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Background and Objectives: Existing data on the spatiotemporal expression patterns of a variety of galectins in murine atherosclerosis
are limited. We investigated the expression levels of galectins, and their in vivo spatiotemporal expression patterns and statin responsive-
ness in the inflamed atherosclerotic plaques of apolipoprotein E (apoE)” mice.

Materials and Methods: Galectins expression patterns in aortic atherosclerotic plaques and serum galectin-3 levels were investigated in
26-week-old apoE” (n=6) and C57BL/6 mice (n=9). To investigate the spatial and temporal patterns of galectin-1and galectin-3 in plaques,
high-cholesterol diet-fed 26-week-old (n=12) and 36-week-old apoE'/' mice (n=6) were sacrificed and their aortas were examined for ga-
lectins' expression using immunoblot analysis and immunohistochemical stain. 36-week-old apoE”" mice were treated with atorvastatin
(n=3, 0.57 mg/kg/day) for the evaluation of its effect on aortic galectins' expression.

Results: Immunoblot analyses showed that galectin-1 and galectin-3 were the predominant galectins expressed in murine atherosclerosis.
The serum galectin-3 level was significantly higher in apoE”~ mice (p<0.001). While galectin-1 was weakly expressed in both intimal plaques
and the media of atherosclerotic aortas, galectin-3 was heavily and exclusively accumulated in intimal plaques. Galectin-3 distribution was
colocalized with plague macrophages' distribution (r=0.66). As the degree of plaque extent and inflammation increased, the intraplaque
galectin-3 expression levels proportionally elevated (p<0.01 vs. baseline), whereas galectin-1 expression had not elevated (p=0.14 vs.
baseline). Atorvastatin treatment markedly reduced intraplaque galectin-3 and macrophage signals (p<0.001 vs. baseline), whereas it failed
to reduce galectin-1 expression in the aortas.

Conclusion: Galectin-3 is the predominant gal and is colocalized with macrophages within atherosclerotic plaques. Intraplaque galectin-3
expression reflects the degree of plaque inflammation. (Korean Circ J 2013;43:223-230)
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Introduction

Inflammation is involved in all stages of atherosclerosis including
foam cell formation, the proliferation and migration of vascular smo-
oth muscle cell (VSMC), and ultimately plaque disruption and th-
rombus formation.” As cell-to-cell interactions are critical in the pro-
cesses of most diseases, galectins (gals) have become of interest as

novel requlators of inflammation.? Gals are a family of B-galacto-
side-binding lectins that recognize specific oligosaccharide, ligand
glycoproteins or glycolipids on the membranes of neighboring cells
or in the extracellular matrix.? They are involved in intercellular sig-
naling, cell-to-cell, and cell-to-matrix adhesion, apoptosis, angioge-
nesis, and innate and adaptive immunity, which may contribute to

the pathogenesis of atherosclerosis.”
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However, data on whether gals themselves are upregulated, what
kinds of gals are highly expressed, and which gals increase in propor-
tion to the progression of atherosclerosis in inflammatory athero-
sclerosis, are limited. Of the 14 to 15 gals found in mammals, gal-1
and gal-3 have been widely studied for their association with athero-
sclerosis. While galectin-1 is upregulated in both VSMCs and mono-
cytes? gal-3 is mainly secreted from activated macrophages,”® and
highly expressed in macrophages of inflammatory atherosclerotic
plaques” suggesting different spatial and temporal distributions of
gal-1and gal-3 in vessel walls. Furthermore, gal-3 has been postu-
lated as a new possible biomarker for acute coronary syndrome.'"”
Patients with unstable angina have higher plasma gal-3 levels than
stable patients. Based on these findings, we hypothesized that gal-3
might be an indicator for both atherosclerotic plaque progression
and its regression in response to statin treatment.

To address these possibilities, we first investigated the expres-
sion levels of a variety of gals in atherosclerotic plaques of apoli-
poprotein E (apoE)"', a mouse model of murine atherosclerosis, and
compared with those in C57BL/6 mice. We then investigated fur-
ther the in vivo spatial and temporal expression pattern of gal-1 and
gal-3 in atherosclerotic plaques of apoE™ mice and finally deter-
mined whether gal-1 and/or gal-3 could function as a marker of st-
atin responsiveness, i.e,, plaque regression. These results could reveal
that gals may be used as an indicator for the progression or regres-
sion of inflamed atherosclerotic plagues.

Materials and Methods

Animal experiments

Gals expression patterns in aortic atherosclerotic plaques were
investigated in apoE"' mice (=18 male mice; Jackson Laboratories,
Bar Harbor, ME, USA) and C57BL/6 mice (n=9). ApoE™ mice consum-
ed a high-cholesterol diet (HCD; D12079B; 419% fat, 0.21% choleste-
rol; New Brunswick, NJ, USA) from the age of 10 weeks. They were
housed in colony cages in a temperature-controlled environment
(20-26°C) with a 12 hour light/dark cycle. They were allowed water
and their specified diet ad libitum. To compare the gals' expression
patterns as the plaque inflammation worsened, the mice were sac-
rificed at the age of 26 weeks and 36 weeks, their bloods were taken
to obtain serum samples, and their aortas were extracted for histo-
logy and molecular works. Another group of 36 week-old HCD-fed
apoE™ mice (n=6) were randomized to atorvastatin (n=3; 0.57 mg/
kg/day using a gavage tube)™ or saline of the same amount for 5
days. Histopathological analyses were then carried out on the mice
after euthanasia. All animal experiments were conducted according
to the Guideline for the Care and Use of Laboratory Animals publish-
ed by the US National Institute of Health (NIH Publication No. 85-
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23, revised 1996), and approved by the Animal Committee.

Histopathology

After sacrifice, the mice were perfused with 0.9% saline (20 mL)
via the left ventricle. For histopathological analysis, excised aortic
roots were embedded in optimal cutting temperature compound
(Sakura Finetek, Torrance, CA, USA) and the remainder of the aorta
was snap-frozen for western blot analysis. Serial 5-um thick cryo-
stat sections were obtained from embedded aortic roots and were
stained with hematoxylin and eosin for general morphology. Immu-
nohistochemistry on adjacent sections was performed for macro-
phages (anti-macrophage/monocytes antibody, Merck Millipore,
Darmstadt, Germany), gal-1 (anti-mouse gal-1, Abcam Inc., Cambr-
idge, MA, USA) and gal-3 (anti-mouse gal-3, Abcam Inc.) using HRP-
conjugated secondary antibody (Histomouse™-MAX kit, Invitrogen,
Carlsbad, CA, USA). Sections treated with 3% hydrogen peroxide
were incubated overnight (4°C) with a primary antibody, followed by
HRP-conjugated secondary antibody. The reaction was visualized
with DAB chromogen/substrate, and counterstained with Harris he-
matoxylin solution. We then performed the immunofluorescence
staining for macrophages detection (anti-macrophage/monocytes
antibody, Merck Millipore, Darmstadt, Germany) and gal-3 (anti-
mouse gal-3, Abcam Inc.) using anit-rabbit Alexa 488 for green fl-
uorescent signal and anti-rat Alexa 555 for red fluorescent signal
(Molecular probe, Eugene, OR, USA) for multicolor immunofluores-
cence using an upright fluorescence microscope (Axio Imager M1 Mi-
croscope, Carl Zeiss, Germany).

Quantitative histological measurement of plaque sections

Stained tissue sections were viewed using an uplight microscope
(LEICA CTR 5000, LEICA, Wetzlar, Germany). Measurements were
performed with TOMORO SCOPE EYE™ 3.5 software (version 3.5.208).
The percentage macrophage, percentage gal-1 and percentage gal-3
staining areas were defined as the respective positive immunos-
tained areas divided by the total aortic plague area.

Immunoblot analysis

For immunoblotting of aortic lysates, the frozen aortas were first
pulverized using a gentle MACS Dissociator. They were then homo-
genized by adding a RIPA buffer (50 mM Tris, 150 mM NaCl, 1% No-
nidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecy! sul-
fate) with freshly added protease inhibitors and centrifuged (20 mi-
nutes, 12000 rpm, 4°C). Next, the protein extract was boiled in an
electrophoresis buffer for 10 minutes, followed by the separation of
on 10% polyacrylamide gels under reducing conditions (3-mercap-
toethanol) and the was then transferred onto PVDF membranes us-
ing a semi-dry transfer method (15 minutes, 30 V). After nonspeci-
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fic binding sites were blocked for 1 hour with 5% delipidated milk
in TBST (20 mM Tris, 55 mM NaCl, and 1% Tween 20), immunoblot-
ting for gal-1 (Abcam Inc., ab108389, Rabbit monoclonal), gal-2 (Ab-
cam Inc., ab93336, Rabbit polyclonal), gal-3 (Abcam Inc., ab53082,
Rabbit polyclonal), and gal-8 (Abcam Inc., ab109519, Rabbit mono-
clonal) was performed using chemiluminescence (Young In Frontier,
Seoul, Korea).

hl

Measurement of serum gal-3 level

At the time of sacrifice, blood was obtained for the measurement
of serum gal-3 level using a commercial enzyme-linked immuno sor-
bent assay (ELISA) Kit (RayBiotech Inc., Norcross, GA, USA) in both
HCD-fed 26 week-old apoE"' mice and chow diet-fed C57BL/6 mice
of the same age.

Statistical analyses

All statistical analyses were performed using Statistical Package
for the Social Sciences (SPSS) version 19 (SPSS, Inc., an IBM Compa-
ny, Chicago, IL, USA). Data were expressed as mean=+SD. The unpair-
ed Student's t-test was used to test the difference between the two
groups in the percentage of gal-1, gal-3, macrophage expression
levels in histology, gal protein levels on immunaoblotting, and serum
levels of gal-3. Pearson correlation coefficients (r-values) were cal-
culated for correlations between the percentage macrophage area
and the percentage gal-3 area in atherosclerotic plaques. Null hy-
potheses of no difference were rejected if p were less than 0.05.

Results

Differential expression of gal types in vivo

To determine the expression of various gals during atherogenesis,
apoE”" aortas with plaques were immunoblotted for gal-1, gal-2,
gal-3 and gal-8. While gal-2 and gal-8 proteins were not detected
in both HCD-fed aged apoE™ mice with heavy plaque burdens and

Yong-Jin Lee, etal. 225

C57BL/6 mice with healthy vessels, gal-1 and gal-3 proteins were
evidently expressed only in apoE™ mice and not in C57BL/6 mice
(Fig. 1A and B). Quantitative densitometry showed gal-3 proteins
were more predominantly expressed than gal-1 in atherosclerotic
plagues of apoE” mice compared with vessels of C57BL/6 mice:
(data expressed as mean®SD) gal-1, 0.3520.03 vs. 0.1£0.01, arbitr-
ary units, p<0.001; gal-3, 1.19+0.34 vs. 0.06£0.01, arbitrary units, p<
0.01. In addition, to compare the secreted gal-3 levels in serum be-
tween cholesterol-fed apoE™ mice and the control, we examined
serum gal-3 levels using ELISA. Cholesterol-fed 26-week-old apoE™
mice showed markedly elevated serum gal-3 levels without any ex-
ceptions compared with C57BL/6 mice: 209.5+30.5 vs. 35.6%7.7
ng/mL, p<0.001) (Fig. 1C).

Differential spatial expression pattern of gal-1 and gal-3
proteins in atherosclerotic plaques

Immunostaining for gal-1 and gal-3 was carried out in the aortic
roots of cholesterol-fed 26-week-old apoE™ mice to assess their
distribution throughout the vessels. Gal-3 was more abundantly
expressed in intimal lesions than gal-1, similar to the immunoblot-
ting results (Fig. 2C and D). The distribution of gal-3 expression was
colocalized with the pattern of macrophage staining (Fig. 2B and D).
Interestingly, the expression of gal-3 protein was confined to the
intimal plaque area, but not in the media (Fig. 2D). However, gal-1
protein was present in the media as well as in the intimal lesion, th-
ough it was weakly expressed.

Differential temporal expression pattern of gal-1 and gal-3
proteins in atherosclerotic plaques

To assess the changes in the expression of gal-1 and gal-3 as pla-
que inflammation worsened, immunostaining was performed in the
aortas of HCD-fed 26-week-old and 36-week-old apoE” mice and
compared (Fig. 3A and B). The plaques of aged mice with more ma-
crophage content demonstrated significantly increased gal-3 pro-
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Fig. 1. A: immunoblots of different galectin proteins such as gal-1, gal-2, gal-3 and gal-8 in the aortas of C57BL/6 and apoE™ mice. B: densitometry analyses
of aortic gal proteins. C: serum gal-3 levels of 26-week-old chow diet-fed C57BL/6 (n=6) and high cholesterol diet-fed apoE”’ mice (n=6). apoE: apolipo-

protein E.
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Fig. 2. Differential spatial expression pattern of macrophage, gal-1, and gal-3 proteins in atherosclerotic plagues of 26-week-old apoE™ mice aortic roots
(n=3). A: hematoxylin and eosin (H&E) staining. B, C and D: immunohistochemical (IHC) staining for macrophage, gal-1, and gal-3 proteins. apoE: apolipo-

protein E.

teins over the plaques of younger mice with less macrophage con-
tent (Fig. 3B): percentage gal-3 staining area for 26-week-old ver-
sus 36-week-old apoE"' mice, 69.8+4.79% vs. 82.112.6% (18% incre-
ase) (p<0.01). In contrast, gal-1 expression did not show an incre-
asing trend as plagque inflammation became severe: percentage gal-
1 staining area for 26-week-old versus 36-week-old apoE™ mice,
65.1+4.8% vs. 70.7£5.5% (p=0.14) (Fig. 3C). Generally, the in vivo
gal-1and gal-3 expression patterns during plaque growth differed sig-
nificantly.

Linear relationship of plaque gal-3 expression with plaque
macrophage contents

To better understand the relationship between plaque gal-3 ex-
pression and plaque macrophage contents in vivo, Pearson correla-
tion coefficients between the percentage of gal-3 and the percentage
of the macrophage staining area were calculated from all included
apoE™ mice (Fig. 4). In the entire cohort, a strong relationship exist-
ed between the percentage of gal-3 and the macrophage staining
area (r=0.66, p=0.007).

Statin responsiveness of gal-1 and gal-3 in vivo
To determine whether statin represses gal protein expression in

http://dx.doi.org/10.4070/kc}.2013.43.4.223

vivo, atorvastatin was administered to HCD-fed 36-week-old apoE'/'
mice for 5 days and compared with their saline-treated counterparts
(Fig. 5A and B). Statin treatment markedly reduced gal-3 protein ex-
pression as well as macrophage content even with a short course of
therapy: percentage gal-3 staining area for saline-treated vs. ator-
vastatin-treated apoE™" mice, 82.142.6% vs. 40.9+13.1% (p<0.001)
(50% reduction) (Fig. 5C); percentage macrophage staining area for
saline-treated vs. atorvastatin-treated apoE”" mice, 68.3+12.7% vs.
53.816.8% (21% reduction) (p=0.054). Meanwhile, gal-1 protein ex-
pression was not significantly altered with statin therapy (saline-
treated apoF™" mice, 70.7+5.5% vs. atorvastatin-treated apoE™ mice,
73.4%3.6%, p=0.67). Overall findings were consistent in Westen blot
analyses of saline-treated vs statin-treated apoE™" mice aortas (Fig.
5D and E).

Discussion

Gals are animal lectins defined by shared consensus amino acid
sequences and have an affinity for beta-galactose-containing oli-
gosaccharides. Gals have recently been shown to function as novel
regulators of inflammation.?? They are involved in cell adhesion,
apoptosis, and chemotaxis and can also function as scavenger re-
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Fig. 3. Differential temporal expression pattern of gal-1 and gal-3 proteins in atherosclerotic plaques of 26-week-old apoE”" mice versus 36-week-old apoE™
mice (n=3). A: IHC staining for gal-1 protein in aortic roots of 26-week-old apoF™ mice (left panel) versus 36-week-old apoE™ mice (right panel). B: IHC staining for
gal-3 protein in aortic roots of 26-week-old apoE™ mice (left panel) vs. 36-week-old apoE™ mice (right panel). C: quantitative histologic analyses of intraplague
gal-1and gal-3 protein contents between 26-week-old apoE”" mice and 36-week-old apoE™ mice. IHC: immunohistochemical, apoE: apolipoprotein E.
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Fig. 4. Correlation analysis of in vivo plaque gal-3 protein and plague ma-
crophage content in the entire apoE™, mice cohort including 26-week-old,
36-week-old apoE"‘ (n=3), treated with or without atorvastatin. apoE: apo-
lipoprotein E.

ceptors.” In addition, a growing body of experimental evidence in-
dicates that gals may play a key role in the initiation, amplification
or resolution of chronic inflammatory processes such as athero-
sclerosis.” However, the role of gals in inflammation and atheroge-
nesis is still contradictory. While some studies have suggested that
gal-3 negatively requlates T cell activation' and drives alternative
macrophage activation,' others have shown that gal-3 exerts cy-

www.e-kej.org

tokine-like regulatory actions through the JAK-STAT pathway,"
and aggravates joint inflammation in antigen-induced arthritis."® In
atherogenesis, whereas gal-3 has been reported to propagate vas-
cular inflammation by inducing the expression of proinflammatory
mediators in macrophages and the migration of monocytes into vas-
cular walls? in another studyg’ gal-3 ablation has been shown to in-
crease plaque infiltration of Th1 lymphocytes and monocyte-mac-
rophage infiltration leading to accelerated atherogenesis.

Before elucidating the pathogenetic role of gals in atherogenesis,
it should be noted that existing data on whether gals themselves are
upregulated, what kinds of gals are highly expressed, and which gals
increase in proportion to the progression of atherosclerosis in in-
flammatory atherosclerosis, is limited. We confirmed that gals were
exclusively expressed in the plaques of atheroprone mice but not in
the healthy vessels of control mice using aorta-proteomics. We also
verified that, among gals associated with the pathogenesis of infl-
ammation such as gal-1, gal-2, gal-3, and gal-8,"*? gal-1 and gal-
3 were predominant in atherosclerotic plaques as vessel wall inflam-
mation worsened. Additionally, we found that while gal-3 predomi-
nantly accumulated in the atherosclerotic plaques as the plaque ma-
crophage burden increased, it is sparsely distributed in the media
comprising VSMCs. Thus, as vessel wall inflammation worsened,
the extent of gal-3 proportionally increased. Meanwhile, gal-1 was
expressed both in the intimal plaques and media, though weakly ex-
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Fig. 5. Statin responsiveness of intraplaque gal-1 and gal-3 proteins in 36-week-old apoE™ mice (n=3). A: representative aortic root sections of saline-
treated apoE”" mice for control and atorvastatin-treated apoE”~ mice. B: images (original magnification X200) from left to right demonstrate adjacent sec-
tions of immunoreactive macrophage, immunoreactive gal-1, immunoreactive gal-3, and multicolor immunofluorescent macrophage (red) with gal-3 (green)
proteins. C: quantitative histologic analyses of intraplaque gal-1 and gal-3 protein contents between saline-treated and atorvastatin-treated 36-week-old
apoF™ mice. D: immunoblots of different galectin proteins such as gal-1 and gal-3 in the aortas of saline-treated apoE™ (n=3) mice and atorvastatin treated
apoE™ (n=3) mice. E: densitometry analyses of aortic gal-1 and gal-3 proteins. GAPDH: glyceraldehyde phosphate dehydrogenase, apoF: apolipoprotein E.

pressed compared with gal-3. Interestingly, in contrast with gal-3,
gal-1 did not show an incremental expression pattern in proportion
to the plague macrophage content.

When we analyzed and compared the spatial and temporal ex-
pression pattern of gal-1 and gal-3, we found that gal-3 is exclusive-
ly present in macrophage-rich plaque areas but is scarce in VSMC-
rich media, and that the gal-3 contents were proportionally incre-
ased with inflammatory plaque burdens. However, gal-1 expression
did not change to a greater extent as the plaque area increased, and

http://dx.doi.org/10.4070/kcj.2013.43.4.223

gal-1 was diffusely expressed through the vessel walls, including the
intimal lesion and media. Whereas gal-1 is found on the cell surfac-
es of endothelial or smooth muscle cells in human artery and seems
to affect adhesion, migration, and proliferation of \/SM(s 29 gal-3
was found to be expressed in foam cells or macrophages of ath-
erosclerotic plaques. Gal-3 deficiency significantly reduced the pro-
gression of atherosclerosis in apoE”’ mice, which was characteris-
tically associated with lower numbers of inflammatory infiltrates.'”2
Gal-3 is highly upregulated when monocytes differentiate into mac-

www.e-kej.org
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rophages.?” and may be secreted from plaque foam cells or activat-
ed macrophages.” In addition, gal-3 is a potent chemoattractant
for monocytes and thus further enhances inflammatory cells into
vessel walls.® These features of gal-1and gal-3 may explain for their
in vivo distribution pattern in murine atherosclerosis, as shown in
this study.

Statins can effectively reduce the macrophage contents in human
carotid atherosclerotic plaques by modulating low-density lipopro-
tein cholesterol levels*
ment to existing atherosclerotic plaques, followed by decreased pla-
que macrophage contents." Thus, we hypothesized that the statin-
induced alterations in the intimal macrophage contents might be
accompanied by reduced gal-3 expression in atherosclerotic plaques.
We found that statin therapy dramatically reduced plaque gal-3 ex-
pression as well as plaque macrophage contents while statin failed
to induce noticeable alterations in gal-1 expression. This finding sug-
gests that gal-3 may be more associated with the pathogenesis of
atherosclerosis and an ideal target to reflect changes in plague in-
flammation. Remarkable statin responsiveness of gal-3 in addition
to its higher serum levels and proportionally stronger expression of

and rapidly reducing monocyte recruit-

gal-3 as plague inflammation worsens indicates that gal-3 may ac-
curately reflect the degree of plaque inflammation in vivo. However,
since this study did not examine the pathogenesis of atherosclero-
sis, we cannot draw a decisive conclusion on whether gals are pro-
inflammatory or anti-inflammatory during the progression of ath-
erosclerosis.

In conclusion, we demonstrate that gal-1 and gal-3 are the pre-
dominant gals in atherosclerotic plaques, and show their specific sp-
atial and temporal intraplaque expression patterns during plaque
growth. Especially, gal-3 is more abundantly distributed and char-
acteristically colocalized with macrophages. As plaque progresses,
gal-3 expression markedly increase, while as plaque regresses, the
gal-3 content dramatically decreases. These findings suggest that
gal-3 might be used as a marker for atherosclerotic plaque progres-
sion and regression, especially as an indicator of the statin resp-
onse of in vivo atherosclerosis.
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