling In Vitro and Is Required for Basal Wnt Signaling Activity In Vivo

(A) TOPFLASH assay. Wnt signaling activation by serum was partially blocked by Fz8/Fc (10 pg/mi) or C1q depletion, but not by C3 or C5 deplefion. Combination
of Fz8/Fc and C1q depletion did not further decrease TOPRLASH activity. Data are presented as mean £8D. *p < 0.07 versus normal serum.

(B) TOPFLASH assay. In wild-type (WT) mice, serum from aged mice showed higher TOPFLASH activity than serum from young mice. Ssrumn from young Clga-
deficient mige showed lower TOPFLASH activity compared with serum from young WT mice, and the elevation of TOPFLASH activity during aging was not
observed in Clga-deiicient mice, Data are presented as mean +SD. "p < 0.01 versus serum obtained from young WT mice. *p < 0.01 versus aged serum
obtained from WT mige.

{C-F) B-catenin stabilization assay, Human serum activated Wnit signaling, which was abolished by Fz8/Fc {10 pg/ml} (C). Wnt signaling activation by serum was
also abolished by C1q depletion, but not by C3 ar C5 depletion (D). Reduced Wnt signaling activation by Clq depletion was fully restored by Clg (10 pg/ml)
application {E). Theresults were quantified by measuring the relative amount of B-catenin over actin (F}. Data are presented as mean =50, *p < 0.05 versus normat
human serum (i = 5).
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or G3-deficient mice at the age of 3 months (Figure $2). More-
over, augmentation of serum TOPFLASH activity by aging was
not observed in C1qga-deficient mice {Figure 2B). Thus, C1q
mediates serum-induced activation of Wnit signaling and
accounts for increased Wnt signal activation by serum from
aged mige.

We also assessed the activation of Wni signaling by analyzing
cytosolic B-catenin level at 1 hr after the treatment with serum
because TOPFLASH assay is performed at relatively later time
points after serum stimulation and therefore may be affected
by other factors that indirectly modulate Tef/Lef-dependent
transcription. Indeed, unlike TOPFLASH assay, serum-induced
activation of Wit signaling as assessed by B-catenin stabilization
was almost completely blunted by Fz8/Fc ot C1q depletion, but
not by C3 or C5 depletion, which was fully recovered by the addi-
tion of Clq (Figures 2C-2F). These resulis further support the
notion that Clg is responsible for serum-induced activation of
canonical Wnt signaling.

We further investigated whether activation of Wnt signaling by
C1q is physiologically relevant in vivo. Real-time PCR analysis
revealed that expression levels of Axin2 gene were decreased
in various tissues of C1ga-deficient mice, but not in those of
C3-deficient mice, most notably in spleen, intestine, lymph
nodes, and skeletal muscle (Figure 2G). This result suggests
that basal activity of canonical Wnt signaling is at least in pari
dependent on Clg and underscores the physiological relevance
of Clg-induced Wnt signaling activation in vivo.

C1ig Mediates Augmented Wnt Signaling Activity
Associated with Aging

We next examined whether Clg mediates augmented Wnt
signaling activity during aging. ELISA and western blot analysis
revealed that serum Clg concentration was increased with
aging (Figures 3A and 3B). It was previously reported that cells
of the monocyte/macrophage lineage are the major source of
serum Cl1g (Petry et al, 2001). Indeed, expression levels of
C1q in peritoneal macrophages were higher in 1-year-old and
2-year-old mice than in young mice (2-months-old) {Figure 3C),
consistent with the observation that serum Clqg levels were
upregulated at these ages (Figures 3A and 3B). Expression levels
of G1g were upregulated in various tissues of 2-year-old mice
(Figure 30}, suggesting that upregulation of G1q in macrophages
causes an Initial increase in serum Clg levels and that Clg
produced in other tissues at later stages may contribute to
a further increase in serum Clq levels.

We also assessed whether C1q is responsible for age-assoch
ated augmentation of Wnt signaling activity. An age-associated
increase in Axin2 mRNA was observed In various tissues of
wild-type mice. On the other hand, there was no significant
difference in Axin2 mBNA levels between young and aged
Clga-deficient mice in all tissues examined {Figure 3E). Thus,
Clg is responsible for augmented Wnt signaling activity in
multiple tissues of aged animals.

C1q Activates Canonical Wnt Signaling by Inducing
C1s-Dependent Cleavage of the Extracellular Domain

of LRP6

The complement system is one of the major components of the
mammalian immune responses and plays a pivotal role in innate
immunity {Walpart, 2001). The classical complement pathway is
triggered by C1, which is composed of Clg and two proen-
zymes, G1r and C1s. Conventionally, C1q binds to aggregated
immunoglobulins, which leads to conformational change and
subsequent activation of Clg (Duncan and Winter, 1988; Schu-
maker et al., 1986). Upon C1q activation, C1r undergoes autcac-
tivation and, in turn, cleaves and activates C1s. C1s then cleaves
C2 and C4 to instigate following activation steps of the comple-
ment system. We therefore tested whether C1r/C1s isinvolved in
Clg-induced activation of Wnt signaling. Consistent with the
observation that purified Clg activates Wnt signaling in
a serum-iree condition {(where no exogenous Cir/C1s is thought
to exist) (Figures 1J-1L}, western blot analysis revealed that both
C1rand Cls are expressed in the target cells and secreted into
the culture media (Figure 4A). Knockdown of C1¢/C1s by siRNAs
totally blunted Clg-induced cytosolic §-catenin stabilization and
TOPFLASH activation (Figures 4B and 4C). Likewise, addition of
C1 inhibitor (C1-INH}, an endogenous inhibitor of Clirand C1s, or
a neutralizing antibody against C1s (M241) (Matsumoto and
MNagaki, 1986) strongly inhibited C1g-induced activation of Wnt
sighaling (Figure 4D). To test whether C1s is activated upon
Clqg-Fz interaction, we treated NIH 3T3 cells with Clg and C4
in a serum-free condition. C4 is a target of Gis, and its cleaved
product, C4b, covalently binds to the cellular surface after
cleavage. We found that overexpression of Fz8 pronouncedly
enhanced C4b deposition on the cellular surface (Figures 4E
and 4F}. These results suggest that endogenous Clr and Cls
are activated upon C1g-Fz binding and that Cl1g-induced activa-
tion of Wnt signaling requires protease activity of Gls.

In addition fo C2 and C4, C1s has been reported to cleave
other cell surface proteins such as major histocompatibility
complex (MHC) class | molecules (Eriksson and Nissen, 1990).
Because deletion of the extracellular domain of LRPS results in
constitutive activation of canonical Wnt signaling (Liu et al.,
2003; Mao et al., 2001), we tested whether LRPG is the target
of Cis. Treatment of LRPS exiracellular demain-igG/Fc fusion
protein with active C1s resulted in the appearance of two major
cleaved products (Figure 4G), and N-terminal amino acld
sequencing revealed that LRP6 was cleaved between Arg792
and Ala793 in the third B-propeller domain. The G1s cleavage
site of LRP6 was conserved in various species, and similar
sequences were also found in the third B-propeller domain of
LRPs (Figure 4H), The C1s cleavage site of LRPE is adjacent to
the Dkk1-binding site {Ahn et al., 2011; Chen et al., 2011}
However, the inhibitory eifect of Dkk1 on Cig-induced Wnt acti-
vation {Figure 1J) does not appear to be due to the direct inhibi-
fion of LRPS cleavage because Dkk-1 did not have major impact
on in vitro cleavage of LAPS by Cls (data not shown).

(G) Expresslon levels of Axin2 mRNA in various tissues of 3-month-old wild-type {n = 8}, C1qa-deficient (n = 8), and C3-deficient (n = 4) mice. Expression levels of
Axin2 gene expression were lower in various tissues of C1qa-deficient mice, but not in those of C3-deficient mice, Data are presented as mean +80. °p < 0.65

compared with wild-type mice. L.N., lymph node; 8kM, skeletal muscle,
See also Fgure 82,
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Figure 3. C1q Mediates Augmented Wnt Signaling Associated with Aging

(A and B) Serum G1q concentration of mice at different ages was assessed by ELISA (A} and western blot (B). Serum C1g conceniration was increased with aging.
Daia in {A) are presented as mean +30.

{C and D} Western blot analysis of C1q in peritoneal macrophages {C} and in various tissuas {0 derived from wild-type mice at different ages. C1q expression in
macrophages and skeletal muscle was increased at 1 year of age, whereas a robust increase in Clg expression in other issues was obsetrved at 2 years of age.
{E) Expression levels of Axin2 mRNAIn various tissues from young 3 months old) and aged 2 years ok wild-type (young, n= 8; aged, n = 4} and Cla-deficient
mice fyoung, n =8; ages, n =3)..Axn2 gene expression was increased with aging in multiple tissues of wild-type mice (WT), but notin those of Clga-deficient mice
{C1gKQ). LN, lymph node; SkM, skeletal muscle. Data are prasented as mean £SD. *p < 0.05 compared with young wild-type mice.
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(B} B-catenin stabilization assay, Hep@2 cells transfected with control siIRNA (Con) responded to G1q (100 pg/ml), but those transfected with siRNAs against Gir

and Gis {C1i/s) did not.
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We also assessed whether Clq induces cleavage of endoge-
nous LRP6 in HepG2 cells. Clg-induced activation of Wnt
signaling was associated with the appearance of cleaved
N-terminal fragment of LRP6 (~100 kDa} in culture media, which
was detected by an antibody raised against extracellular portion
of LRP6 (LRP6 ECD Ab}), but not by an antibody against LRPS
intracellular domain (LRP& ICD Ab) (Figure 5A). When cells
were treated with Clg in the presence of a lysosomal inhibitor
Chloroquine, LRP6 |CD Ab detected a protein compatible in
size with the C-terminal cleaved fragment of LRP6 (~140 kDa}
in the membrane/organelle fraction {Figure 5B). Notably, there
was no apparent change in the expression levels of full-length
LRP8& by Ctq treatment, and this band was not observed in the
absence of Chloroquine or when the cells were treated with
Wnt3A (Figure 5B). Thus, a relatively small fraction of LRPE is
cleaved by Cils following Ciq treatment, and the resultant
C-terminal fragment of LRP6 produced by Cls cleavage
appears to be subjected to lysosomal degradation.

We next tested whether serum induces cleavage of LRPE in
a Clg-dependent manner. HepG2 cells were transfected with
N-terminally myc-tagged LRPS and treated with serum. Western
blot analysis following immunoprecipitation with anti-myc anti-
body revealed that the cleaved product of LRP6 was detected
in the culture media following treatment with normal serum, but
not with C1g-depleted serum (Figure 5C). The ability to cleave
LRP6 was fully recaovered after restoring C1q to Cl1g-depleted
serum (Figure 5C). The N-terminal {ragment of endogenous
LRP6 was also detected in the serum from wild-type mice, but
not in Glga-deficient mice, and the concentraticn of LRP&
C-terminal cleaved fragment was increased by ~2-fold in aged
mice compared with young mice (Figures 50 and 5E). These
observations indicate that both serum-induced LRP6 cleavage
in vitro and an age-dependent increase in LRPG cleavage in vivo
oceur in a Clg-dependent manner.

To examine whether LRP6 cleavage by Cls is sufficient
for Wnt signaling activation by Clg, we generated a LRP6&
deletion mutant that lacks amino acids 21-792 (Del-LRPS).
Transfection of Del-LRP6 increased Wnt sighaling activity by
47-fold compared with wild-type LRP6 (WT-LRP6) (Figure 5F),
suggesting that cleavage of LRP6 between Arg792 and
Ala793 is sufficient for activation of canonical Wnt signaling. As
phosphorylation of the intracéllular region of LRP5/6 is a halimark
of LRP5/6 activation (Tamal et al., 2004; Zeng et al., 2005), we
investigated the phosphorylation status of LRP6 aiter Clg
stimulatton. When the cells were treated with Clq together
with Chloroquine for 3 hr, phosphorylation of cleaved LRP&

Crterminal fragment (~140 kDa) was detected (Figure S3A). Of
note, we found that phosphorylation of full-length LRP6 was
also increased following C1q treatment (Figure S3A). Moreover,
transfected DelLRP8& was strongly phosphorylated even in
the absence of Wnt3A stimulation (Figure S3B) and induced
the phosphorylation of simultaneously transfected full-length
WT-LRP8 (Figure S3C). These results suggest that a rela-
tively small amount of cleaved LRP5/6 fragment may amplify
Wnt signaling by inducing the phosphorylation of uncleaved
LRPS&/6.

To test whether LRPG cleavage by Cis is required for Cl1g-
induced activation of Wnt signaling, we generated a Cls-resis-
tant LRP8 mutant in which Arg792 and Ala793 were subsiituted
to glycines (Mt-LRP6). Overexpression of WT-LRP6 or Mt-LRP6
induced an ~7-fold increase in TOPFLASH activity (Figure S3D).
Although WT-LRP8&-transfected cells and Mt-LRP6-transfected
cells responded to Wnt3A treatment similarly, Clg treatment
strongly enhanced TOPFLASH activity {~18-fold) in WT-LRP6&-
transfected cells but only marginally in Mt-LRP&-transfected
cells (~1.7-fold} {Figures 5G, 5K, and 83D). This slight increase
in C1g-induced TOPFLASH activity in Mt-LRP6-transfected cells
presumably reflects the activation of Wnt signaling mediated by
cleavage of endogenous LRPB. These results suggest the
requirement of LRP6 cleavage in Clg-induced activation of
Wnit signaling.

We next tested the requirement of C1r, C1s, LRPS/6, and Fz
receptors in Clg-induced LRP6 cleavage and subsequent acti-
vation of Wnt signaling by siRNA-mediated knockdown of G1r,
C1s, LRPS, and LRPS (Figure S3E]} or by overexpression of Shisa
protein to reduce cell surface Fz receptors (Yamamoto et al.,
2005; Zeng et al., 2008). The amount of C-terminal (LRP8 ICD}
and N-terminal (LRP6 ECD) cleaved forms of LRP8 following
C1q treatment was dramatically decreased by C1r/C1s knock-
down, LRP5/6 knockdown, or Shisa overexpression {Figure 5l),
which was associated with inhibition of Gl g-induced B-catenin
stabilization and TOPFLASH activation (Figure 5J). These results
collectively suggest that C1qg binding to Fz receptors results in
the activation of C11/C1s, which cleaves LRPS/6 and produces
N-terminal truncated form of LRP5/6, leading to activation of
canonical Wnt signaling {Figure 5K}.

C1ig Activates Wit Signaling in Skeletal Muscle

and Exhibits Differential Effects on Satellife Cells

and Fibroblasts

Activation of Wnt signaling in skeletal muscle was shown to
mediate a decrease in regenerative capacity and an increase in

[C) TOPFLASH assay. HEK293 cells transfected with control siRNA (siCon) responded to both C1q {100 ug/mi) and Wnt3A (10 ng/ml), but those transfected with
siRNAs against Cir and Gls (siC11/s) responded to Wnt3A, but not to C1q. Data are presented as mean +8D.

[0} TOPFLASH essay. Activation of Wnt signaling by Clg (100 pg/ml) was inhibited by an endogenous C1-inhibitor {C1-INH: 100 pg/mi) or by a neutralizing
antibody against C1s (M241: 100 ug/mi). Data are presented as mean +8D. *p < 0.01 versus Clg alone.

{E and F} C4 cleavage assay. G4b deposition on the cell surface was assessed by immunostaining (B} or ELISA (F. C4b deposition was increased after Fz8
overexpression. Data are presented as mean £8D. "p < 0.05 versus control vector (n = 5).

{G) Coomassie staining of SDS-PAGE gel. LRPS extracellular domain (ECD)-IgG/Fe fusion protein (4 pg) was incubated with active-Cls (178 ng) with or without
aneutralizing antibody against C1s (M241). Proteins were iractionated by SDS-PAGE and visualized by Coomassie staining. C1s treatment of LRPS ECD resulted
in the appearance of two majer bands (indicated by~ and ™), Amino acid sequencing revealed that * represented LRP6 ECD {amine acids 793-1368) « IgG/Fc, and

** represented LRP8 ECD (amine acids 20-792).

{H) Amino acid sequence allgnment of potential Cis cleavage site in the third -propeller domain of LRPS and LRPE. C1is cleavage site is predicted to be between
arginine {R} and alanine {A). Cleavage site of C1s is highly conserved among species.
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Figure 5. C1q Activates Wnt Signaling by Inducing Cis-Dependent Cleavage of the Extracellular Domain of LRP6

(A) Western biot analysis of LRP6 fragment in the culture media from HepG2 cells treated with G1¢ {100 pg/ml). MN-terminal cleaved fragment of endogenous LRPE

was detected in the culture media. ECD, extracefiular domain; ICD, intracefltlar domain.

(B} Westem blot analysis of LRP6 in the membrane/organelle fraction of HepG2 cells treated with C1g (100 pug/mily or Wnt3A {10 ng/mi). C-terminal cleaved

fragment of LRPE (~140 kDa} was detested by anti-LIRP6 ICD Ab only in the cells treated with C1q plus lysosomal inhibitor Chioroquine (50 ph).
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tissue fibrosis associated with aging (Brack et al., 2007). We
exarnined the effects of C1q treatment on skeletal muscle satel-
lite cells and fibroblasts because these cell types play important
roles during skeletal muscle regeneration, the former being the
source of new myocytes and the latter being responsible for fi-
brotic change of the regenerating tissue. We isolated satellite
cells and fibroblasts from skeletal muscle of young mice and
treated them with Clg or Wni3A. Both freatments stabilized
cytosolic B-catenin (Figure 6A) and increased Axin2 gene
expression (Figure $4A) in these cell types. Serum from aged
mice also stabilized cytosolic B-catenin and increased Axin2
gene expression more potently than serum irom young mice,
and this effect of serum from aged mice was inhibited by M241
{Figures 6B and S4B). These results suggest that C1q activates
Wt signaling both in sateliite cells and fibroblasts and that Cla
accounts for increased Wnt sighaling activation by serum from
aged mice in these cells.

We alsotested whether C1g activates Wnit signaling in skeletal
muscle in vivo using TOPGAL mice, which express B-galactosi-
dase {B-gal) transgene under the control of TefiLef-binding sites.
For Clq application, we placed hydrogel containing C1q on the
gastrocnemius muscle, Interestingly, C1q treatment alone did
not activate Wnt signaling in skeletal muscle of young mice.
However, 2 days after cryoinjury, Wnt signaling activity was
slightly increased in injured skeletal muscle of conirol mice and
was robustly enhanced in mice treated with Clg (Figures 6C
and 6D). Real-time PCR analysis revealed that the expressions
of Cir and CTs, but not irp5 or Irp6, were markedly upregulated
after injury (Figure 6E), suggesting that induction of C1rand Cls
contributes to the enhanced Wnt signaling activation by Cl1q in
injured muscie.

We next examined the effect of Cl1g-induced activation of Wit
signaling on satellite cells and fibroblasts derived from skeletal
muscle in vitro. We found that C1q and Wnt3A attenuated satel-
lite cell proliferation, whereas they stimulated fibroblast profifer-
ation {Figures 6F and 6G). C1q and Wnt3A also increased ihe
collagen production/release from fibroblasts (Figure 6H). Like-
wise, serum from aged mice attenuated satellite cell prolifera-
tion, stimulated fibroblast proliferation, and increased collagen

production in fibroblasts, and these effects were abolished by
Ma41 treatment (Figures 61-6K). We also found that Clg treat-
ment decreased the number of proliferating satellite cells and
increased the number of proliferating fibroblasts in skeletal
muscle in vivo (Figures 6L, 8M, S4C, and 84D). Taken together,
reduced regenerative capacity associated with increased
fibrosis in the skeletal muscle of aged organisms may be ex-
plained by diiferential effects of Clg-induced activation of Wnt
signaling on satellite cells and fibroblasts.

C1q Mediates Impaired Skeletal Muscie Begeneration
Associated with Aging

We then examined whether C1q mediates reduced regenerative
capacity of skeletal muscle associated with aging. When the
gastrocnemius muscle of young mice was cryoinjured and
treated with C1q, canonical Wnt signaling was activated (Fig-
ure 7A). C1q treatment also strongly impaired regeneration and
promoted fibrotic change in skeletal muscle (Figure 7B).
Enhanced tissue fibrosis was also evidenced by increased
expression of Col3al gene and increased soluble collagen
content in the regenerating muscle (Figures 7C and 7D). Activa-
tion of Wnt signaling and impairment of skeletal muscle regener-
ation after C1q treatment was also observed in C3-deficient mice
(Figures 7A-7D), suggesting that the effect of Clq treatment on
skeletal muscle regeneration is independent of the classical
complement pathway activation.

We also cryoinjured the gastrocnemius muscle of aged wild-
type and Clga-deficient mice and placed the hydrogel contain-
ing either M241 or an anti-C& antibody (BB5.1) that prevents the
cleavage of C5. The former inhibits C1s and blocks both Cig-
induced activation of Wnt signaling and the activation of the
classical complement pathway, whereas the latter selectively
blocks the classical complement pathway. Cls iphibition or
C1ga gene disruption, but not the inhibition of complement acti-
vation, attenuated Wnt signaling activity in skeletal muscle and
improved skeletal muscle regeneration with reduced tissue
fibrosis following cryoinjury on aged mice (Figures 7E-7H).
These results suggest that Clg-induced activation of Wnt
signaling, but not C1g-triggered classical complement pathway

{C} Westem blot analysis of the N-terrninal cleaved form of LRPSin culture media. N-terminal cleaved form of LRPG was detected in eulture media conditioned by
cells reated with nermal human serum, butnet with G1g-depleted serum. Addition of purified C1a protein {100 po/ral) to Cle-depleted serumrestored the activity
to cleave LRPB. IgHC, immunoglobulin heavy chain.

(D and E) N-terminal cleaved fragment of LAPS in the serum was analyzed by westem blotting (D) and ELISA {E). In wild-type (WT) mice, the amount of cleaved
form of endogenous LRP8 ectodornain was increased by 2-fold in serum from aged mice (2 years old: 130 ng/ml) compared with serum from young mice
{2 monihs old: 60 ng/mi). Cleaved LRPS was not detected in the serum from yeung Glga-deficient mice. Data are presented as mean +5D.

{F-H} TOPFLASH assay. Overexpression of N-terminal truncated LRPE (Del-LRPE) resulted in enhanced activation of Wnt signaling compared with wild-type
LRPE (WT-LRPE) {F). Cells transfected with WT-LRPS respanded to bath CTq (100 pg/mi) and Wnt3A (10 ng/ml} (G), whereas those transfected with C1s-resistant
LRPE (Mi-LRP6) responded to Wnt3A, but not to Clg (H). Data are presented as mean 8D,

{l} Western blot analysis of C-terminal LRP6 fragment in the membrane/organelle fraction and N-terminal LRP8 fragment in the culture media after treatment of
HepG2 cells with C1g (100 pg/m). Both C-terminal and N-terminal LRP5/6 fragments were not detected in cells transfected with siRNAs against Cir and Cls
{C1rfs), LRPS and LRPS (LRP5/8), ot cells transfected with Shisa (Shisa O/E}. An arrow indicates C-terminal LRPS fragment, and an arrowhead indicates
N-terminal LRP8 fragment.

{J} (Top} B-catenin stabiization assay. HepGEZ cells transfected with control siBNA [Con}respondad fo C1q (100 pg/mi), but those transfested with siRNAg against
Cr and Cis (C1r/s), LRPS and LRPE (LRP5/6) or cells fransfected with Shisa (Shisa O/E) did not. (Bottomn) TOPFLASH assay. HEK283 cells fransfected with
control siRNA responded to hoth G1q (100 pg/ml) and Wnit3A (10 ng/ml), whereas those transfected with siRNAs against Cir and Gis (C1r/s) respended to
Wnit3A, but not to G1q. Data are presented as mean +SD.

{K) Schematic diagram of G1g-induced activation of Wnt signaling. Upon binding fo Fz receptors, Ciq activates C11/G1s, which results in LRP5/8 oleavage and
activation of Wnt signaling.

See also Figure $S3.
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Figure §. Cig Activates Wnt Signaling in Skeletal Muscle and Exhibits Differential Effects on Satellite Cells and Fibroblasis

(A and B) B-catenin stabilization assay. Satellite cells and fibroblasts were stimulated with C1g {100 pg/mi} or Wni3A (10 ng/mi). Both G1g and Wnit3A activated Wit
signalingin these cells (A). Cells were also stimulated with serum derivad from young (2 months old) or aged mise 2 years old}. The extent of Wntsignaling activation
by serum from aged mice was greater than that by serum frem young mice, and activation of Wnt signaling by serum from aged mice was attenuated by M241.
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activation, mediates reduced regenerative capacity in skeletal
muscle associated with aging.

DISCUSSION

The results of our in vitro experiments provide compelling
evidence showing that Clqg activates Wnt signaling through
C1s-dspendent cleavage of the ectodomain of LRPE {Figure 5K).
The physiclogical relevance of Glg-induced activation of Wt
signaling i vivo is supported by the following ohservations. First,
an aging-related increase in serum-induced activation of Wnt
signaling comrelated with an increase in the amount of serum
C1q (Figures 1C, 2B, 3A, and 3B}, and the concentration of
G1q that was shown to activate ganonical Wnt signaling in cell
culture experiments (100 pg/mi) was within the physiclogical
range of the serum concentration of Clg in humans and mice
(Figure 3A){Borque et al., 1995; Yonemasu et al., 1978). Second,
cleaved product of LRPE was detected in the serum In wild-
type mice, but not in C1ga-deficient mice, and its amount was
increased with aging (Figures 5D and 5E}. Third, the expression
of Axin2 gene was dowrregulated in various tissues of
C1lga-deficient mice, but not of C3-deficient mice (Figure 2G).
Fourth, enhanced Wnt signaling activation by serum and
increased Whnt signaling in multiple tissues associated with aging
were observed in wild-type, but not in Clga-deficient mice
(Figures 2B and 3E). These observations strongly suggest the
physiological relevance of GClg-induced activation of Wnt
signaling in vivo.

Although C1q and Wnt3A bind to Fz receptors with similar
affinity (Figures 11 and S1E), ECgq value of C1g on TOPFLASH
activity cells was much higher than that of Wnt3A (Figure 1M).
In particular, the extent of Wnt signaling activation induced by
100 pg/ml {200 nM) of C1q and 10 ng/ml (0.2 nM) of Wt3A
was comparable, as determined by AxinZ mRNA induction (Fig-
ure 1L) and TOPFLASH reporier gene assay {Figure 4C), which
indicates that 1,000 times more Gig molecules are required to

activate Wnt signaling to the same extent that Wni3A does.
These apparent discrepancies may be explained by the unique
mode of Wnt signaling activation by C1q compared to that by
classical Wnt proteins. Activation of Wni signaling by Clg
requires several rate-limiting steps, which include the activation
of Clg, Cir, and Cls. For instance, whether conformational
change of Clq required for its activation occurs at the gell
surface may be affected by the Iocal density of Fz receptors,
analogous to the mechanism of Clg activation by immunoglob-
ulins (Duncan and Winter, 1988; Schumaker et al., 1986). This
notion is consistent with our data showing that increasing the
amount of Fz receptors potently decreased the ECsp value of
Clo-induced activation of Wnt signaling {(Figures 1M and 1Nj).
Activation of C1r and C1s may be affected by their expression
levels or by the local concentration of endogencus C1 inhibitor,
which is also consistent with our cbservations that C1g-induced
activation of Wnt signaling in skeletal muscle was observed only
when the expressions of Clr and Cls were upregulated
following injury (Figures 6C-6E}) and that treatment with G1 inhib-
itor or knockdown of G1r/Cis reduced Wnt signaling activation
by G1q (Figures 4B-4D and 5J). Thus, the extent of C1g-induced
activation of Wnt signaling is highly context dependent and
modulated not only by the concentration of C1q to which target
cells are exposed, but also by many factors, including the
expression levels of Fz receptors, LRP5/6 coreceptors, Cilr,
Cis, and C1 inhibitor in target cells.

LRPS/6 mutants lacking the extracellular domain have been
reported fo be a constitutively active form of canonical Wnt
signaling (Liu et al., 2003; Mao et al., 2001). Our findings indicate
that cleavage of extracellular N-terminal region of LRPS/6 by Cis
eccurs under physiological situations. Moreover, G1q treatment
phosphorylated both cleaved and uncleaved LRPG, and overex-
pression of truncated LRP6 phosphorylated simultaneously
overexpressed full-length LRP6 in the absence of ligand stimula-
tion (Figures S3A-83C), indicating that cleaved LRP5/6 fragment
may amplify Wnt signaling by inducing the phosphorylation of

(C} X-gal staining of skeletal muscle after injury. Skeletal muscle of young (2 months old) TOPGAL mice was cryoinjured and treated with PBS ar Ciq (650 pg/mi).
X-gal staining showed that B-gal astivity was slightly increased 2 days after cryoinjury, which was enhanced by C1q.

(D} Quantitative analysis of B-gal activity. TOPGAL mice were treated as in (C), and tissue B-gal activity was measured and corrected with tissue welght. Data are
presented as mean +SD. *p < 0.01 versus sham-operated mice treated with PBS (n = 10).

{E} Real-time PCR analysis. Mice were freated as in (C), and the expressions of Irp5, #p8, Cir, and C1s were analyzed by real-time PCR. Data are presented as
mean =8D. *p < 0.01 versus sham-operated mice (n = 6).

{F and G} BrdU incarporation assay in satellite cells {F} and fioroblasts (G). Satellite cells and fibroblasts were stimulated with €1q {100 pg/mi) or Wnt3A (10 ng/mj)
for 24 hr. BrdU incarporation during the last 12 hr (satellite cells) or 4 hr (fibroblasts) was assayed by ELISA. C1q and Wnt3A inhibited satellite cell proliferation and
stimulated fibroblast proliferation. Data are presented as mean +8D. *p < 0.01 versus control [n = 4}, .

(H) Collagen concentration in the culture media. After stimulation with C1q {100 pg/mi) or Wnt3A (10 ng/ml} for 24 hr, medium was changed to serum-free medium,
and soluble collagen released to the medium was guantified 6 hr later. C1g and Wni3A increased collagen produstion in fibroblasts. Data are presented as
mean =8D. *p < 0.01 compared with conirol {n = 4).

{l and J) BrdU incorparation assay in satellite cells (}) and fibroblasts {J). Satellite cells and fibroblasts were cultured and stimulated with serum {5%6) for 24 hr. BrdU
incorporation was assayed as in (F) and (@), Serurn from aged mice reduced sateflite cell profiferation and stimulated fibroblast profiferation, which was
attenuated by M241. Data are presented as mean +SD. *p < 0.01 versus serum from young mice. **p < 0.01 versus serum from aged mice (0 = 4.

() Collagen congentration In the cuiture media. After stimulation with serum for 24 hr, soluble collagen in the medium was assayed as in (H). Serum from aged
raics increased collagen production in fibroblasts, which was atterwated by M241 treatment. *p < D.01 versus serum from young mice. Data are presented as
mean =8D. *p < 8.01 versus serum from aged mice (0 =4).

L and M) Number of proliferating satellite cells (U} and fibroblasts (M} in cryoinjured skeletal muscle of young mice (2 months old) in vive, Sections were
immunostained with M-cadherin (a satellite cell marker}, Vimentin {a fibroblast marker}, and phospho-histone H3 (pH3) (z mitotic marker). Proliferating satellite
cells and fibroblasts were identified as M-cadherin/pH3 double-positive cells and Vimentin/pH3 double-positive cells, respactively. Clg treatment reduced
satellite cell proliferation and stirmulated fibroblast proliferation in cryoinjured skeletal muscle, Data are presented as mean 28D, *p < 0.05 versus contel (1= 8§},
See also Figure S4. ’
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Figure 7. C1q Mediates Reduced Regenerative Capacity of Skeletal Muscle Associated with Aging

A Axin2 mRNA expression. Skeletal muscle of young (2 months old) wild-type (WT) and C3-deficient (C3KO) mice was crysinjured and treated with PBS or C1g
{50 ng/ml). RNA was exiracted 3 days later, C1q treatment increased AxinZ gene expression in injured skeletal muscle of both wild-type and C3-deficient mice.
Data are presented as mean =5D. *p < 0.01 versus PBS (n = 4).

(B) Immunostaining of skeletal muscle after cryoinjury. Tissue samples were harvested 5 days after injury and immunaostained with embryonic myaosin heavy-chain
(Red) and type VIl Collagen (green). Four wild-type mice (elght samples) and three C3-deficient mice (six samples) were used for each group, ard representative
figures are shown, C1q freatment impaired muscle regeneration and increased fibresis in both wild-type and G3-deficient mice. Scale bar, 150 pm,

{C) Expression of Coi3a? gene. RNA was harvested 3 days after injury. C1q freatment increased Coi3a? expression in injured skeletal muscle of boih wild-type
and C3-deficient mice. Data are presented as mean £80, *p < 0.01 versus PBS {(n = 4).

(D) Sotuble collagen content in skeletal muscle, Samples were harvested 5 days after injury, C1q treatment increased soluble collagen content in skefetal muscle
after cryoinjury of both wild-type and C3-deficient mice. Data are presented as mean +SD. *p < 0.01 versus PBS (n = 4).

(B) Axin2 mRNA expression. Skeletal muscle of aged (2 years old) wild-type (WT) mice or aged Clge-deficient mice (C19KO) was cryoinjured and treated with
M241 or BB5.1 (500 ng/mi each). RNA was extracted 3 days after cryoinjury. The expression of Axin2 was suppressed by M241 treatment or in Clga-deficient
mice, but not by BBS5.1 treatment. Data are presented as mean =80, *p < 0.01 versus aged WT PBS (n = 4.
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uncleaved LRPS/6. Although the precise mechanism by which
full-length LRPS5/6 is phosphorylated in the presence of cleaved
form of LRP5/6 is currently unknown, these observations may, in
part, explain the reason why cleavage of a small fraction of LRPS/
6 by C1qg treatment leads to activation of Wni signaling to the
comparable level induced by Wnt3A.

In addition to its role in innate immunity, Clq is implicated in
the pathogenesis of various diseases, including autoimmunity
and neurodegenerative diseases (Nayak et al., 2010). C1q defi-
ciency in humans is tightly associated with the development of
systemic lupus erythematosus (SLE) (Pickering et al.,, 2000),
and it has been reported that Wnt/B-catenin signaling plays
a role in the irmmune system by regulating T cell development
and dendritic cell maturation (Manicassamy et al., 2010; Staal
et al., 2008; Xu et al, 2003). It would be interesting to test
whether downregulation of Wnt signaling activity in lymphocytes
plays a role in the development of autoimmunity. In the central
nervous system, complement system can be both protective
and deleterious because it waorks to eliminate toxic proteins,
whereas its sustained activation induces the production of cyto-
kines or oxidative products from microglia (Bonifati and Kishore,
2007). C1q also mediates synapse eliminaticn during develop-
ment and is reactivated in the retina of mice with glaucoma (Ste-
vens et al., 2007). Intriguingly, activation of Wnt signaling in the
brain has also been reported to be both protective and delete-
rivus (Boonen et al.,, 2009), and Wnt signaling bas been shown
o exert both positive and negative effects on synapse formation
({Klassen and Shen, 2007; Packard et al., 2002). [{ remains elusive
whether increased activation of canonical Wnt signaling by Clq
contributes to aging-associated neurological disorders.

In summary, we have shown that complement Cig Is an acti-
vator of canonical Wit signaling and that activation of Wnt
signaling by C1g mediates impaired regenerative capacity of
skeletal muscle in aged animats. These findings suggest that
Clg-induced activation of Wnt signaling plays an important
role in other aging-related phenotypes as well as in the patho-
genesis of various diseases that are related to augmented
Whnt signaling. Likewise, impaired function of C1q may play a
pathegenic role In the disease states assoclated with reduced
Wit signaling. Modulation of C1g-dependent activation of Wnt
signaling may provide a therapeutic strategy for diseases linked
to dysregulated Wnt signaling.

EXPERIMENTAL PROCEDURES

Cell Culture

HEK283, NIH 3T3, and HepGe cells were cultured in DMEM containing 10%
fetal bovine serum. Satellite cells in skeletal muscle were isolated as described
{Brack et al., 2007}. Fibroblasts in skeletal muscle were prepared by repeated
digestion of skeletal muscle by trypsin.

TOPFLASH Assay

TOPFLASH assay was performed using a HEK293 cell line stably transfected
with a luciferase reporter gene under the conirol of eight Tef/Lef-binding sites
{Super 8XTQPFLASH) (Veeman et al., 2003}). Twenty-four hours after passage,
cells were serum starved for 3 hr before stimulation. Luciferase assay was per-
formed 24 hr after stimulation. Luciferase activity was determined using One-
Glo (Promega), as deseribed {Naito et al,, 2008). Experiments were performed
in triplicate for at least three different samples. Results are shown as the fold
induction of the luciferase activity refative to the confrol.

p-Catenin Stabilization Assay

HEK293 or MepG?2 cells were used for fi-catenin stabilization assay. Twenty-
four hours after passage, cells were serum starved for 24 hr before stimulation.
At 1 hr after stimulation, cytosolic fraction was obtained by ultracentrifugation.

RNA Analysis

Relative levels af gene expression were quantified by the comparative Ct
method using Universal Probe Library (UPL} {Roche) and Light Cycler TagMan
Master kit {Roche).

Protein Analysis

Total cell lysate was collected in lysis buffer containing 1% Triton X-100. Cyto-
solic and membrane/organelle fraction was obtained by differential centrifuga-
tion, Culture medium was concentrated using Amicon Ullra (Millipore) or
immunoprecipitated with anti-myc antibody.

Binding Assays

C1g/Wnt3A was labeled with succinimidyl alkyne {invitrogen), and various
concentrations of labeled C1a/Wnt3A were mixed with 500 fmol (~21.65 ng)
of Fz8/Fc¢ in a volume of 100 ul {5 M} C1o/Wnt3A that bound to Fz8/Fc
was coprecipitated with protein G, eluted, quantified by ELISA using bictin-
azide and HRP-streptavidin, and shown as the molar that hinds specifically
to 1 mg of Fz8/Fec. Unbound CTg/Wnt3A was collected and also guantified
by ELISA.

Cell Proliferation Assay

Proliferation of culfured satellite cells and fibroblasts derived from skeletal
muscle was assayed using Cell Proliferation ELISA, BrdU (Colorimetric)
{Roche). Different durations of BrdU labeling time between satellite cells and
fibroblasts are due to thelr difference in proliferative capacity.

Soluble Collagen Assay

Collagen content in eulture media was assayed using Sircoll Collagen Assay
{Biocolor). Tissue collagen contert was assessed in the same manner after
extraction of sal-soluble collagens using extraction buffer (50 mM Tris and
1.0 M NaCl plus protease inhibitars).

Animals

All protocols were approved by the Institutional Animal Care and Use
Committee of Chiba University and Osaka University. TOPGAL mice were
fram Jackson lahoratory. C1qa-deficient mice (Botto et al., 1998} and C3-defi-
cientmice (Wessels et al., 19385) were previously described. Mice backcrossed
to C57BL/6 background were used.

Statistical Analysis
Data are expressed as mean +SD. The significance of differences among
means was evaluated using analysis of varance (ANOVA), followed by

(F) Immunestaining of skeletal musele after eryainjury. Tissue samples were harvested 5 days afler injury and immunostained as in (B}, Thres wild-type mice {six
samples) and two G1qa-deficient mice (four samples} were used, and representative figures are shown. Impaired skeletal muscle regeneration in aged mice was
restared by M241 treatment, but not by BBS5.1 treatment, and was not observed in C1qa-deficient mice. Scale bar, 150 um.

(G) Expression of Cof3a? gene. RNA was extracted 3 days after cryoinjury. The expression of Co/3a? gene was reduced by 241 treatment or in Glga-deficient
mice, but not by BB5.1 treatment. Data are presented as mean =350, "p « 0.01 versus aged WT PBS (n = 4).

(H) Soluble collagen contentin skeletal muscle. Samples were harvested 5 days after cryoinjury. Soluble collagen content was attenuated by M241 Treatment or in
G1qa-deficient mice, but not by BB5.1 treatrent. Data are presented as mean =8D. *p < 0.01 versus aged WT PBS (n = §).
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Mann-Whitney's U test or Fisher's PLSD test for comparisons. Significant
differences were defined as p < 0.05.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimemal Progedures
and four figures and can be found with this article online at doi:10.1016/
j-cell.2012.03.047.
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Smoking Promotes Subclinical Atherosclerosis in
Apparently Healthy Men
— 2-Year Ultrasonographic Follow-up —

Shoji Sanada, MD, PhD; Makoto Nishida, MD, PhD; Kouki Ishii; Toshiki Moriyama, MD, PhD;
Issei Komuro, MD, PhD; Keiko Yamauchi-Takihara, MD, PhD

Background: Smoking is a major risk factor for cardiovascular disease. Also, inflammatory activation and meta-
bolic disorder are the mediators of smoking-induced atherosclerofic progression. The aim of the present study was
to investigate whether current smoking and smoking cessation alter inflammatory or metabolic status and affect
subclinical atherosclerosis in apparently healthy men.

Methods and Results: Classical risk factors and smoking habit were evaluated in 354 men who completed health
examinations annually without any current medications. Carofid infima-media thickness (IMT) was followed for
27.1+4.5 months. At baseline, both maximum and mean IMT significantly changed during 2-year follow-up. They
tended to increase along with progression of smoking habit, with significantly greater maximum IMT in current smok-
ers compared with never smokers, Both maximum and mean IMT significantly changed during 2-year follow-up, and
tended to increase with progression of smoking habit, with maximum IMT being greatest for current smokers, Past
smokers tended to have greater IMT increase than never simokers. Among smoking habit and some atherosclerotic
risk markers that showed significant correlation with maximum IMT increase, stepwise regression showed that smok-
ing habit and serum low-density lipoprotein-cholesterol (LDL-C) level were the only independent predictors.

Conclusions: Significant 2-year progression of subclinical atherosclerosis was associated with continuous smoking
and LDL-C. This was only partly moderated in past smokers despite complete raversal of inflammatory activation,

ORIGINAL ARTICLE
Vascular Biology and Vascular Medicine

suggesting another crucial factor for inhibiting accelerated progression of subclinical atherosclerosisinmen.  (Circ J

2012; 76: 2884~2891)

Key Words: Inflammation; Intima-media thickness; Metabolic syndrome; Progression; Smeking cessation

ous risk factors for cardiovascular disease (CVD), such

as hypertension, diabetes, and hyperlipidemia,’ all of
which comprise metabolic syndrome (MetS).? Also, it has been
reported that lower plasma adiponectin® is an independent risk
factor for CVD.# Furthermore, serum high-sensitivity C-reac-
tive protein (hs-CRP) level is recognized as an independent
predictor of CVD,! and serum interleukin-6 (IL-6) level is as-
sociated with increased incidence of CVD,f implicating inflam-
matory responses in the incidence of CVD.

Meanwhile, smoking has also emerged as an important risk
factor for CVD,% and the inflammatory responses as well as
impatrment of MetS are thought te be involved in the underly-
ing mechanisms of atherosclercsis development,”® the leading
cause of CVD.* Therefore, in addition to recovery from MetS

P revious epidemiological studies had proposed numer-

through reduction of body weight or salt intake,** smoking ces-
sation is generally and strongly recommended in current anti-
atherosclerotic lifestyle improvement.t The impact, however,
of smoking cessation on reduction of atherosclerotic changes
and, if so, which mechanism confers the improvement, is not
fully identified.

Recently, non-invasive measurements of arterial intima-media
thickness (IMT) have been widely used for assessment of sub-
clinical arterial alterations, and have demonstrated that this is
a predictor of CVD.! In addition, the association of traditional
risk factors with IMT (mainly maximum IMT) has been well
examined,'-13

In the present study, to elucidate whether smoking cessation
reduces or reverses the progression of atherosclerosis, and to
explore what underlying mechanisms might be associated with
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Table 1. Baseline Clinieal Subject Characteristics

Al Smoking habit Pvalue

Never Past Current

n 354 195 (85) 84 {24) 75 {21)
Age (years) 48.5+5.7 47.745.8 49.6+5.7 49 425.5 0.008
BMI (kg/m?) 23,242 8§ 23.142.7 23.0+2.4 23.843.3 0.09
Waist (cm) 82.6£7.7 81.9+7.7 82.1£6.5 86.318.6 0.004
SBP (mmHg) 122+14 121+13 122+15 123x15 0.42
DBP (mmHg) 7911 7910 80x12 80+12 052
UA {mg/di) 6.0+1.2 6.0+1.1 8.2+1.1 59+1.8 0.25
TG (mg/dly 118£104 110481 109462 1474172 002
HDL-C (mg/dl} 56+14 57+15 57+12 5514 074
LDL-C (mg/dl} 12829 126427 12033 130128 0.68
FPG {ma/dl) 92412 g1+12 9411 90+10 0.18
HbAie, % 5.040.5 5.010.5 5.020.5 5.0£0.4 0.68
Max. IMT {mm) 0.92240,502 0.877+0.471 0.958+0.474 1.001::0.897 018
Mean IMT {mm) 0.682+0.170 0.662+0.156 0.712+0.198 0.699+0.168 0.05
Presence of plaque 38 (10.7) 16 (8.2) 12 (14.3) 10 (13.3) 0.23

Data given as n (%) or mean=SD.

BMI, body mass index; DBP, diastolic blood pressure; FPG, fasting plasma glucose; HDL-C, high-density lipoprotein
cholesterol; IMT, intima-media thickness; LDL-C, low-density ipoprotein cholesterol; SBP, systolic blaod pressure; TG,

triglycerides; UA, uric acid.

this reduction, we evaluated the associations of MetS param-
eters as well as inflammatory markers with IMT and their re-
lationship with smoking habit in drug-naive apparently healthy
subjects.

Methods

Subjects

The subjects were the men who underwent health examinations
in the Osaka University Health Care Center during 2005-2007.
Apparently healthy Japanese men (n=354), 40-59 years of age,
who completed an annual visit for medical checkup in 3 con-
secutive years, did not take any chronic or frequent medicine
from at least 1 year before the first visit to the end of follow-
up, did not suffer acute illness within 2 weeks before each visit
and successfully underwent carotid ultrasonography in the first
and the third visits were consecutively included. Informed con-
sent was obtained from all subjects prior to participation in the
study following approval of the study by the Ethics Commit-
tee of Osaka University, Because blood tests for hs-CRP, IL-6,
and adiponectin concentration were beyond routine annual med-
ical checkup, these tests were also performed in samples from
89 men (42/29/18 in never, past and current smokers, respec-
tively) who participated in this study and who also agreed in
writing to additional investigational measuremenis.

Definition of Past Smoker and Smaoking Cessation Period

Smoking habit for each participant was primarily obtained from
the mark in the check boxes sorting them into never, current
or past smokers, as well as complementary descriptions deter-
mining the duration of smoking period in the interview sheet
at annual medical checkup. For the past smokers, because the
smoking cessation periods were not directly queried on the in-
terview sheet, all the past interview sheet records for each in-
dividual were surveyed and the duration of smoking cessa-
tion defined as the period starting from the first year afier the
smoking habit changed from current to past smoker. If it was
the case that all the past records indicated past smoking habit
or the record was not available, we then referred to a formula

Circulation Journal

Tahle 2. Smoking Status
' Past Current
smoker, n (%) smocker, n (%)
Smoking period {years)
1-5 20 (23.8) 0 (0}
6-10 24 (28.6) 27
11-20 25 (29.8) 15 (20.3)
21— 15 (17.9) 57 (77.0)
No. cigarettes
1-10 23 (34.3) 14 {18.7)
11-20 29 {43.3) 31{41.3)
21-40 13 (19.4) 29 (38.7)
41— 2 (3.0 1{1.9)
Smoking cessation period
{years)
2-5 1(1.2)
6-10 12 (14.3}
1120 33 (39.3)
21-80 27 (382.1)
31~ 11 (18.1}

of [(Age, years old)—{(duration of smoking period, years)~20]
year(s), based on the directly acquired data via the interview,
to estimate the smoking cessation period.

Risk Factor Assessment

Information on medical history, use of medicines and personal
smoking habit were obtained via questionnaire, and was re-
confirmed in expert interview by trained nurses. Waist circum-
ference at the umbilical level was measured in the late exhala-
tion phase in standing position.

Laboratory Measurements
Serum was collected from subjects after overnight fasting and
kept at <-20°C untl assay. Serum hs-CRP, IL-6 and adipo-
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Figure 1. Changes in maximum and
mean intima-media thickness (IMT)
from baseline to 2 years follow-up in
all subjects. Data given as mean+8D.
**P<0.0001 vs. baseline.

Tahlg 2. Risk Factors and 2-Year Increase of IMT

Delta-maximum IMT Dvel'ta-meah' IMT

¥ P-value 4 P-value
Age 0.041 0.44 0.063 0.24
BMI 0.035 0.51 0,023 0.67
Waist 0.042 0.43 0.013 0.80
SBP 0.114 0.031 0.097 0.068
DBP 0.025 0.64 0.073 017
UA 0.078 0.14 4.110 0.039
TG 0.108 0.042 0.019 0.72
HDL-C —0.029 0.58 0.052 0.33
LDL-C 0,142 0.008 0.155 0.004
FPG 0.087 0.10 0.092 0.082
HbAse 0.108 0.042 0.118 0.026
Smoking habit Q.130¢ 0,016 0.096 0.071

Abbreviations as in Table 1.

nectin concentration were measured as described previous-
ly.!41% Briefly, they were measured using an immunoenzyme
assay, a chemiluminescent enzyme imnumoassay (CLEIA) and
a sandwich enzyme-linked immunosorbent assay (ELISA) sys-
tem, respectively.

The mean interclass coefficient of variation (CV) of hs-CRP,
IL-6, and adiponectin measurements (n=40) in the assays be-
fore this study were 1,1%, 4.5%, and 1.2%, respectively. Kits
from the same lots were used in this study to maintain reli-
ability of measurement.

Evaluation of Carotid Atherosclerosis

All ultrasound examinations were performed by a single well-
trained sonographer (K.1.) who regularly participated in qual-
ity centrol measurement sessions and was totally blinded to all
clinical information, using LOGIQ 5 (GE Yokogawa Medical
Systems, Tokyo, Japan) with an 8.8-MHz linear transducer.
Three different longitudinal images (anterior oblique, lateral,
and posterior oblique) of the left common carotid artery (CAA)

of a 1.0-1.5-cm section at the distal end of the CCA proximal
to the carotid bulb were obtained as described previously,!41
complying with validated protocols. In addition, transverse im-
ages were then obtained to confirm the accuracy of longitudi-
nal images. After examination, the best longitudinal images
were analyzed for each individual. Maximum and mean IMT
was obtained using computer software that automatically trac-
es the intima-media edge of the far wall. The presence of plague
was defined as detection of a focal structure encroaching into
the arterial lumen of at least 0.5 mm or 50% of the surrounding
IMT or having a thickness of 21.5mm, in concordance with a
previous report.'®

Statistical Analysis

Data were analyzed using SPSS 14.0 (Chicago, IL, USA). Pear-
son’s correlation coefficients were caleulated for variables with
skewed distribution after logarithmic transformation. Stepwise
multiple regression analysis was conducted using the enter
method. ANOVA with modified Bonfetroni’s post-hoc test was
used to assess differences between groups based on category.
In order to analyze comrelation of smoking with the progres-
sion of IMT, current, past and never smokers were scored as
1, 0.5 and 0, respectively, and the sum of this score was used,
together with IMT progression within 2 years in each individ-
ual. P<0.05 was considered statistically significant.

Results

Baseline Demographics

Clinical characteristics of the study subjects are summarized
in Table 1. With regard to risk factors, age was significantly
older, and waist circumference and serum triglyceride (TG)
level significantly higher as smoking habit progressed in men,
whereas no significant differences were seen in body mass index
(BMI), blood pressure (BP), uric acid (UA), high-density li-
poprotein-cholesterol (HDL-C), low-density lipoprotein cho-
lesterol (LDL-C), fasting plasma glucose (FPG) and HbAte.
As shown in Table 1, both maximum and mean IMT tended
to increase as smoking habit progressed, reaching significance
in mean IMT. Plaques as defined in a previous report'é were
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Delta-max IMT

Delta-mean IMT

{mm) % (mm})
0.6 1 0.3 -
0.5 i

04 0.2 -
0.3

0.2

0.1

Past
Smoking habit

Never Current

Never

Figure 2, Difference in (A)
maximum and (B} mean in-
tima-media thickness {IMT)
from baseline to 2 years fol-
low-up vs. smoking habit.
Data given as mean£3D.
*P<0.05 vs. never smokers.

Past
Smoking habit

Current

found in only 38 out of 355 individuals in the cohort (10.7%),
without significant association with smoking habit.

Factors of smoking habit such as duration of smoking or
number of cigarettes per day in current and past smokers are
listed in Table 2. Current smokers were liable to have a longer
smoking history, but there was no significant change in the
number of cigarettes, and there were very few heavy smokers
consuming >40 cigarettes per day in each group.

Progression of IMT During Follew-up and Association With

fetS Components

After 2 years of follow-up, both maximum and mean IMT in
all subjects significantly increased {P<0.0001) compared with
baseline (Figure 1). Single regression analysis between the tra-
ditional risk factors and the change in IMT {delta-IMT) from
before to after 2 years follow-up is given in Table 3, Among
them, systolic BP, serum TG, LDL-C and HbA1: as well as
smoking habit were significantly correlated with delta-maxi-
mum IMT, whereas serum UA correlated only with delta-mean
IMT, and serum LDL-C as well as HbAic were associated with
both parameters. In contrast, age, BMI, waist circumference,
diastolic BP, HDL-C and FPG were not correlated with delta-
IMT.

Change in IMT During Follow-up and Assaciation With
Smoking Habit :

Figure 2 charts delta-IMT during 2 years follow-up along
with smoking habit (never, past and current smoker). Current
smoking was associated with a tendency for increase in both
delta-maximum and delta-mean IMT, which was significant in
delta-maximum IMT. Past smokers tended to have less of an
increase, and this did not reach significance. Among the afore-
described MetS parameters as well as smoking habit, stepwise
regression analysis (Table 4) showed that only smoking habit
and serum LDL-C were significantly correlated with delta-max-
imum IMT, suggesting that these 2 parameters would be inde-
pendent contributors for increased progression of atheroscle-
rosis. Furthermore, to clarify whether MetS components had
changed during the 2-year observation period, we additionally
evaluated the relationship between IMT and the mean of the

Sircufation Journal

Tahle 4. Indeperdent Factors for IMT Increase in 2 Years
[ndependent Delta-max, IMT Delta-mean IMT
variables r P-value r P-value
sBP 0.089 0.11
UA 0.091 0.10
TG -0.032 0,62
LDL-C 0.119 0.036 0115 0.040
HbA1e 0.056 0.31 0.077 0.16
Smoking habit 0111 0.041 £.089 0.082
Abbreviations as in Table 1.
Delta-max IMT
(mm)
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.4
0 o .
Smoking Smoking
cessation cessation
<fQvyears =or>10years
(n=13) (n=71)

Figure 3. Smoking cessation period and increase of intima-
media thicknsss {IMT}.
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IL-6 Adiponectin hs-CRP
(pgiml) % (ng/mi) {mg/)
1.8 - 14 1.4 *
1.6 92 1.2
1.4
1.2 10 1.0
1.0 8 0.8
0.8 6 0.6
0.6
0.4
04 4
0.2 2 0.2
0 0 0
Never Past Current Never Past Current Never Past Current
Smoking habit Smoking habit Smoking habit
Figure 4. Comparison of (A) serum interleukin (IL)-6, (B) adiponectin and (C) high-sensitivity C-reactive protein (hs-CRP) levels
at baseline vs. smoking habit. Data given as meanSD. “P<0.05 vs. never smokers.

2-year blood test results (Table S1), We observed that only
mean LDL-C during 2 years of follow-up had a significant
association with progression of both maximum and mean IMT,
further suggesting the important contribution of LDL~C to the
progression of atherosclerosis. As to pericd of smoking cessa-
tion, longer estimated cessation >>10 years tended to provide
further moderation of progression of delta-maximum IMT
{Figure 3), but was not significant (P=0.1139 and 0.534 in
maximum and mean IMT, respectively). We then further in-
vestigated the association of atherosclerosis progression with
either smoking or smoking cessation period, and found that
positive correlation with smoking period might be stronger than
the negative correlation with smoking cessation period among
past smokers, although not significant (Table S2).

Smoking Habit, Serum IL-§, Adiponectin and hs-CRP

To further elucidate the underlying mechanisms, serum IL-6,
adiponectin, and hs-CRP at baseline were evaluated. As shown
in Figure 4, serum IL-6 and hs-CRP at baseline were signifi-
cantly higher in current smokers (1.2240.53 pg/ml and 0.63%
0.65mg/L, respectively), compared with never and past smok-
ers. Serum adiponectin tended to be higher in never smokers
than past and current smokers, but no significant difference was
observed. Purthermore, we found that IL-6 and hs-CRP had a
significant positive correlation with the doration of smoking,
and hs-CRP also had a significant negative correlation with
duration of smoking cessation among past smokers (Table S3).
Taken together, moderated progression of subclinical atherc-
sclerosis was achieved in past smokers compared to current
smokers, associated with complete reversal of inflammatory
activation. This implies that smoking cessation and associated
inflammatory deactivation might be another critical factor for
inhibiting accelerated progression of subclinical atherosclero-
sis in addition to LDL-C lowering in men.

Discussicen

In the present group of apparently healthy men we found that
atherosclerosis, as evalvated via carotid IMT, significantly pro-
gressed, and was independently and significantly accelerated as
serum LDI-C increased and as smoking habit progressed, as
shown on multiple regression analysis. Serum hs-CRP and IL-
6 were significantly higher in only current smokers, but in past
smokers were completely the same as In never smokers.

Many previous studies have reported that smoking is a
major promoter of atherosclerotic change,' and that cessation
of smoking is strongly recommended, and is associated with
possible reduction of risk for CVD.'8¥ Direct and quantitative
evaluation of the impact of smoking cessation on long-term
atherosclerotic change, however, was still to be documented.
Here, in the present study, we have carried cul a prospective
2-year follow-up of IMT changes in apparently healthy men.
This had been done only in 1 previous report in healthy men/
wormen,!” which primarily supported the present findings of in-
complete recovery from accelerated mean IMT increase after
2 years. The direct mechanistic linkage underlying smoking
cessation and atherosclerotic progression, however, had not
been investigated.

For the first time, we analyzed IMT change over time along
with smoking habit, MetS status and multiple inflammatory
parameters. We evaluated 89 samples frem participants who
agreed to additional blood sampling in writing, and on analy-
sis of direct correlation between IL-6, hs-CRP and IMT, IL-6
had P=0.054 for positive correlation, whereas CRP did not
have any asscciation with IMT. Accordingly, our previous re-
port evaluated this issue in a similar cohort of 153 apparently
healthy men, and successfully observed the identical tendency. 5
Briefly, IL-6 was significantly cotrelated with either delta-max-
imum (P=0.02) or delta-mean (P=0.008) IMT, whereas the hs-
CRP correlation was not significant (P=0.24 in delta-maximum
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IMT and P=0.35 in delta-mean IMT). Therefore, we could as-
sume that the inflammatory status represented by serum IL-6
potentially affects IMT progression. Although the NFIANES
I study (15,489 individuals) showed that blood CRP returned
to baseline 5 years after smoking cessation,?® which is consis-
tent with the time frame associated with cardiovascular risk
reduction obsserved in both the MONICA and Northwick Park
Heart studies,*-** we intrigningly obtained the novel finding
that the past smokers do not achieve complete recovery from
accelerated increase in both maximum and mean IMT, despite
complete reversal of inflammatory status after the shorter pe-
riod of 2 years. This time frame-dependent dissociation might
be explained in some way by the different characteristics and
size of the subject group, but it may also be due to another long-
lasting producer of IMT progression other than inflamnmatory
status, that is, smoking. In this way, the underlying mechanisms
of preclinical IMT progression and clinically relevant CVD
incidence, as well as the markers representing the respective
risks, should be somewhat different. Accordingly, regression
analysis of the relationship between atherosclerosis progres-
sion and the duration of either smoking or smoking cessation
period (Tables S2,3) showed that maximum-IMT had a stron-
ger positive correlation with the duration of smoking period
than negative correlation with the duration of smoking cessa-
tion period in past smokers, further supporting this idea. This
might ultimately lead to the idea that interventions to aveoid
smoking from the beginning might be as important as those to
stop smoking,

Because the inflammatory respouse is widely recognized as
an independent risk factor for CVD,'$ and is reported to be
closely associated with valnerable plaque,® we can say that
smoking cessation rapidly reduces the vulnerability of athero-
sclerotic regions via inflatamatory inactivation, whereas more
time, or even years, would be needed to reverse the accelera-
tion of primary atherosclerotic progress represented by increased
IMT due to other mechanisms. Accordingly, the Heinz Nixdorf
Recall Study of 4,814 individuals without overt CHD also
showed that the growth of the coronary atherosclerotic region
is accelerated by smoking and slows down after smoking ces-
sation, but advanced atherosclerotic change is present for a
long period.* The question then arises as to what other mech-
anism than inflammatory response may be responsible for the
prolonged IMT progression.

In this study the annual increase of mean IMT was around
0.030-0.050mm, which might be greater than that reported in
the many previous studies on the progression of IMT in healthy
subjects. There are some reports, however, indicating that the
progression of mean IMT in asymptomatic young adults var-
ies from 0.015 to 0.029 mm/year.?® Furthermore, we collected
the present data from untreated and middle-aged individuals,
who might be substantially more susceptible to IMT progres-
sion.* Taken together, we could say that the current data re-
garding the annual increase of mean IMT of around 0.030-
0.050 mm might be within reasonable range.

As a possible mechanism, Oyama et al showed that green
tea catechins have anti-atherosclerotic properties among smok-
ers by increasing the level of nitric oxide and reducing oxida-
tive stress.®” In contrast, it is widely accepted that the impair-
ment of MetS status substantially promotes the progression of
atherosclerosis? and increases the risk of CVD.! Also, another
study on a cohort of 5,033 individuals with the same charac-
teristics as the present subjects suggested that the exposure io
MetS would explain at least in past the increasing risk of ex-
cessive carotid plaque in past smokers.? The present result from
stepwise regression analysis also showed that seram LDL-C

level and smoking habit were the only independent predictors
of IMT progression. This result is primarily supported by a
previous study in a cohort of 2,421individuals who have sim-
ilar characteristics with the present subjects followed up for 14
years. According to Fable 1, however, past smokers have
normal MetS parameters including BMI, waist circumference,
BP, UA, TG, LDL-C and HDL-C and HbAuc, which are equal
to those of never smokers. This is possibly in part due to the
relatively small size of the data set, because the data in Table 2
differ from those in previous reports that suggested waist cir-
cumference® or HDL-C® as independent risk factors for ac-
celerated atherosclerosis. Accordingly, the JART study in the
same ethnic population showed that intensive lipid-lowering
treatment with rosuvastatin effectively eliminated the progres-
sion of IMT compared with pravastatin treatment, and was as-
sociated with a much higher rate of achieving lower LDL-C/
HDL-C ratio <1.5.% The present cohort had a mean LDL-C
level within normal limits but a relatively higher LDL-C/HDL-~
C ratio (2.37310.056 for never, 2.390£0.089 for past and
2.49610.10% for current smokers, respectively, P=0.55), sug-
gesting that more intensive lipid-lowering strategy beyond
normalizing LDL-C level might facilitate the reduction of
atherosclerosis progression. Otherwise, the present results might
downgrade the relative importance of impaired MetS status
including hypercholesterolemia as a putative promoter of
smoking-induced prolonged atherosclerotic progression. The
only difference we observed in past smokers compared with
never smokers was a trend toward lower blood adiponectin
level, which was almost identical to that of current smokers.
Adiponectin is an adipocytokine mainly secreted from vis-
ceral fat tissues,™ and the reduction of its blood level is re-
ported to be an independent sisk factor for atherosclerotic pro-
gression.” Although the duration for recovery of blood
adiponectin level after smoking cessation is currently elusive,
varying from 2 months to up to 20 years in men, %7 complete
recovery from accelerated peripheral arterial atherosclerosis
due to smoking represented by impaired ankle-brachial index
will take up to 20 years after smoking cessation.*® Experimen-
tal studies show that adiponectin has a direct cardioprotective
property,* therefore adipenectin could be a potential contribu-
tor to smoking-induced prolonged atherosclerctic progression.
Accordingly, Table 83 suggests a potential inverse correlation
of adiponectin level with smoking habit: decreasing with in-
tensity and length of smoking ands increasing with the dura-
tion of smoking cessation, but it is possible that the 2.year
follow-up period was too short to evaluate the long-term effect
of adiponectin. This issue should be directly addressed by
further study with an increased number of participants.

As alimitation, because smoking habit was confirmed only
by questionnaire and interview, we cannot exclude the possi-
bility that some of the past smokers were occasionally exposed
to temporary smoking episodes during follow-up. Also, we
did not follow the subjects for a longer period because of the
study design. Furthermore, we did not measure Juminal diam-
eter routinely in this study. The primary aim of IMT measure-
ment was to study the surrogate marker of atherosclerotic
change in normal or preclinical stages. The core requirement
to achieve this goal was to measure the initial and small
changes of maximum and mean IMT precisely in a large co-
hort. To achieve this, we ensured that a well-trained and estab-
lished sonographer performed the entire IMT test himself, to
avoid inter-individual variance. This meant that it was neces-
sary to limit the list of measurements to scoring of maximum
and mean IMT, accompanied by inforinal observation of visu-
ally advanced narrowing, because IMT measurements were
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