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Galectin-1 (Gal-1), an evolutionarily conserved B-galactoside-binding lectin, plays essential roles in the
control of inflammation and neovascularization. Although identified as a major component of the
contractile apparatus of cardiomyocytes, the potential role of Gal-1 in modulating heart pathophysi-
ology is uncertain. Here, we aimed to characterize Gal-1 expression and function in the infarcted heart.
Expression of Gal-1 was substantially increased in the mouse heart 7 days after acute myocardial
infarction (AMI) and in hearts from patients with end-stage chronic heart failure. This lectin was
localized mainly in cardiomyocytes and inflammatory infiltrates in peri-infarct areas, but not in remote
areas. Both simulated hypoxia and proinflammatory cytokines selectively up-reqgulated Gal-1 expression
in mouse cardiomyocytes, whereas anti-inflammatory cytokines inhibited expression of this lectin or
had no considerable effect. Compared with their wild-type counterpart, Gal-1-deficient (Lgalsl_/_)
mice showed enhanced cardiac inflammation, characterized by increased numbers of macrophages,
natural killer cells, and total T cells, but reduced frequency of requlatory T cells, leading to impaired
cardiac function at baseline and impaired ventricular remodeling 7 days after nonreperfused AMI.
Treatment of mice with recombinant Gal-1 attenuated cardiac damage in reperfused AMI. Taken
together, our results indicate a protective role for Gal-1 in normal cardiac homeostasis and post-
infarction remodeling by preventing cardiac inflammation. Thus, Gal-1 treatment represents a potential
novel strategy to attenuate heart failure in AMI. (Am J Pathol 2013, 182: 29—40; http://dx.doi.org/
10.1016/j.ajpath.2012.09.022)

Acute myocardial infarction (AMI) is among the most
common causes of death worldwide.! Improvements in
therapies over the past decades have led to a significant
decrease in early mortality after AML? Despite new thera-
pies, however, those who survive the initial ischemic event
are at higher risk of developing heart failure.” Thus, there is
an urgent need to find novel therapies to ameliorate cardiac
remodeling after AMI and to prevent heart failure.
Lectin-glycan interactions have recently emerged as
regulators of a wide range of physiological and pathological
processes.* Galectin-1 (Gal-1), a prototype member of
a family of highly conserved B-galactoside-binding lectins,
modulates cellular signaling, proliferation, and survival and
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plays critical roles in the control of acute and chronic
inflammation and neovascularization.” ' This homodi-
meric -galactoside-binding protein, composed of 14.5-kDa
subunits, can control cellular processes through modulation
of intracellular signaling pathways or through extracellular
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mechanisms involving recognition and cross-linking on N-
and O-glycans on cell-surface glycoconjugates.* ™

Previous studies have identified Gal-1 as part of the
hypoxia-regulated transcriptome'' and as a major compo-
nent of the contractile apparatus in cardiomyocytes,'?
suggesting a potential role of this lectin in modulating
cardiac function and postinfarction remodeling. We under-
took the present study to characterize the role of this glycan-
binding protein in a mouse model of AMI and also its
regulated expression in patients with heart failure. Our
results show a protective role of Gal-1 in normal cardiac
homeostasis and postinfarction remodeling through modu-
lation of the inflammatory response, suggesting potential
novel strategies to attenuate heart failure in AML

Materials and Methods
Mice

Animal studies were conducted in accordance with the
Guide for the Care and Use of Laboratory Animals, 8th
Edition (2011). Protocols were approved by the Virginia
Commonwealth University Institutional Animal Care and
Use Committee. Mice with genetic deletion of the gene
encoding Gal-1 (Lgalsl ™) or age- and sex-matched
wild-type (WT) mice with equivalent genetic back-
ground (C57BL/6) were acquired from the Jackson
Laboratory (Bar Harbor, ME). Adult male outbred ICR
(CD-1) mice were acquired from Harlan Sprague Dawley
(Indianapolis, IN).

Experimental AMI

Experimental AMI was performed via permanent coronary
artery ligation, as described previously.'>™'® Briefly, mice
were orotracheally intubated under anesthesia (pentobarbital
70 mg/kg) and placed in the right lateral decubitus position.
Mice then underwent left thoracotomy, pericardiectomy,
and ligation of the proximal left coronary artery with a 7-0
silk suture. In sham surgery, animals underwent the same
surgical procedure, but without coronary artery ligation
(n = 6). This experimental model involves marked cardiac
dilation and severe left ventricular (LV) systolic
dysfunction.

An additional group of CD-1 mice underwent surgical
transient coronary artery ligation for 30 minutes followed by
reperfusion to evaluate the effects of Gal-1 in a clinically
relevant model in which exogenous Gal-1 was given at the
time of reperfusion. After surgery, mice in the ischemia-
reperfusion protocol were randomly assigned to treatment
with recombinant Gal-1 (rGal-1) (n = 6) or control saline
(n = 6). Preadsorbed rGal-1 was administered intraperito-
neally at a single dose of 3 mg/kg (~ 100 pg per mouse) 3
minutes before reperfusion, to ensure considerable plasmatic
levels at the time of reperfusion. This dose of rGal-1 was
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shown to be effective in experimental models of autoim-
mune inflammation.”'®

Doppler Echocardiography

Doppler echocardiography was performed using a Vevo770
imaging system (VisualSonics, Toronto, ON, Canada) and
a 30-MHz probe. The transducer was positioned on the left
anterior side of the chest. The heart was first imaged in the two-
dimensional mode in the short-axis view of the left ventricle.
M-mode images were then obtained at the level of the papillary
muscles below the mitral valve tip, in accordance with Amer-
ican Society of Echocardiography recommendations.'® The
M-mode cursor was positioned perpendicular to the anterior
and posterior wall to measure LV end-diastolic diameter
(LVEDD), LV end-systolic diameter (LVESD), anterior wall
diastolic thickness (AWDT), anterior wall systolic thickness
(AWST), posterior wall diastolic thickness (PWDT), and
posterior wall systolic thickness (PWST). LV fractional
shortening (LVES) was calculated as follows: LVFS =
[(LVEDD — LVESD)/LVEDD] x 100. Percentage of
change from baseline to 7 days was calculated for each vari-
able as [(7 days — baseline)/baseline] x 100. The investigator
(A.A.) performing and reading the echocardiogram was
masked to the treatment allocation.

Production of rGal-1, Anti—Gal-1 Polyclonal Antibody,
and Gal-1-Specific shRNA

rGal-1 was produced and purified essentially as described
previously.”' LPS content of the purified samples
(<60 ng/mg) was tested using a gel-clot Limulus test
(Associates of Cape Cod, Falmouth, MA). Gal-1-specific
shRNA and scrambled shRNA were designed and cloned
into the pSIREN-RetroQ vector (Clontech Laboratories,
Palo Alto, CA) as described previously.'” A polyclonal
anti—Gal-1 IgG was generated and used as described
previously.’

In Vitro Cell Cultures, Hypoxia Induction, and Cytokine
Regulation

The HL-1, an immortalized adult murine cardiomyocyte cell
line, was cultured in Claycomb medium (Sigma-Aldrich, St.
Louis, MO) as described previously.'® To study the effects
of hypoxia on Gal-1 expression in cardiomyocytes, HL-1
cells (5 x 10° cells/well) were cultured in 24-well plates,
placed in a modular incubator chamber (Billups-Rothen-
berg, Del Mar, CA), and flushed at 2 psi (~ 14 kPa) for 10
minutes with a mixture of 1% O,, 5% CO,, and 94% N,.
The chamber was sealed and placed in a 37°C incubator for
18 hours. Controls of normoxia were placed in the same
incubator at 20% O,. In addition, HL-1 cells were cultured
for 18 hours in the absence or presence of different cyto-
kines (all from R&D Systems, Minneapolis, MN), including
IFN-y (50 ng/mL), TNF-a (20 ng/mL), IL-1B (1 ng/mL),
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IL-6 (2 ng/mL), IL-17 (5 ng/mL), TGF-B1 (5 ng/mL), and
IL-10 (50 ng/mL). After this incubation period, cells were
processed for real-time quantitative RT-PCR (RT-qPCR)
and immunoblot analysis. Supernatants were collected and
Gal-1 secretion was assessed by enzyme-linked immuno-
sorbent assay (ELISA).

Cell Death Assays

To assess the role of Gal-1 in hypoxia-induced car-
diomyocyte apoptosis, HL-1 cells were cultured in six-well
plates, placed in a modular incubator chamber to induce
hypoxia, and then incubated for 18 hours with or without
rGal-1 (10 pg/mL). Apoptotic cells were identified by
staining with fluorescein isothiocyanate-conjugated annexin
V (BD Biosciences, San Jose, CA) according to the
manufacturer’s instructions and were analyzed on a FAC-
SAria flow cytometer (BD Biosciences) as described
previously.'® HL-1 cells were transduced with a retroviral
vector containing Gal-1-specific shRNA or scrambled
control vector using Lipofectamine 2000 transfection
reagent according to the manufacturer’s instructions (Invi-
trogen; Life Technologies, Carlsbad, CA). After 24 hours,
cells were starved and subjected to hypoxia and cell death
assays.

Primary Cultures of Cardiomyocytes

Primary culturing of cardiomyocytes was performed as
described previously,'? with slight modifications. Briefly, in
aseptic conditions, hearts from neonatal WT and Lgals] =
C57BL/6 mice of up to 3 days of age were removed and
rinsed in Hanks’ balanced salt solution (Gibco; Life Tech-
nologies) supplemented with 1% glucose and then were
minced into small pieces. Sedimented tissue was resus-
pended in Hanks’ balanced salt solution-glucose containing
trypsin (0.25% w/v) (Gibco; Life Technologies), and the
tissue was shaken for 12 minutes at 37°C. The reaction was
stopped with Hanks’ balanced salt solution-glucose plus
10% fetal calf serum (Gibco; Life Technologies), and dis-
lodged cells were recovered by centrifugation at 200 x g for
10 minutes. This procedure was repeated three times. The
product of the first digestion was discarded; the remaining
cells were pooled, resuspended in Dulbecco’s modified
Eagle’s medium-F12 medium (Gibco; Life Technologies)
containing 20% fetal calf serum, and plated in tissue culture
dishes at 37°C for 2 hours under a water-saturated atmo-
sphere of 5% CO,, to exclude adherent nonmuscle cells.
Nonadherent cells were then cultured as monolayers on
culture dishes treated with 0.1% gelatin at a density of
100,000 cells/cm® for 4 days in Dulbecco’s modified
Eagle’s medium-F12 supplemented with 20% fetal calf
serum. Cells, exhibiting a spontaneous basal pulsation rate
of 120 beats/minute, were then changed to Dulbecco’s
modified Eagle’s medium-F12 supplemented with 10% fetal
calf serum for 1 hour, and the beating rate was measured in
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clusters of synchronically beating cardiomyocytes
(10 fields) both at baseline and 2 hours after exposure to
rGal-1 (10 pg/mL). At the end of each measurement,
isoproterenol (1 umol/L) was added, to further evaluate the
chronotropic response.

RT-qPCR

RT-qPCR was performed with SYBR Green PCR master
mix and ABI PRISM 7500 sequence detection software
(both from Life Technologies, Foster City, CA). The
following primers were used: mouse Gal-1, forward
5" TGAACCTGGGAAAAGACAGC-3' and reverse 5'-TCA-
GCCTGGTCAAAGGTGAT-3'; mouse GAPDH forward
5'-CCAGAACATCATCCCTGCAT-3' and reverse 5'-GTT-
CAGCTCTGGGATGACCTT-3'.

ELISA

Soluble Gal-1 was determined using an in-house ELISA.
Briefly, high-binding 96-well microplates (Costar; Corning
Life Sciences, Tewksbury, MA) were coated with capture
antibody (2 pg/mL purified rabbit anti—Gal-1 polyclonal
IgG) in 0.1 mol/L sodium carbonate, pH 9.5. After incu-
bation for 18 hours at 4°C, wells were rinsed three times
with wash buffer (0.05% Tween-20 in PBS) and incubated
for 1 hour with blocking solution (2% bovine serum
albumin in PBS). Samples and standards (100 pL) were
diluted in 1% bovine serum albumin and incubated for 18
hours at 4°C. Plates were then washed and incubated with
100 ng/mL biotinylated detection antibody (purified rabbit
anti—Gal-1 polyclonal IgG) for 1 hour. Plates were rinsed
three times before addition of horseradish peroxidase-
labeled streptavidin (0.33 pg/mL; Sigma-Aldrich) for 30
minutes. After a washing, 100 pL of TMB solution (0.1 mg/mL
tetramethylbenzidine and 0.06% H,O, in citrate-phosphate
buffer, pH 5.0) was added to the plates. The reaction was
stopped by adding 4 mol/L H,SO,. Optical densities were
determined at 450 nm in a Multiskan MS microplate
reader (Thermo Scientific, Pittsburgh, PA). A standard
curve ranging from 2.5 to 160 ng/mL rGal-1 was run in
parallel.

Immunoblot Analysis and Immunohistochemistry

After experimental AMI without reperfusion, CD-1 mice
were sacrificed at 24 hours, 72 hours, 7 days, or 15 days after
surgery to determine cardiac Gal-1 expression by immunoblot
analysis. Sham-operated animals were used as controls. The
harvested hearts were washed in ice-cold PBS, atria were
removed, and ventricles were snap-frozen in liquid nitrogen
and stored at —80°C. Collected heart samples and HL-1 car-
diomyocyte cultures were homogenized in ice-cold radio-
immunoprecipitation assay buffer (Sigma-Aldrich) in the
presence of a protease inhibitor cocktail (Sigma-Aldrich). The
homogenates were centrifuged at 16,000 x g for 20 minutes

31


http://ajp.amjpathol.org

Seropian et al

at 4°C, and the supernatants were recovered and quantified
using Bradford’s protein assay (Sigma-Aldrich). Total protein
extracts (60 pg) from each sample were resolved by SDS-
PAGE on 15% polyacrylamide gels and transferred onto
nitrocellulose membranes. rGal-1 (30 ng) was used as
a positive control. The membranes were subsequently incu-
bated with a rabbit anti—Gal-1 polyclonal antibody (dilution
1:500)° or a mouse monoclonal antibody for B-actin (clone C-
2; Sigma-Aldrich) to control for equal loading. Blots were
then incubated with horseradish peroxidase-conjugated
secondary antibodies (Bio-Rad Laboratories, Hercules, CA)
and developed using Immobilon chemiluminescent horse-
radish peroxidase substrate (Millipore, Billerica, MA).
Protein bands were analyzed with ImageJ version 1.440
analysis software (NIH, Bethesda, MD).

Another group of mice was also sacrificed 72 hours after
AMI, to evaluate distribution of Gal-1 in mouse hearts by
immunohistochemistry. After sacrifice, hearts were extracted
and fixed in 10% formalin for at least 72 hours. A transverse
section of the median third of the left ventricle was cut and
embedded in paraffin. Finally, slides with sections 5-um
thick were processed for immunohistochemical analysis.
Identification of Gal-1 was performed using a rabbit anti—Gal-1
polyclonal antibody (dilution 1:200) and a horseradish
peroxidase-conjugated anti-rabbit IgG (dilution 1:1000;
Amersham; GE Healthcare, Little Chalfont, UK) as
a secondary antibody, as described'” using a Vectastain Elite
ABC kit (Vector Laboratories, Burlingame, CA).

Heart samples from 10 patients with end-stage heart
failure undergoing cardiac surgery for either LV assisting
device collocation or heart transplantation at Pauley Heart
Center (Virginia Commonwealth University, Richmond)
from 2004 to 2010, as well as two control heart samples from
autopsies of patients without any cardiac condition, were
processed for immunohistochemistry. A small part of the left
ventricle, including all layers of the cardiac tissue (endo-
cardium, myocardium, and epicardium), was fixed in
formalin for at least 72 hours. Hearts were then paraffin-
embedded and cut into 5-um slices for histology processing.
Immunohistochemistry was performed as described above,
except that the anti—Gal-1 polyclonal antibody was used at
a dilution of 1:400. To assess nonspecific binding of the
secondary antibody, samples were incubated without
primary antibody and processed as described above. Patient
characteristics were obtained retrospectively from chart
review. An expert pathologist (M.M.) masked to patient
characteristics performed a semiquantitative measurement of
Gal-1 stain in cardiomyocytes, interstitium, and inflamma-
tory cells.

The studies were approved by the Institutional Review
Board of Virginia Commonwealth University (VCU).

Immunofluorescence Staining

The inflammatory response was evaluated in hearts from
WT or Lgals]™~ mice at baseline (before surgery), in
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sham-operated mice, and 7 days after AMI. Briefly, hearts
were embedded in optimal cutting temperature compound,
and immunofluorescence staining was performed with the
following primary antibodies: rat anti-CD31 (Mecl3.3;
1:100; BD Biosciences), mouse anti-F4/80 (BMS8; 1:100;
eBioscience, San Diego, CA), rat anti-B220 (RA3-6B2;
1:100; BD Pharmingen, San Diego, CA), rat anti-NK1.1
(PK136; 1:200; BD Pharmingen), rabbit anti—MMP-9 (sc-
10737; 1:200; Santa Cruz Biotechnology, Santa Cruz, CA),
and rabbit anti-FoxP3 (FJK-16s; 1:200; eBioscience). The
number of infiltrating cells in heart sections was expressed
as mean + SEM of three independent experiments with five
animals per group. Sham-operated mice and uninjured
(baseline) mice were also evaluated. Heart histopathology
was assessed by H&E staining, and collagen was evaluated
by Sirius Red staining (Sigma-Aldrich).

Statistical Analysis

We used analysis of variance for multiple comparisons with
post hoc r-test to examine group differences. For compari-
sons of interval changes between multiple groups, we used
random-effects analysis of variance for repeated measures to
determine the main effect of time, group, and time-by-group
interactions. Statistical differences were considered signifi-
cant if P values were <0.05.

Results

Gal-1 Is Dynamically Regulated in the Mouse Heart
during Experimental AMI

To study the role of Gal-1 in cardiac pathophysiology, we
first investigated the expression and distribution of this
endogenous lectin in cardiac tissue of CD-1 mice after AMIL.
Gal-1 was expressed, although at low levels, in hearts from
sham-operated mice (Figure 1A). In experimental non-
reperfused AMI, cardiac Gal-1 expression was unchanged
24 hours after coronary ligation, whereas a sevenfold higher
expression was observed after 7 days, compared with sham-
operated mice (Figure 1A). Gal-1 was distributed mainly in
the peri-infarct area, with minimal or no staining in the
remote myocardium, and was expressed primarily by car-
diomyocytes, mononuclear cells, and polymorphonuclear
neutrophils infiltrating the infarct region (Figure 1B).
These data suggest a dynamic regulation of Gal-1
expression and distribution in mouse heart after AMI and
thus suggest a potential role of Gal-1 in regulating cardiac
pathophysiology.

Gal-1 Expression Is Up-Requlated in Patients with
End-Stage Heart Failure

Given its marked regulation in the mouse heart after AMI, we
next sought to examine the expression of Gal-1 in heart
samples from patients with end-stage heart failure and from
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Figure 1  Regulation of Gal-1 expression in the mouse heart after AMI and in cardiac tissue from patients with end-stage chronic heart failure. A:
Immunoblot analysis of Gal-1 expression in total heart lysates from sham-operated CD-1 mice or after experimental AMI. Immunoreactive protein bands were
semiquantified by densitometry and expressed in arbitrary units (AU) relative to B-actin. B: Representative images from immunohistochemistry of Gal-1 in
mouse heart 72 hours after AMI and in sham-operated mice. Gal-1 is highly expressed in cardiomyocytes in the peri-infarct area of mice after AMI, but is
absent in the remote area (septum) of these mice and after sham surgery. Representative tissues from each group are shown. C: Immunohistochemistry of Gal-
1 in human cardiac tissue revealed Gal-1" cardiomyocytes (arrows) in patients with end-stage chronic heart failure, but not in tissue from control patients
who died from noncardiac causes. Clinical features of patients and magnitude of Gal-1 expression are presented in Table 1. Data are expressed as means + SEM
and are representative of three independent experiments. n = 6 mice per group. *P < 0.05. Scale bar = 100 pum. Original magnification, x400.

control individuals (Table 1). Gal-1 was considerably cardiac tissue from control individuals (Figure 1C and
expressed in cardiomyocytes from patients with heart failure, Table 1). Gal-1 was abundantly distributed in myocytes and
including those with ischemic cardiomyopathy, nonischemic interstitium of cardiac tissue from patients with heart failure
cardiomyopathy, and Adriamycin (doxorubicin)-induced and was expressed at moderate levels in inflammatory infil-
cardiomyopathy, but was absent or barely detectable in trates (Table 1). Remarkably, up-regulation of Gal-1 was
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Table 1

Description, Clinical Features, and Gal-1 Expression in Cardiac Tissue from Control Individuals and Heart Failure Patients

Gal-1 expression™

Patient ID no. Age (years) Sex Ethnicity LVEF, % Ischemic Myocytes Interstitium Inflammatory infiltrate
Controls

12 W 0 0 No cells

13 W 0 + No cells
Heart failure

1 66 F W 20 Yes ++ ++ +

2 66 M W 30 Yes +++ +++ +

6 56 M W 10 Yes ++ +++ +

11 58 M w 15 Yes +++ +++ +

3 19 M B 10 No ++ +++ +

4 31 M W 20 No ++ +++ +

5 48 M W 18 No +++ +++ ++

8 56 F B 20 No +++ +++ +

9 57 M w 15 No ++ +++ +

10 60 F B 20 No ++ +++ +

*Gal-1 expression was scored as follows: 0, no stain; +, mild stain; ++, moderate stain; +++, intense stain.
F, female; M, male; B, black; LVEF; left ventricular ejection fraction; W, white.

evident in heart tissue from all patients with heart failure,
irrespective of the cause of the disease, percentage of LV
ejection fraction (LVEF%), or age, ethnicity, and sex
(Table 1).

Hypoxia and Proinflammatory Cytokines Up-Regqulate
Expression and Secretion of Gal-1 by Cardiomyocytes

Given the prevalence of hypoxic microenvironments in
infarcted hearts,> we then investigated expression of this
lectin in cultured cardiomyocytes exposed to hypoxic or
normoxic conditions. Exposure of HL-1 cardiomyocytes to
experimental hypoxia resulted in a substantial increase in
Gal-1 expression, compared with cells cultured under
normal oxygen pressure (Figure 2A). Given the pivotal role
of cytokines in modulating the response to AMI during
ischemia,]5 we next evaluated whether Gal-1 expression and
secretion were differently regulated by proinflammatory or
anti-inflammatory cytokines in cardiomyocytes. Remark-
ably, IL-17 was the most potent stimulus capable of
up-regulating Gal-1 expression both at the mRNA and
protein levels and augmenting its secretion by car-
diomyocytes (Figure 2, B—D). Exposure to IL-6 induced
a considerable up-regulation of Gal-1 mRNA and protein
expression, but did not significantly alter its secretion
(Figure 2, B—D). Exposure to TNF-a led to a considerable
increase in Gal-1 mRNA expression and secretion, whereas
exposure to IFN-y did not increase Gal-1 transcript, but
substantially augmented Gal-1 protein expression and
secretion. Of note, exposure to IL-1fB, a cytokine that is
critically involved in the pathogenesis of AMI, had no
considerable effect on the expression or secretion of this
lectin. On the other hand, anti-inflammatory or tolerogenic
cytokines such as TGF-B1 or IL-10 showed a trend toward
inhibition of Gal-1 expression but had no considerable
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effects on Gal-1 secretion (Figure 2, B—D). Taken together,
these data indicate that hypoxic and proinflammatory (Th17
and Thl) microenvironments, commonly observed during
AMI, contribute to augmenting Gal-1 expression and/or
secretion by cardiomyocytes, possibly as a homeostatic
mechanism to temper cardiac inflammatory responses.

Endogenous or Exogenous Gal-1 Does Not Alter
Hypoxia-Driven Apoptosis or Heart Rate of
Cardiomyocytes in Vitro

Given the higher expression of Gal-1 in the peri-infarct area
and its up-regulation in hypoxic microenvironments, we
next sought to examine the role of endogenous and exoge-
nous Gal-1 in cardiomyocyte physiology in vitro. Because
Gal-1 modulates the survival of a variety of cell types,**
we first studied the effects of Gal-1 in hypoxia-driven car-
diomyocyte apoptosis. We could find no significant modu-
lation of hypoxia-driven apoptosis when cardiomyocytes
were exposed to rGal-1 or when Gal-1 was silenced on
transfection with Gal-1-specific shRNA (Figure 2E), sug-
gesting lack of effect of endogenous or exogenous Gal-1 on
cardiomyocyte viability.

Acute decompensated heart failure is associated with
increased heart rate, an independent predictor of adverse
events.” To test whether Gal-1 could directly affect heart
rate leading to systolic dysfunction (tachycardia-induced
cardiomyopathy), we tested the effects of exogenous or
endogenous Gal-1 in primary cultured cardiomyocytes iso-
lated from WT mice or from mice lacking the Gal-1 gene
(LgalsI™"). Primary cultured cardiomyocytes from
newborn WT or Lgals! '~ mice showed similar beating rate
at baseline or after challenge with isoproterenol, a -
sympathomimetic that functions as a heart stimulant
(Figure 2, F—H). Moreover, addition of rGal-1 did not alter
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the number of heart beats in cardiomyocytes isolated from
either WT or Lgals] ™'~ mice (Figure 2, G and H). These
data indicate that Gal-1, either exogenously added or
endogenously regulated, does not directly affect heart rate
in vitro.

Endogenous Gal-1 Controls Ventricular Function and
Post-AMI Remodeling

To investigate the relevance of endogenous Gal-1 in heart
pathophysiology, we examined the role of this protein in
baseline cardiac function and post-AMI ventricular remod-
eling in a mouse model of permanent coronary artery liga-
tion characterized by marked cardiac dilation and severe LV
systolic dysfunction. Importantly, the Lgals/™'~ and the
age- and sex-matched WT mice had similar weights
(26.29 4 0.47 g for Lgals] '~ versus 26.67 + 0.71 g for
WT mice; P 0.66). At baseline echocardiography,
Lgalsl ~~ mice showed a 20% greater LVEDD, a 6%
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C: Immunoblot analysis of Gal-1 expression in cell
lysates from HL-1 cardiomyocytes cultured in the
absence or presence of proinflammatory (IL-18, IL-
6, IL-17, IFN-y, TNF-at) or anti-inflammatory (TGF-
B1, IL-10) cytokines for 18 hours. Immunoreactive
protein bands were semiquantified by densitometry
and expressed as AU relative to B-actin. D: ELISA of
Gal-1 secretion in serum-free supernatants from HL-
1 cardiomyocytes cultured in the absence or pres-
ence of proinflammatory (IL-1B, IL-6, IL-17, TNF-c,
IFN-y) or anti-inflammatory (TGF-f1, IL-10) cyto-
kines for 18 hours. E: Percentage of annexin-V* HL-
1 cells transfected with Gal-1 or scrambled (SCR)
shRNA and cultured under normoxic or hypoxic
conditions in the absence or presence of exogenous
rGal-1 (10 pg/mL). F: Number of heartbeats per
minute of primary cultures of cardiomyocytes did
not differ between Lgals1™/~ and WT mice. In
primary cultures of cardiomyocytes from WT mice
(6) and Lgals1™/~ mice (H) incubated with or
without rGal-1 (10 pg/mL) in the absence or pres-
ence of isoproterenol (1 pmol/L), the number was
significantly increased in the presence of isopro-
terenol, with or without rGal-1, compared with
control. Data are expressed as means + SEM and are
representative of two (E, F) or three (A—D, G, H)
independent experiments. *P < 0.05 versus control
(A—D, G, H) or versus HL-1 cells cultured with
medium alone (E); ***P < 0.001 versus control.

Lgals1”

*xx

greater LVESD, and a 20% lower LVFS, compared with
WT mice (Figure 3, A and B), reflecting mild dilation
associated with impaired systolic function. At 7 days after
AMLI, both groups showed adverse LV remodeling, reflected
in LV enlargement and systolic dysfunction. The Lgals/ '~
mice, however, showed a significantly greater LV enlarge-
ment than WT mice; the left ventricle is the anatomical
substrate for heart failure. A trend toward reduced LV
fractional shortening was also observed in Lgals] = mice,
although the difference did not reach statistical significance
(Figure 3, A—C).

Gal-1 Controls Cardiac Inflammation in Vivo

The broad anti-inflammatory activity of Gal-1*° prompted
us to investigate the ability of this endogenous lectin to
control inflammatory cell infiltrates in cardiac tissue from
Lgals1™"~ and WT mice after AMI and in sham-operated
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animals. Although sham-operated WT mice showed no or
minimal cardiac inflammation, sham-operated Lgalsl '~
mice showed prominent inflammatory cell infiltrates,
composed mainly of CD3™ T cells, F4/80™" macrophages, and
NK1.1" natural killer (NK) cells (Figure 3D). Notably,
cardiac inflammation was even more pronounced 7 days after
experimental AMI in Lgals] = mice, but not in WT mice
(Figure 3D). Moreover, cardiac tissue from Lgals]f/ ~ mice
also showed lower numbers of CD4 FoxP3™" T regulatory
(Tyeg) cells, compared with WT mice in sham-operated mice
and after experimental AMI (Figure 3E). Interestingly, we
also found, although to a much lesser extent, increased
frequency of intramyocardial innate immune cells (macro-
phages and NK cells) in Lgals] '~ mice compared with WT
mice at baseline in the absence of any intervention
(Figure 3F), suggesting that Gal-1 deficiency imposes an
increased predisposition toward the development of cardiac
inflammation. However, we observed no histological alter-
ations in myocardial structure (Figure 3G), nor in interstitial
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Figure 3  Endogenous Gal-1 controls ventricular

remodeling after AMI through modulation of the

inflammatory response. A—C: Left ventricular end-

R diastolic diameter (ITVEDD) (A)‘ was greater in
Lgals1™/~ than WT mice at baseline and at 7 days

CD31 after myocardial infarction. LV fractional short-

ening (LVFS) (B) differed between genotypes only
at baseline, with no significant difference at
7 days. The percentage of change (C) was signifi-
cantly different between genotypes for LVEDD, but
not for LVFS. D: Representative laser confocal
micrographs of cardiac tissue from Lgals1~/~ or WT
mice 7 days after AMI or sham surgery, with
quantification of cell numbers. Tissues were
immunostained for B cells (B220), NK cells (NK1.1),
macrophages (F4/80), T cells (CD3), blood vessels
(CD31) (all in green), and for propidium iodide
(red). E: Number of CD4 " FoxP3™ T regulatory (Treg)
cells/mm? in cardiac tissue from Lgals1~/~ or WT
mice 7 days after AMI or sham surgery. F: Repre-
sentative laser confocal micrographs of cardiac
tissue from Lgals1™~ or WT mice at baseline
without any intervention, with quantification of
cell numbers. Tissues were immunostained for NK

100 um

A cells (NK1.1; green) and macrophages (F4/80;

green), and for propidium iodide (red). No changes
& were observed in B220" B cells and CD3™ T cells at
2 baseline (data not shown). G: H&E staining of

cardiac tissue from Lgals1~/~ or WT mice at base-
line showed no significant histological alterations.
Data are expressed as means + SEM. n = 6 per
genotype. *P < 0.05, **P < 0.01, and ***P <
0.001. Scale bar = 100 um (D and F). Original
magnification, x40 (G).

or perivascular collagen (data not shown). Thus, Gal-1 defi-
ciency leads to development of a cardiac inflammatory
response that is further enhanced after AMI, resulting in
impaired ventricular remodeling.

Given the ability of Gal-1 to modulate angiogenesis in
tumor settings’ and the role of neovascularization in heart
pathophysiology,?' we also examined the effects of Gal-1
deficiency in myocardium angiogenesis. We found no
statistically significant differences in the number or caliber of
CD31" blood vessels within the peri-infarct area of Lgals] '~
mice versus WT mice (Figure 3D), suggesting that endoge-
nous Gal-1 does not considerably affect myocardium
angiogenesis in vivo. Furthermore, we found no considerable
difference in the expression of matrix metalloproteinase-9
(MMP-9), a critical enzyme that contributes to ventricular
remodeling after AMI, in Lgals] ~/~ mice versus WT mice
(data not shown). Taken together, these data suggest that
endogenous Gal-1 contributes to cardiac homeostasis by
selectively modulating myocardial inflammation.
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Figure 4  Gal-1 treatment attenuates cardiac damage in reperfused AMI

in mice. CD-1 mice were subjected to surgical transient coronary artery
ligation for 30 minutes, followed by reperfusion for 7 days. At time of
reperfusion, mice were randomly assigned to treatment with rGal-1 (3 mg/
kg i.p.) or saline control (matching volume). LVESD was significantly
decreased (A) and LVFS was significantly increased (B) under rGal-1
treatment. Data are expressed as means & SEM. n = 6 mice per group.
*P < 0.05, **P < 0.01.

Gal-1 Treatment Attenuates Cardiac Damage in
Reperfused AMI

The ability of endogenous Gal-1 to limit post-AMI ventricular
remodeling through inhibition of cardiac inflammation
prompted us to examine whether exogenous administration of
this lectin could prevent cardiac damage after reperfused AMI
in WT mice, using a clinically relevant model of the disease.
Before surgery, all mice had similar ventricular size and
systolic function. A single dose of rGal-1 (3 mg/kg i.p.) 3
minutes before reperfusion prevented LV enlargement and
preserved systolic function as shown by LVFS percentage,
compared with control mice receiving saline solution
(Figure 4). Thus, administration of rGal-1 attenuates cardiac
dysfunction in reperfused AMI, which suggests a novel
molecular target to prevent cardiac failure.

Discussion

Despite considerable evidence of the role of Gal-1 in acute
and chronic inflammation, immunoregulation, and angio-
genesis,” the involvement of this endogenous lectin in
cardiac pathophysiology remains obscure. Recent observa-
tions showed that Gal-1 is expressed by cardiomyocytes in
an organized pattern colocalizing with sarcomeric actin on I
bands.'” In addition, Gal-1 is considerably up-regulated in
inflammatory microenvironments*> and is a key component
of the hypoxia-regulated transcriptome,’’ suggesting
a potential role for this glycan-binding protein in post-AMI
ventricular remodeling and heart failure.

In the present study, Gal-1 was expressed at low levels in
normal mouse heart, but was considerably up-regulated
(approximately sevenfold) 7 days after AMI, suggesting an
essential role for this lectin in controlling cardiac
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inflammation after AMI. This expression pattern is in accord
with previous reports describing a peak of infiltrating
dendritic cells, lymphocytes, and macrophages after AMI in
the same model,”“5 and is consistent with the peak of Gal-1
expression observed in the brain after ischemic stroke.?* In
the present study, Gal-1 expression was found in car-
diomyocytes and inflammatory infiltrates of the peri-infarct
area, and was considerably up-regulated in cardiomyocytes
exposed to hypoxic microenvironments or proinflammatory
cytokines. These stimuli, which represent a hallmark of
AML,">** might induce Gal-1 expression to limit myocar-
dial inflammation, restore cardiac homeostasis, and prevent
adverse ventricular remodeling. In support of this assump-
tion, Lgalsl ~~ mice also showed a cardiac inflammatory
response at baseline and when sham-operated, characterized
by greater numbers of NK cells and macrophages, whereas
cardiomyocyte morphology and collagen structure were
preserved. In addition, no significant abnormalities were
observed on the baseline electrocardiogram, which showed
normal sinus rthythm without any conduction abnormality or
ST segment shifts in all cases (data not shown). Increased
inflammatory response observed in Lgals] '~ mice was
further exacerbated after AMI, compared with WT mice,
leading to impaired ventricular remodeling after 7 days.
Taken together, these results suggest an important role for
Gal-1 in cardiac homeostasis.

In support of our findings, LgalsI ™'~ mice show
augmented Thl and Thl7 responses, enhanced suscepti-
bility to autoimmune inflammation, and increased fetal loss
due to impaired fetomaternal tolerance.'®** However,
despite baseline cardiomyopathy, the life span of these mice
appears to be normal, suggesting a compensatory effect of
other mediators (probably other members of the galectan
family) in the resolution of cardiac inflammatory response.
Moreover, although we found no structural alterations in
cardiomyocytes at the microscopic level, Gal-1 colocaliza-
tion with sarcomeric actin on I bands in myocytes'?
suggests that this endogenous lectin could play additional
roles in myocyte contractility. Further studies are warranted
to examine these alternative nonimmunological mecha-
nisms. Nevertheless, in the present study we found a state of
myocarditis mediated by greater numbers of T cells,
macrophages, and NK cells and reduced frequency of Ty,
cells that could explain, at least in part, the phenotype
observed in Lgals] ™'~ mice after AMIL

Supporting these findings and consistent with the role of
Gal-1in T cell tolerance,4 recent studies demonstrated that
a T cell-mediated autoimmune disease due to altered thymic
selection underlies the pathogenesis of dilated cardiomy-
opathy in mice and humans.”® Interestingly, and consistent
with the up-regulated expression of Gal-1 after mouse
experimental AMI, we found that this endogenous lectin
was also up-regulated in cardiac tissue from patients with
end-stage heart failure, suggesting its biological relevance in
human cardiac pathology. Gal-1 was also up-regulated
in cardiac tissue from patients with Chagas’ disease
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cardiomyopathy.”® Thus, Gal-l1 may serve as a key
component of the homeostatic and proresolving machinery
that contributes to dampening the inflammatory response
during cardiac healing.

In the present study, we found that mice lacking Gal-1
showed LV enlargement and reduction in systolic function
at baseline. Seven days after AMI, absence of Gal-1 led to
increased ventricular dilation associated with a trend toward
reduced systolic function. The lack of statistical signifi-
cance in LVFS at 7 days despite improved remodeling
could be, at least in part, due to the short follow-up period
(ie, 7 days). At early stages, the initial increase of LV
volume after AMI serves the purpose of preserving the
stroke volume, whereas late LV dilation becomes a mech-
anism of reduced ejection fraction and progression to heart
failure. A similar effect was observed when mice were
treated with an inhibitor of myeloid differentiation factor 88
(MyD88).?” Notably, Lgals] '~ mice showed a greater
LVEDD than WT mice after AMI, reflecting impaired
cardiac remodeling. Adverse remodeling has been associ-
ated with greater Thl- and Thl7-mediated myocardial
inflammation.?®?° Patients with acute coronary syndrome
showed a significant increase in the frequency of peripheral
Th17 cells and Thl7-related cytokines (IL-17, IL-6, and
IL-23), and evidenced a considerable decrease in T, cell
number and Te-related cytokines (IL-10 and TGF-BI1),
compared with control patients.”” Moreover, impaired
recruitment of Ty, cells led to adverse remodeling after
AMI in mice lacking the CC chemokine receptor (CCR)5
signaling.®® In contrast, targeted deletion of CCR2, a
receptor that mediates leukocyte chemoattraction during
coronary heart disease, attenuated LV remodeling after
experimental AMI through inhibition of TNF-a, angio-
genesis, and MMP activity.'

Interestingly, we found that Th17- and Thl-type cyto-
kines up-regulate Gal-1, and Lgals/ '~ mice showed
increased inflammatory response and decreased T, cell
frequency, suggesting that alterations in the expression,
secretion, or functional activity of this endogenous lectin
could influence the Th17/T,, cell balance at the onset of
acute coronary events. In this regard, Gal-1 has been shown
to be a key mediator of the immunosuppressive activity of
CD4"CD25"FoxP3" Ty, cells,” to drive the expansion of
IL-10-producing T, cells in vivo,” and to induce the
differentiation of T regulatory type-1 (Trl) cells either
directly through modulation of the c-Maf/aryl hydrocarbon
receptor pathway>* or indirectly through the generation of
IL-27-producing tolerogenic dendritic cells.>® In this regard,
lack of regulatory dendritic cells led to sustained inflam-
mation, adverse remodeling, prolonged extracellular matrix
degradation, and increased angiogenesis in an experimental
model of AMIL>® In the present study, we could detect no
significant differences in the number of blood vessels or the
expression of MMP-9 in the peri-infarct area, suggesting
that the inflammatory response is a major target of Gal-1
during heart failure. This anti-inflammatory activity of
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Gal-1 is in accord with previous findings showing the role
of this lectin in the resolution of acute inflammation and
inhibition of innate immunity.*’~%3°

In the present study, we first tested the effects of Gal-1 in
a model of severe nonreperfused AMI that resembles
a condition of no reperfusion (late comers) or incomplete
reperfusion (no reflow), commonly observed in patients
with AMI and associated with worse prognosis and
progression to heart failure.* The reperfused AMI,
however, is the most commonly used model in the mouse,
and most patients presenting with AMI are subjected to
a reperfusion strategy. The effects of endogenous Gal-1 in
heart pathophysiology prompted us to validate the effects of
exogenous rGal-1 in this clinically relevant ischemia-
reperfusion model. Using this approach, a single dose of
rGal-1 (3 mg/kg i.p.) at the time of reperfusion showed
powerful cardioprotective effects, preventing LV enlarge-
ment and systolic dysfunction. In this regard, ischemia and
reperfusion usually lead to a brief but more pronounced
inflammatory response that contributes to cardiac damage.'”
Apoptosis is an important mechanism implicated in car-
diomyocyte ischemia-reperfusion injury.*' Although we
could find no substantial effects of Gal-1 on hypoxia-
induced apoptosis in vitro, further studies are warranted to
study the effects of Gal-1 on ischemic necrosis.

Importantly, although our findings highlight a possible
cardioprotective effect of Gal-1 through regulation of
myocardial inflammation, caution is needed before trans-
lation to clinical practice, because this endogenous lectin
can also trigger other biological effects, including platelet
aggregation and activation.*” Moreover, the Gal-1 protec-
tive effects should be considered in light of previous find-
ings demonstrating that Gal-2, another prototype member of
the galectin family, can confer risk of myocardial infarction
in selected Japanese but not other populations.***** More-
over, Gal-3, a chimera-type member of the galectin family,
has been proposed as a powerful biomarker of disease
progression in patients with heart failure,* suggesting that
individual members of the galectin family may play distinct
and often opposing roles in the control of acute coronary
disease. Further studies are warranted to investigate the
regulated expression and function of different members of
the galectin family in experimental models of AMI.

In summary, our data identify a key function of Gal-1 in
normal cardiac homeostasis and highlight the protective role
of this endogenous lectin in postinfarction remodeling
through negative regulation of the inflammatory response.
Thus, therapeutic administration of Gal-1 or modulation of
its expression in cardiac tissue may represent a potential
novel strategy to prevent heart failure after AML
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