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See the editorial comment for this article ‘Targeting galectin-3 in myocardial infarction: a unique opportunity for biomarker-guided therapy’, 
by N.G. Frangogiannis, https://doi.org/10.1093/cvr/cvad156.

Aims Acute myocardial infarction (MI) causes inflammation, collagen deposition, and reparative fibrosis in response to myocyte death and, 
subsequently, a pathological myocardial remodelling process characterized by excessive interstitial fibrosis, driving heart failure (HF). 
Nonetheless, how or when to limit excessive fibrosis for therapeutic purposes remains uncertain. Galectin-3, a major mediator of 
organ fibrosis, promotes cardiac fibrosis and remodelling. We performed a preclinical assessment of a protein inhibitor of galectin-3 
(its C-terminal domain, Gal-3C) to limit excessive fibrosis resulting from MI and prevent ventricular enlargement and HF.

Methods 
and results

Gal-3C was produced by enzymatic cleavage of full-length galectin-3 or by direct expression of the truncated form in Escherichia coli. 
Gal-3C was intravenously administered for 7 days in acute MI models of young and aged rats, starting either pre-MI or 4 days post-MI. 
Echocardiography, haemodynamics, histology, and molecular and cellular analyses were performed to assess post-MI cardiac func
tionality and pathological fibrotic progression. Gal-3C profoundly benefitted left ventricular ejection fraction, end-systolic and end- 
diastolic volumes, haemodynamic parameters, infarct scar size, and interstitial fibrosis, with better therapeutic efficacy than losartan 
and spironolactone monotherapies over the 56-day study. Gal-3C therapy in post-MI aged rats substantially improved pump func
tion and attenuated ventricular dilation, preventing progressive HF. Gal-3C in vitro treatment of M2-polarized macrophage-like cells 
reduced their M2-phenotypic expression of arginase-1 and interleukin-10. Gal-3C inhibited M2 polarization of cardiac macrophages 
during reparative response post-MI. Gal-3C impeded progressive fibrosis post-MI by down-regulating galectin-3-mediated profibro
tic signalling cascades including a reduction in endogenous arginase-1 and inducible nitric oxide synthase (iNOS).

Conclusion Gal-3C treatment improved long-term cardiac function post-MI by reduction in the wound-healing response, and inhibition of in
flammatory fibrogenic signalling to avert an augmentation of fibrosis in the periinfarct region. Thus, Gal-3C treatment prevented 
the infarcted heart from extensive fibrosis that accelerates the development of HF, providing a potential targeted therapy.
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Graphical Abstract

Galectin-3-mediated pathways driving fibrosis in the infarcted myocardium. MI triggers the increased secretion of galectin-3 by inflammatory cells that con
tribute to myofibroblast activation via the TGF-β pathway, the increased expression of arginase-1 via the M2-macrophage alternative pathway that activates 
a galectin-3 positive feedback loop, and the galectin-3 mediated up-regulation of iNOS via the IKKβ/NF-κB pathway. The inhibition of galectin-3 by Gal-3C 
regulates these post-MI inflammatory profibrotic signalling cascades, resulting in therapeutic benefits in acute MI models of young and aged hearts.

Keywords Galectin-3 • Heart failure • Inducible nitric oxide synthase • Fibrosis • Myocardial infarction

1. Introduction
Heart failure (HF) is an end-stage of many heart diseases including and most 
commonly myocardial infarction (MI). Acute MI causes an immediate and 
robust inflammatory response that leads to increased myocardial collagen 
deposition and reparative fibrosis secondary to cardiomyocyte death.1

While regional inflammation and fibrosis promote healing of the infarcted 
myocardium, adverse remodelling of viable myocardium begins as well. 
This remodelling involves a pathological myocardial fibrotic process com
monly referred to as reactive fibrosis, which is characterized by excessive 
fibrosis and ultimately accelerates the progression to HF. Thus, myocardial 
fibrosis is a major contributor to the adverse remodelling that is a key 
mechanism of HF. However, how or when to limit excessive fibrosis to 
achieve optimal therapeutic outcomes remains unclear.2 Likewise, much 
remains to be learned about the potential involvement of negative regula
tory mechanisms that confine profibrotic signals, in the restriction of un
controlled fibrosis following MI.

Post-MI myocardial fibrosis, which encompasses both replacement fi
brosis and reactive interstitial fibrosis, is caused by fibroblast differentiation 
and excessive extracellular matrix (ECM) deposition. Interstitial fibrosis is a 
result of the influence of MI-induced inflammation on ECM remodelling, 
which provides structural integrity to the dying region of the myocardial 
wall, but reduces ventricular compliance associated with the development 
of subsequent HF. Unchecked fibrosis in the periinfarct zone interferes 
with both systolic and diastolic function after MI. Thus, reducing cardiac fi
brosis at the appropriate time during post-MI remodelling is expected to 
attenuate long-term ventricular dysfunction so as to minimize the develop
ment of HF after MI and improve patient outcomes. There is an unmet 
medical need for new therapeutic agents, particularly those with novel me
chanisms of action, despite the existence of drugs that are currently 

available to treat post-MI HF, such as angiotensin II receptor blockers 
(ARBs) and mineralocorticoid receptor antagonists (MRAs), which exert 
modest antifibrotic effects as secondary modes of action.3,4

Galectin-3 is a β-galactoside-binding lectin that has been implicated as a 
major mediator of inflammation and organ fibrosis.5–8 Galectin-3 crosslinks 
the glycoprotein receptors for growth factors such as transforming growth 
factor (TGF)-β and vascular endothelial growth factor (VEGF), thereby 
preventing the endocytosis of their receptors and facilitating growth factor 
signalling.9 In the heart, up-regulation of galectin-3 induces cardiac fibro
blasts to proliferate and differentiate into myofibroblasts, thereby enhan
cing collagen deposition, increasing interstitial fibrosis, and pathological 
remodelling.8 Importantly, an elevated plasma level of galectin-3 is corre
lated with adverse outcomes in both HF with reduced and preserved ejec
tion fraction (HFrEF and HFpEF) phenotypes,10,11 and has been approved 
in the USA and the European Union as a prognostic risk indicator for HF.12

We have developed a dominant negative inhibitor of galectin-3 (Gal-3C, 
MM-003) based on its C-terminal carbohydrate recognition domain 
(CRD).13 Since post-MI HFrEF is characterized by cardiomyocyte loss, and 
reparative fibrosis reduces ventricular elasticity and distensibility, causing dia
stolic dysfunction that exacerbates HF, we hypothesized that the treatment 
of the infarcted heart with Gal-3C to limit interstitial fibrosis would attenu
ate fibrotic remodelling and cardiac dysfunction. Our findings show that 
7-day administration of Gal-3C limited excessive fibrosis by impeding 
galectin-3-mediated profibrotic effects of inducible nitric oxide synthase 
(iNOS) and alternative M2-macrophage-mediated-arginase-1 to substantial
ly restrict ventricular enlargement and attenuate diastolic dysfunction over 
56 days post-MI. These effects were apparent in multiple models of MI in 
young and aged rats and were significantly better than those of the ARB, lo
sartan, and the MRA, spironolactone. The antifibrotic efficacy of Gal-3C pro
vides a new therapeutic opportunity for MI patients with developing HFrEF.
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2. Methods
All procedures involving animals were approved by the Institutional Animal 
Care and Use Committee of the University of California, San Francisco 
(UCSF), USA. All experiments were performed according to the UCSF 
guidelines for rodent survival surgery and the Guide for the Care and 
Use of Laboratory Animals of the National Institutes of Health (USA).

2.1 Rats and mice
Male Sprague–Dawley rats at age 10–12 weeks were randomly assigned to 
the experimental groups. Rats were housed in a temperature-controlled 
room with 12 h light/12 h dark cycle and given regular chow. Typical ex
perimental group size was n = 10 (see Statistics). Rats were purchased 
from Simonsen Laboratories (Santa Clara, CA, USA) and Charles River 
Laboratories (Wilmington, MA, USA). A disease outbreak in the 
Simonsen colony required us to change vendors during the project. For ex
periments with aged animals, male Fischer 344 rats at 1.5 years of age were 
obtained from the National Institute on Aging, USA. Three Fischer 344 rats 
were excluded due to jaundice in the skin. Male C57BL/6J mice at age 10 
weeks were purchased from the Jackson Laboratory (Bar Harbor, ME, 
USA).

2.2 Production and analyses of Gal-3C
Human Gal-3C, a 143 amino acid protein, was produced by two methods. 
Initially, Gal-3C was produced by enzymatic cleavage of full-length 
galectin-3, denoted as Gal-3CCL. Subsequently, Gal-3C was directly ex
pressed in final form in Escherichia coli (Gal-3CEXP), because this method 
would be more amenable to industrial-scale production. Detailed methods 
for production and analyses of Gal-3C are provided in the Supplementary 
material online, Methods.

2.3 Gal-3C delivered intravenously from 
osmotic pumps
ALZET osmotic pumps were implanted subcutaneously immediately be
fore surgical induction of MI (‘early window’) or 4 days post-MI (‘delayed 
window’) to deliver Gal-3C and vehicle (phosphate-buffered saline with 
lactose; Supplementary material online, Methods) over 7 days.

2.4 Hydroxyproline assay for collagen in the 
heart
Rats were euthanized and the left ventricular (LV) tissue was homogenized 
for the analysis of hydroxyproline, an amino acid found in collagen (see 
Supplementary material online, Methods).

2.5 Galectin-3 measurement in mice
Serum levels of galectin-3 in healthy and MI mice were analysed by ELISA 
(see Supplementary material online, Methods).

2.6 Losartan and spironolactone treatments
Losartan was administered starting the same day of the MI and continuous
ly over the 56-day experiment. Spironolactone was administered starting 
at 4 days post-MI and continuing for the first 28 days of the 56-day experi
ment (see Supplementary material online, Methods).

2.7 Myocardial infarction
Surgical MI was induced in rats and mice receiving anaesthesia with 2% iso
flurane and analgesics (buprenorphine at 0.1 mg/kg, subcutaneous injection 
pre- and post-operation and afterward once per day over 3 days) (see 
Supplementary material online, Methods). MI surgical procedure involved 
either an ischaemia–reperfusion (I/R) with a temporary occlusion 
(25 min) of the left anterior descending coronary artery (LAD) or perman
ent LAD ligation. For euthanasia, rats and mice were anaesthetized with 5% 

isoflurane for 5 min, and the heart was removed after confirmation that 
there was a lack of active paw reflex.

2.8 Echocardiography
Serial echocardiography was performed at baseline, and 2, 28, or 56 days 
post-MI. Investigators who measured echocardiographic parameters were 
blinded to group identity (see Supplementary material online, Methods).

2.9 Haemodynamic data acquisition and 
analysis
Intraventricular haemodynamic variables were continuously recorded on 
Day 28 or 56 post-MI (see Supplementary material online, Methods).

2.10 Measurement of infarct scar size
Heart cryosections were stained with Masson’s trichrome for infarct scar 
size measurement (see Supplementary material online, Methods). Sections 
were analysed by blinded investigators.

2.11 Quantitative analysis of non-scar 
fibrosis
One cryosection/heart was stained with Sirius red for quantitative analysis 
of fibrotic collagen (red). Non-scar fibrosis was measured by a blinded in
vestigator using two different approaches (see Supplementary material 
online, Methods).

2.12 Inhibition of the activation of 
M2-polarized human monocytes
Protocol for M2-polarized human monocyte activation by exposure to 
interleukin (IL)-4 and subsequent inhibition by Gal-3C treatment with mea
surements of arginase-1 and IL-10 released by polarized monocytes can be 
found in the Supplementary material online, Methods.

2.13 ELISA for arginase-1, IL-10, and IL-6
Rat plasma samples were obtained for measurements of arginase-1, IL-10, 
and IL-6 by ELISA (see Supplementary material online, Methods).

2.14 Immunoblot analyses for arginase-1, 
iNOS, inhibitor of NF-κB kinase (IKK), 
NF-κB P65, and protein kinase B (Akt)
The LV tissue was harvested and homogenized for analyses of immuno
blots (see Supplementary material online, Methods).

2.15 Sorting M1 and M2 macrophages from 
infarcted hearts by flow cytometry
For macrophage detection, cell suspensions of digested LV tissues were incu
bated with antibodies for CD45 (leucocyte common antigen), CD86 (M1 
marker), and CD163 (M2 marker) for membrane detection, and CD68 
(PAN macrophage marker) for intracellular staining. M1 and M2 macrophages 
were identified as CD45+CD68+CD86+ and CD45+CD68+CD163+ by flow 
cytometry (see Supplementary material online, Methods).

2.16 Statistics
A power calculation based on standard deviations from within-group com
parisons in several of our previous MI experiments determined that n = 10/ 
group was sufficient to detect changes in cardiac function at a power of 0.8 
and a significance level of 0.05. For comparisons involving multiple groups 
and times, we fit a 2-factor (treatment condition and time) repeated- 
measures analysis of variance to all the data at once using a mixed model 
estimated with restricted maximum likelihood estimation with an unstruc
tured covariance matrix of residuals, then tested for differences over time 
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and across treatment condition using contrasts and pairwise comparisons, 
adjusted for multiple comparisons using the Šidák method. Comparisons of 
multiple groups at one time point (terminal) were analysed using one-way 
analysis of variance followed by the Šidák multiple comparison test. 
Calculations were done with Stata 13.1. Simple comparisons of two groups 
with control and treatment were analysed using Student’s unpaired t-test. 
All data are means ± standard deviations (SD).

3. Results
3.1 Short-term Gal-3C treatment beginning 
at 4 days post-MI was efficacious in an I/R 
model of MI
Therapy that begins before an MI is of limited clinical relevance. We rea
soned that a delayed treatment might limit the long-term pathological fibrot
ic response while still allowing the earlier fibrotic repair of the infarct. 
Therefore, a ‘delayed window’ experiment was carried out with Gal-3C 
continuous delivery from implanted osmotic pumps starting at 4 days 
post-MI over 7 days. The Gal-3C was produced by enzymatic cleavage of full- 
length galectin-3, Gal-3CCL (see Supplementary material online, Methods). 
The period chosen for delayed administration was based on the timing of 
the peak levels of galectin-3 in mice (see Supplementary material online, 
Figure S1A) and rats post-MI,14 and on a pilot experiment to determine col
lagen levels in post-MI hearts treated with Gal-3C (see Supplementary 
material online, Results and Figure S1B). Animals receiving Gal-3C obtained 
significant benefits in 28-day EF and end-systolic volume (ESV) as measured 
echocardiographically (Figure 1A and Supplementary material online, 
Table S1), but not end-diastolic volume (EDV). Haemodynamic parameters 
indicated functional improvement with significantly increased LV end- 
systolic pressure (ESP), decreased end-diastolic pressure (EDP), and im
proved dP/dtmax and dP/dtmin in the Gal-3C group (Figure 1B and 
Supplementary material online, Table S3; all haemodynamic parameters 
are defined in Supplementary material online, Table S2). Gal-3C therapy lim
ited the infarct scar size (Figure 1C) and also inhibited non-scar fibrosis mea
sured by two different approaches (explained in Supplementary material 
online, Figure S3) each by ∼65% compared with vehicle controls (Figure 1D).

A similar experiment in which Gal-3C 7-day delivery began shortly be
fore the MI (‘early window’) resulted in similar therapeutic effects (see 
Supplementary material online, Results, Figure S4, and Tables S4 and S5).

3.2 Gal-3C treatment was superior to 
losartan for therapy of I/R MI
ARBs such as losartan are recommended as one of the classes of agents used 
in HF. Angiotensin II, which is formed from angiotensin I by angiotensin- 
converting enzyme (ACE), is a vasoconstrictor that also stimulates aldoster
one secretion and induces the expression of TGF-β and cardiac fibrosis by 
macrophages and myofibroblasts post-MI.15 We therefore compared the 
therapeutic effect of Gal-3C post-MI with that of losartan at its optimal dos
age regimen,4 using the Gal-3CCL form. For this experiment, we waited until 
56 days post-MI for our final measurements because the previous experi
ments had revealed no difference in EDV between vehicle and Gal-3C groups 
at 28 days (Figure 1A), presumably because more diastolic dysfunction oc
curred at a later time point in the remodelling process. Losartan was adminis
tered starting later the same day of the MI and continuously over the 56-day 
experiment at 8 mg/kg/day in the drinking water. As before, 28-day post-MI, 
Gal-3C significantly improved EF and ESV but not EDV; however, by 56 days 
post-MI, improvement was observed in EDV (Figure 2A and Supplementary 
material online, Table S6). In contrast, there was a lesser benefit from losartan 
relative to vehicle 28-day post-MI; EF stayed lower in this group and there 
were increased ESV and EDV at 56 compared with 28 days post-MI in 
both losartan and vehicle groups. Haemodynamic parameters, including 
ESP, EDP, dP/dtmax, dP/dtmin, and Tau, were significantly improved by 
Gal-3C (Figure 2B and Supplementary material online, Table S7), evidencing 
functional improvements at systole and diastole. Furthermore, Gal-3C was 

more effective than losartan in limiting infarct size and interstitial fibrosis (sig
nificance for infarct size defined as P < 0.05 was barely missed; P = 0.053 and 
0.062 vs. vehicle and losartan, respectively) (Figure 2C and D).

3.3 Gal-3C produced by enzymatic cleavage 
of full-length galectin-3 or by direct 
expression of the truncated form led to 
comparable therapeutic efficacy in I/R MI
Gal-3C consists of the carboxy-terminal residues of human galectin-3 contain
ing the CRD. Gal-3C uniquely inhibits galectin-3 by dual mechanisms. It binds 
to the galectin-3 CRD and to carbohydrates that are ligands for galectin-3. To 
increase translatability, we assessed the therapeutic efficacy of Gal-3C pro
duced by enzymatic cleavage of galectin-3 (Gal-3CCL) to that of Gal-3C dir
ectly expressed in E. coli not requiring any enzymatic digestion (Gal-3CEXP) 
(see Supplementary material online, Methods). We reasoned that 
Gal-3CEXP would be more clinically translatable than Gal-3CCL, because 
Gal-3CEXP was made using a process more amenable for scaled-up produc
tion. We compared responses at 28 and 56 days to Gal-3CEXP and Gal-3CCL 

at the dose of 600 µg/day with intravenous administrations beginning at 4 days 
post-MI (delayed window). As expected, the post-MI cardiac function was 
better with Gal-3CEXP therapy including more improved EF on Days 28 
and 56 and smaller ESV on Day 28 compared with Gal-3CCL therapy at 
the same dose and timing (see Supplementary material online, Figure S5A
and Table S8). Haemodynamics on Day 56 indicated significantly better EF, 
CO, and Ea from Gal-3CEXP therapy, although Gal-3CCL therapy led to smal
ler EDV (see Supplementary material online, Figure S5B and Table S9). The re
sult indicates that Gal-3CEXP was more or equally therapeutically efficacious.

3.4 Short-term Gal-3C treatment had 
dose-responsive efficacy for I/R MI therapy
To determine the optimal dosage of Gal-3CEXP for our subsequent rat ex
periments, we performed a dose–response experiment, comparing the deliv
ery of vehicle with that of Gal-3CEXP at 100, 600, or 1500 µg/day (∼0.4, 2.4, 
and 6 mg/kg) for 7 days beginning at 4 days post-MI (delayed window).

EF on Days 28 and 56 of rats treated with 600 µg/day of Gal-3C was sig
nificantly improved compared with rats receiving either of the other two 
doses, and ESV on Day 56 of rats treated with 600 µg/day was significantly 
smaller compared with 100 µg/day (Figure 3A and Supplementary material 
online, Table S10). Importantly, Gal-3C at 600 µg/day substantially lowered 
EDV at both 28 and 56 days. Also, Gal-3C at 600 µg/day led to better 
haemodynamics based on EF and cardiac output (CO), and reduced arterial 
stiffness (arterial elastance, Ea) compared with 100 or 1500 µg/day 
(Figure 3B and Supplementary material online, Table S11). However, a 
dose of 100 µg/day led to better ESP (P < 0.05) and a trend towards a bet
ter mean arterial pressure (MAP; P = 0.057) and dP/dtmax (P = 0.074) com
pared with 1500 µg/day.

Overall, comparing both echocardiographic and haemodynamic 
measurements, the therapeutic effects were best in rats treated with 
600 µg/day compared with either 100 or 1500 µg/day. Thus, the 600 µg/day 
dose indicated a peak in efficacy that was reduced at the higher or lower 
doses, although echocardiographic results showed that all three dosage le
vels improved diastolic function by reduction of EDV. Based on these re
sults, 600 µg/day was used for all subsequent experiments. These results 
indicate that Gal-3C improves not only systolic function but also diastolic 
function, evident if outcomes are determined at 56 days post-MI.

3.5 Efficacy of Gal-3C monotherapy was 
superior to spironolactone or losartan, and 
was not additionally improved by 
co-treatment with losartan for I/R MI
Spironolactone is thought to act via the mineralocorticoid receptor to re
duce cardiac fibrosis after MI by blocking the action of aldosterone.4

Although there is no evidence that galectin-3 has direct glucocorticoid 
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Figure 1 Therapeutic effect of Gal-3C delayed-window administration on cardiac function and fibrosis after I/R MI. (A) Workflow and cardiac function by 
echocardiography. (B) Haemodynamic parameters 28-day post-MI. (C ) Infarct scar size. Representative single section from each of the two groups shows the 
maximum infarct size in each heart with the median infarct size values for each group. Eight to 10 cryosections from the apex to base of the ventricle were 
stained with Masson’s trichrome for infarct scar size measurement (see Supplementary material online, Figure S2). (D) Interstitial (non-scar) fibrosis. One cryo
section containing the most scar from each heart as determined by the trichrome results was stained with Picro-Sirius red for the quantitative analysis of non- 
scar fibrosis. Interstitial fibrosis was measured by two different approaches at the interstitial scar zone and infarct border zone. The interstitial scar zone is the 
area of the tissue containing thick bundles of fibrosis around the scar; interstitial fibrosis is the per cent of tissue containing fibrosis-stained pixels at the infarct 
border zone (see Supplementary material online, Figure S3). Abbreviations are as in Supplementary material online, Tables S1 and S2. Number in (A–D): vehicle, 
n = 9; Gal-3C, n = 10. Statistical tests: two-way ANOVA followed by the Šidák method (A); Student’s unpaired t-test (B–D).
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activity, expression of galectin-3 is up-regulated by aldosterone; and profi
brotic effects of aldosterone were shown to be inhibited by a galectin-3 in
hibitor, modified citrus pectin.7 Therefore, we postulated that Gal-3C 
could act downstream of aldosterone to inhibit fibrosis. Having already 
compared Gal-3C with losartan therapy (Figure 2A–D), we now compared 
the benefits of Gal-3C with spironolactone, and compared Gal-3C or lo
sartan alone with losartan/Gal-3C combination therapy to determine if 
the effects of losartan are further improved by combination with 
Gal-3C, given their different mechanisms of actions.

The animals were randomized into five groups receiving the following five 
treatment conditions as depicted in Figure 4A: Gal-3C, spironolactone, losar
tan, Gal-3C and losartan together, and vehicle. The Gal-3CEXP form was de
livered beginning at 4 days post-MI (delayed window), using the best 
therapeutic dosage (600 µg/day) from the dose–response experiment, and 
the vehicle received PBS/lactose from pumps using the same timing. 
Detailed administrations of spironolactone4 and losartan are described in 
the Supplementary material online, Methods. Rats treated with spironolactone 
or losartan alone had an appreciable benefit in EF 28 and 56 days post-MI, 
relative to vehicle controls, but the improvement in EF was significantly less 
than that of Gal-3C alone or of combination with losartan (Figure 4A and 

Supplementary material online, Table S12). Gal-3C alone and with losartan 
also limited the increase in 28-day ESV, and conserved ESV and EDV from 
Days 28 to 56. However, combination therapy was no more efficacious 
than Gal-3C alone, likely because most of the benefits of losartan on cardiac 
remodelling are mediated by downstream effects on galectin-3. Consistent 
with the results from echocardiography, haemodynamics demonstrated ben
efits in EF, ESV, EDV, and CO from both Gal-3C alone and combination ther
apy, which, in conjunction with the 56-day benefit in EDV, indicates a diastolic 
functional benefit (Figure 4B and Supplementary material online, Table S13). 
These findings strongly indicate that Gal-3C treatment of cardiac remodelling 
post-MI and in some forms of HF could be more effective than standard MRA/ 
ARB therapies.

3.6 Short-term treatment with Gal-3C was 
highly efficacious in an aged rat model of I/R 
MI
All experiments described above were done with young rats. However, MI 
typically manifests in individuals who are middle-aged and older, ages at 

Figure 2 Therapeutic effect of Gal-3C compared with the losartan therapy in the delayed-window post-I/R MI. (A) Comparison of cardiac function in 
Gal-3CCL vs. losartan-treated groups post-MI. (B) Haemodynamics of the artery and intraventricular pressures measured on Day 56 post-MI. (C ) Infarct 
scar size. (D) Interstitial fibrosis. Number in (A–D): n = 15 each group. Statistical tests: two-way (A) and one-way (B–D) ANOVA followed by the Šidák method.

Therapeutic inhibition of galectin-3                                                                                                                                                                        2541

http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad116#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad116#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad116#supplementary-data


which cardiac fibrosis is more prevalent in otherwise healthy individuals.16

Even in the absence of MI, the ageing heart undergoes fibrotic remodelling, 
characterized by accumulation of interstitial collagen, leading to diastolic 
dysfunction and HF. Thus, age-associated cardiac fibrosis might exacerbate 
adverse post-MI dilative remodelling and create an environment less amen
able to the antifibrotic effects of Gal-3C. To more realistically reflect a typ
ical clinical scenario, we administered 600 µg/day of Gal-3CEXP to 
1.5-year-old Fischer 344 rats (which were available to us from the 
National Institute on Aging’s Aged Rodent Colony), using the delayed- 
window timing of 7 days starting at 4 days post-MI. We included a vehicle 
group and a sham-surgery group (opening the chest and passing a suture 
through the myocardium without tying off the coronary artery but still re
ceiving a vehicle pump). Echocardiography revealed that the aged rats trea
ted post-MI with Gal-3C dramatically benefited with improved EF 28-day 
post-MI and continued improvement of EF and complete prevention of in
crease in ESV by 28 and 56 days (Figure 5A and Supplementary material 
online, Table S14). Impressively, EF in Gal-3C-treated rats was fully re
stored to the level of sham-operated rats. Haemodynamics indicated 
powerful functional improvements in EF, CO and stroke work (SW), re
duced ESV, and decreased Ea in post-MI ageing rats treated with Gal-3C 
vs. vehicle (Figure 5B and Supplementary material online, Table S15). 
There was a trend but not a statistically significant benefit in EDV in the 
echocardiographic and haemodynamic analyses. These results 

demonstrate that in aged rats, treatment with Gal-3C post-MI substantially 
improves pump function and restricts ventricular dilation at systole, thus 
preventing adverse dilative remodelling and HF post-MI.

3.7 Gal-3C treatment was efficacious in a 
permanent ligation model of MI
While I/R MI reflects the tissue milieu in post-MI patients who have undergone 
catheterization to open the blocked artery, more extreme tissue remodelling 
occurs after a permanent occlusion, mimicked in rodents as a coronary artery 
permanent ligation MI model. Because permanent ligation leads to more pro
nounced ventricular wall thinning at the scar, we determined whether Gal-3C 
therapy would be beneficial in this model. As was the case for I/R MI, Gal-3C 
treatment for permanent ligation MI (using delayed-window timing of 7 days 
starting at 4 days post-MI) led to a striking benefit in echocardiographic para
meters, improving EF while preventing an increase in ESV and EDV by 28 and 
56 days post-MI (see Supplementary material online, Figure S6 and Table S16). 
There were significant differences in haemodynamic ESP and dP/dtmin be
tween Gal-3C and vehicle groups (see Supplementary material online, 
Table S17). Notably, Gal-3C therapy for permanent ligation MI provided a 
clear benefit in EDV by 28 days post-MI, whereas benefit in the I/R MI model 
was not observed until the 56-day time point (Figure 2A).

Figure 3 Echocardiographic and haemodynamic functional changes in Gal-3C dose–response experiments. (A) Echocardiographic parameters. (B) 
Haemodynamics using pressure–volume (PV) loops. Number in (A and B): n = 12 each group. Statistical tests: two-way (A) and one-way (B) ANOVA followed 
by the Šidák method.
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3.8 Gal-3C inhibited the M2 polarization of 
human macrophage-like cells in vitro and 
reduced their phenotypic expression of 
arginase-1 and IL-10
During injury-healing, macrophages acquire an anti-inflammatory profibrotic 
M2 phenotype, induced by M2-cytokines IL-4 and IL-13. These ‘alternatively 
activated’ macrophages express the mannose receptor (CD206) and secrete 
profibrotic and anti-inflammatory cytokines such as IL-10 and TGF-β that 
promote cardiac tissue repair. Galectin-3 is secreted by M2 macrophages 
and, furthermore, induces continued M2 polarization of macrophages via a 
positive feedback loop that results in the sustained activation of PI3K.5

Therefore, we tested whether Gal-3C exposure could limit the differenti
ation to the M2-phenotype in a model of human macrophages by measuring 
levels of two M2-markers, arginase-1 and IL-10.5 We treated human mono
cytic THP-1 cells with phorbol-12-myristate-13-acetate (PMA) to induce dif
ferentiation into macrophage-like cells in vitro, exposed them to IL-4 to 
polarize them into an M2 phenotype, and measured arginase-1 and IL-10 
in the absence and presence of Gal-3CEXP. Exposure to IL-4 substantially in
creased the expression of arginase-1 and IL-10, but this expression was sig
nificantly reduced in the presence of Gal-3C (Figure 6A). These results 
provide evidence that Gal-3C can reduce the polarization of macrophages 

to the M2 wound-healing phenotype, therefore limiting fibrosis induced by 
organ injury.

3.9 Gal-3C treatment post-MI 
down-regulated myocardial iNOS 
expression through signalling of IKKβ/NF-κB 
along with alternative reductions in 
arginase-1 expression
While the in vitro modulation of macrophage polarization by Gal-3C shown 
in Figure 6A is consistent with Gal-3C’s antifibrotic effects in vivo, we also 
examined the in vivo effects of Gal-3C on profibrotic signalling pathways 
with a focus on arginase-1 and iNOS, both co-expressed by macrophages 
in which polarization along the M1 (classical) or M2 (alternative) axis occurs 
depending on the inflammatory circumstance.17 In MI patients, plasma le
vels of arginase-1 are continuously elevated and involved in the develop
ment of MI.18 In the failing heart, iNOS is derived from both infiltrating 
leucocytes and cardiomyocytes. Importantly, leucocyte-localized up- 
regulated iNOS accelerates remodelling and HF progression 
post-MI.19,20 IKK and its downstream target NF-κB, which regulates 
iNOS expression, are master regulators of inflammation, implicated in 

Figure 4 Analysis of therapeutic effects of Gal-3C compared with two current cardiovascular drugs and in combination therapy post-MI. (A) Comparison of 
echocardiographically measured cardiac function in Gal-3CEXP, losartan, and spironolactone vs. the combination of Gal-3CEXP with losartan-treated groups. (B) 
Haemodynamics quantified on Day 56 post-MI. Number in (A and B): n = 11–13 each group. Statistical tests: two-way (A) and one-way (B) ANOVA followed by 
the Šidák method.
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inflammatory dilated cardiomyopathy, I/R damage, MI, and HF.1,21 Protein 
kinase B (Akt) is also an important modulator of proinflammatory signal- 
dependent expression of iNOS. Notably, Gal-3C inhibited the Akt/IKK/ 
NF-κB pathway in ovarian and multiple myeloma cell lines.22 However, 
galectin-3-mediated arginase-1 in conjunction with altered iNOS in pro
moting post-MI cardiac fibrosis progression is poorly understood. 
Therefore, in accordance with the in vitro down-regulated arginase-1 ex
pression by Gal-3C in Figure 6A, we investigated whether Gal-3C in vivo 
therapy would restrain myocardial arginase-1 and iNOS expression to ul
timately impede fibrosis post-MI through signalling of IKK/NF-κB or Akt.

Given that peak levels of galectin-3 occurred within 7 days post-MI in 
mice (see Supplementary material online, Figure S1A) and in rats,14 along 
with increased leucocyte infiltration into the infarct,23 and that 7-day 
administration of Gal-3C led to significant functional improvement by 
Day 28 post-MI, we measured post-MI plasma levels of arginase-1, IL-10, 
and IL-6, and analysed levels of arginase-1, iNOS, IKK, NF-κB P65, and Akt 
in the LV tissue 28-day post-MI. Gal-3C early therapy significantly reduced 
plasma levels of arginase-1 (Figure 6B) and IL-6 (see Supplementary material 
online, Figure S7) on Day 28 post-MI, whereas the delayed treatment did 
not change levels of arginase-1 and neither early nor delayed treatment chan
ged levels of IL-10 (Figure 6B). Notably, Gal-3C delayed-treatment down- 
regulated myocardial iNOS expression (P = 0.049) compared with vehicle, 
with reductions in arginase-1 expression (Figure 6C), suggesting that Gal-3C 

blunted iNOS-dependent with arginase-1-alternative profibrotic responses. 
Moreover, Gal-3C delayed treatment reduced phospho-IKKβ and NF-κB 
phospho-P65 without altering phospho-IKKα and phospho-Akt levels 
(Figure 6D and E), indicating a regulatory role of Gal-3C in the IKKβ/NF-κB/ 
iNOS signalling cascade of profibrotic pathways post-MI (Figure 7A).

3.10 Gal-3C treatment altered the 
phenotypic characterization of macrophages 
during reparative phase post-MI
Following the early inflammatory phase post-MI, the reparative phase is 
characterized by polarization of immune cells towards a wound-healing 
state. As part of this process, the population of infarct macrophages ex
periences a shift from M1 to M2 phenotype to resolve inflammation and 
promote myofibroblast proliferation and wound repair.1 To determine if 
the inhibition of M2 polarization by Gal-3C treatment observed in vitro 
(Figure 6A) occurred physiologically, we sorted M1 and M2 macrophages 
from digested LV tissues from animals 14 days post-MI with Gal-3C 
7-day delayed treatment to quantitate the distribution of macrophage 
phenotypes.

Flow cytometry was used to identify macrophages as M1 
(CD45+CD68+CD86+) and M2 (CD45+CD68+CD163+) phenotypes 

Figure 5 Functional improvements by 7-day treatment with Gal-3C after I/R MI in aged Fischer rats. (A) Cardiac function from serial echocardiography. (B) 
Haemodynamic changes at systole and diastole. Number in (A): MI-Gal-3C, n = 12; MI-Vehicle, n = 11; Sham-Vehicle, n = 8. Number in (B): n = 7 each group. 
Statistical tests: two-way ANOVA followed by the Šidák method (A); Student’s unpaired t-test (B).

2544                                                                                                                                                                                                     X. Wang et al.

http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad116#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad116#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad116#supplementary-data


Figure 6 Gal-3C treatment reduced arginase-1 and IL-10 in vitro, decreased post-MI plasma arginase-1, and down-regulated myocardial iNOS through sig
nalling of IKKβ/NF-κB along with reductions in arginase-1, and altered the phenotypic properties of infarct macrophages. (A) Levels of arginase-1 and IL-10 in 
human macrophage-like cells. Graphs illustrate the mean of 5–6 (arginase-1) and 8–10 (IL-10) biological replicates in one experiment and are each represen
tative of three separate experiments. (B) Plasma levels of arginase-1 and IL-10 post-MI. One outlier was removed from vehicle delayed-window arginase-1 
(973 pg/mL). (C ) Immunoblot analyses of myocardial arginase-1 and iNOS. For iNOS, monomeric bands were detected at 65 kDa. (D) Myocardial expression 
of IKKβ, IKKα, and NF-κB P65. pIKKβ, phospho-IKKβ; pIKKα, phospho-IKKα; pP65, phospho-P65. For pIKKβ, two bands were observed in the vehicle group, 
whereas one band was observed in the Gal-3C group. We measured the intensity of two bands in the vehicle group for comparison. (E) Myocardial expression 
of Akt. Sample number in (C–E): vehicle, n = 4; Gal-3C, n = 8–10. (F ) Cardiac macrophage phenotypes post-MI by flow cytometry. Bar graphs representing the 
percentages of CD45+ cells in total cells and CD45+CD68+ cells in CD45+ cells, the relative percentage of CD45+CD68+CD86+ (M1) and 
CD45+CD68+CD163+ (M2) macrophages, and the ratio of M2/M1 macrophages. Representative dot plots identifying cells are shown in Supplementary 
material online, Figure S8. Sample number: vehicle, n = 5; Gal-3C, n = 7. Statistical tests: one-way ANOVA followed by the Student–Newman–Keuls method 
(A); Student’s unpaired t-test (B–F).
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(see Supplementary material online, Figure S8), and analyse alterations in 
the relative proportions of macrophage subsets from infarcted hearts. 
Gal-3C delayed treatment changed the phenotypic properties of macro
phages by reducing the ratio of M2/M1 macrophages compared with ve
hicle (Figure 6F), revealing reduced M2 polarization of the infarct 
macrophage subpopulations during reparative response following MI.

4. Discussion
Our results showed that short-term inhibition of galectin-3 with Gal-3C in 
the treatment of acute MI in young and aged rats limited excessive fibrosis, 
leading to better post-MI LV contractility, less LV dilatation, and prevention 
of HFrEF, along with profound benefits in EF, ESV, EDV, haemodynamics, 
infarct size, and interstitial fibrosis; and was more effective than standard 
ARB and MRA therapies.

Mechanistically, Gal-3C limited M2 polarization of macrophages as evi
denced by reductions of arginase-1, IL-10, IL-6, and the ratio of infarct 
M2/M1 macrophages. Gal-3C impeded progressive fibrosis post-MI by 
averting a galectin-3-iNOS-mediated profibrotic pathway through IKKβ/ 
NF-κB, modulating the impact of endogenous arginase-1/iNOS on the pro
fibrotic signalling of diverse molecular mechanisms post-MI.

Galectin-3 is a key link between macrophages, fibroblasts, and the profi
brotic phenotype in organ fibrosis.5,6,8,9 The up-regulation of galectin-3 
was correlated with increased levels of ECM proteins.6,24 Exogenous 
galectin-3 stimulated cultured primary rat fibroblasts to proliferate and 
to produce collagen in vitro, and galectin-3 administration to healthy rats 
induced cardiac fibrosis and LV dysfunction.6 Consistent with these obser
vations, we and others have found that circulating levels of galectin-3 were 
increased post-MI in mice (see Supplementary material online, Figure S1A), 
rats,14 and humans.12 Overall, these findings indicate that galectin-3 induces 
collagen production, leads to fibrosis during cardiovascular disease pro
gression, and promotes HF in rodents and humans.

Inflammation is an immediate and complex response to an MI. 
Subsequently, the reparative arm of the wound-healing response invokes 
fibrosis. Galectin-3, secreted by M2 macrophages, affects myofibroblast ac
tivation and fibrosis through TGF-β-mediated pathways by inducing alter
native macrophage activation and the secretion of profibrotic cytokines 
that promote expansion of the fibroblast population in the injured heart.5,8

Macrophages are the main source of arginase.17 After injury, the arginase 
alternative pathway contributes to the shift of the macrophage population 
towards the M2 phenotype that releases arginase-1, thus playing an im
portant role in promoting cellular proliferation and tissue fibrosis.18,25,26

Our in vitro data indicated that Gal-3C inhibits M2 polarization of 
macrophage-like cells and reduces their profibrotic M2-phenotypic ex
pression of arginase-1 and IL-10, which could be due to the inhibition of 
the positive feedback loop whereby galectin-3 induces its own secretion 
by M2 macrophages.5

Notably, the reduction of M2 polarization was evident physiologically 
in vivo by Gal-3C treatment. Early treatment reduced plasma levels of 
arginase-1 and IL-6, indicating the reduction of M2 polarization since IL-6 
enhances M2 polarization resulting in increased arginase-1;27 whereas de
layed treatment reduced M2 polarization of infarct macrophages and ex
pression of myocardial arginase-1, impeding M2-macrophage-arginase-1 
alternative pathway that promotes pathological fibrosis post-MI.

When macrophages adapt or change their function during injury, they 
simultaneously co-express functional arginase-1 and iNOS depending on 
the state of activation/polarization, influencing signalling, proliferation, 
and fibrosis in different ways.17 Accordingly, upsetting a delicate balance 
between arginase-1 and iNOS after an injury could functionally shift their 
roles. Leucocyte iNOS is vital for chronic inflammation and remodelling in 
MI/HF, imparting deleterious effects that accelerate HF progression 
post-MI.19 Likewise, monocytes in patients with HF exhibit robust iNOS 
expression.28 Moreover, IKKβ/NF-κB activation is a crucial signalling cas
cade for inflammatory response in inflammatory cells and in the develop
ment of HF.29 Our results indicated that Gal-3C therapy limited post-MI 
fibrosis through negative regulation of the IKKβ/NF-κB/iNOS signalling 

cascade, implicating iNOS as a main driver of fibrosis. One mechanistic ex
planation for down-regulated iNOS by Gal-3C is that Gal-3C inhibits a 
galectin-3-M2-macrophage positive feedback loop, accordingly reducing 
the ongoing inflammatory reparative response that enhances inflammatory 
cell iNOS (Figure 7A). Taken together, our findings support an underlying 
molecular mechanism by which Gal-3C combats pathological cardiac fibro
sis post-MI by inhibiting a distinct galectin-3/IKKβ/NF-κB/iNOS-driven 

Figure 7 Illustrations of multiple roles of galectin-3 in inflammation and 
fibrosis and self-association and binding of galectin-3 and Gal-3C to carbo
hydrate ligands. (A) Galectin-3-associated profibrotic pathways in the in
farcted myocardium. Inflammation triggered by myocyte death leads to 
robust infiltration into the heart of inflammatory leucocytes that release 
galectin-3. Increased galectin-3 contributes to myofibroblast activation 
through a canonical TGF-β pathway for fibrosis. Likewise, galectin-3 can 
affect profibrotic signalling by alternatively activating macrophages with 
persistent M2 phenotype involving the arginase alternative pathway, 
thus activating a galectin-3 positive feedback loop. Additionally, cardiac fi
brosis and remodelling requires up-regulation of iNOS by galectin-3 
through signalling of IKKβ/NF-κB. Notably, the inhibition of galectin-3 
by Gal-3C regulates these post-MI inflammatory profibrotic signalling cas
cades. (B) The CRDs are shown with a notch for the carbohydrate- 
binding site. The binding of galectin-3 (top right) through its CRD to 
the N-glycans of glycoproteins can result in the formation of oligomers 
through non-CRD self-association of galectin-3 that causes glycoprotein 
clustering. Non-activating CRD self-association of galectin-3 (top left) 
competes with its glycoprotein binding. The binding of Gal-3C to 
N-glycans of glycoproteins (bottom right) does not result in the formation 
of oligomers that cause glycoprotein clustering because Gal-3C lacks the 
non-CRD domain present in galectin-3. CRD-mediated self-association 
(bottom left) occurs with Gal-3C, and occurs between Gal-3C and 
galectin-3. Thus, Gal-3C inhibits glycoprotein clustering induced by 
galectin-3 by binding to the carbohydrate ligands of galectin-3, and by 
binding to the CRD of galectin-3.
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profibrotic pathway in conjugation with alternative arginase pathway 
(Figure 7A).

Our results indicate that Gal-3C therapy averted an augmentation of the 
fibrotic process post-MI, supporting the potential for galectin-3 inhibition 
as a therapeutic strategy for preventing excessive periinfarct fibrosis that 
progressively worsens post-MI contractile performance, leading to 
HFrEF. Other galectin-3 inhibitors have been investigated for therapeutic 
activity and produced beneficial effects in animal studies related to organ 
fibrosis, including carbohydrates such as N-acetyllactosamine,24 multivalent 
polysaccharide inhibitors from plants such as modified citrus pectin 
(MCP)30 and galactoarabino-rhamnogalaturonan,31 and synthetic small 
molecules.9 Some galectin-3 inhibitors have reached clinical trials for con
ditions including kidney, liver, and idiopathic pulmonary fibrosis. However, 
large molecules that present extracellular multivalent ligands for binding 
galectin-3 could lack efficacy. For example, administration of MCP to 
mice (200 mg/kg/day for 2 months followed by 500 mg/kg/day for 2 
months) did not produce beneficial effects in a transgenic model of dilated 
cardiomyopathy/HF.32 Furthermore, the human galectin-3 binding protein, 
a large circulating glycoprotein with multiple galectin-3 binding sites 
(Figure 7B), is a negative prognostic indicator for cancer and organ fibrosis.

Gal-3C offers potential advantages for clinical use. Consisting of the 
carboxy-terminal residues of human galectin-3 containing the CRD, 
Gal-3C binds to the galectin-3 CRD, participating in the type-C self- 
association of galectin-3 (Figure 7B), which is non-activating.33,34 Gal-3C 
also binds to carbohydrates that are ligands for galectin-3.35 Thus, 
Gal-3C uniquely acts by two distinct mechanisms to inhibit galectin-3. 
Gal-3C at the highest concentration (1500 µg/day) was less effective 
than the 600 µg/day dose, which could be due to increased Gal-3C binding 
to itself that would reduce its binding to galectin-3 or to the carbohydrate 
ligands of galectin-3.36 Similarities in carbohydrate-binding mediated biodis
tribution and subcellular localization of Gal-3C and galectin-3 could be 
beneficial therapeutically. Radionuclide imaging of rat myocardium 4 h after 
injection of 123I-labelled galectin-3 revealed its higher uptake into infarct 
compared with control hearts at 2 weeks post-injury.37

Galectin-3 is localized and bioactive within the cytoplasm and nucleus of 
cells, is secreted by non-classical mechanisms, and can be taken up by 
carbohydrate-dependent and independent manners.38 Exogenous 
Gal-3C can also be taken up by cells in a lactose-inhibitable manner and lo
calized in the cytoplasm and nucleus of cells.39 Therefore, Gal-3C treat
ment post-MI could be beneficial by inhibiting galectin-3 both intra- and 
extracellularly. For clinical use, Gal-3C could be administered via intraven
ous infusion or subcutaneous injection.

Whereas some of the initial wound-healing fibrotic response to MI could 
be necessary to stabilize the infarct scar and prevent cardiac rupture, limit
ing fibrosis to prevent excess scar formation and infarct expansion and sub
sequent HFrEF is expected to improve clinical outcomes and reduce 
mortality secondary to HF. Infarct macrophages play important roles in 
the activation of inflammatory cascades and wound-healing.40 The proin
flammatory cytokine IL-6 is up-regulated early post-MI and promotes nec
rotic tissue resorption and wound-healing.1,41,42 Interfering with this initial 
wound-healing response could be detrimental by increasing the risk of car
diac rupture. Accordingly, we measured plasma levels of IL-6 post-MI and 
found that unlike delayed-window treatment with Gal-3C, early-window 
treatment lowered circulating IL-6, indicating that treatment too soon after 
MI could have differential effects with some potentially detrimental. 
Notably, cardiac function was significantly and progressively improved by 
delayed treatment with Gal-3C, suggesting that improvements in chronic 
cardiac dysfunction were secondary to the attenuation of fibrotic re
sponses. This is the first study to demonstrate that Gal-3C’s antifibrotic ef
fects are more beneficial than treatment with current cardiovascular drugs 
(losartan and spironolactone) in rodent models of MI. This study provides 
evidence of distinct regulatory mechanisms by which Gal-3C limits multiple 
fibrogenic signals, specifically iNOS and arginase-1, by targeting galectin-3. 
Our study included an arm in which greater efficacy was observed in treat
ing MI in 1.5-year-old rats, equivalent to middle-aged humans. This implies a 
likely clinical utility of Gal-3C for elderly people with MI, which is important 
because MIs typically do not occur in the young, but in aged individuals. 

Age-related cardiac fibrosis has a major impact on the development of 
HF in humans.43 Senescent hearts are prone to adverse dilative remodelling 
that could lead to the defects in healing and worsening HF following MI due 
to an impaired reparative response.16,43 Thus, the ability to limit cardiac fi
brosis and prevent adverse dilative remodelling and HF after MI in aged in
dividuals is especially salient. Importantly, we showed that in healthy 
1.5-year-old Fischer rats, comparable to middle-aged humans, Gal-3C 
was very effective at preserving post-MI cardiac function. Surprisingly, 
treatment with Gal-3C brought LVEF back to pre-MI levels in the aged 
Fischer rats, in contrast to the young Sprague–Dawley rats, in which treat
ment only partially brought LVEF back to its higher pre-MI levels. A limita
tion of this experiment was that, for reasons of availability, the aged rats 
were of the Fischer strain, whereas the young rats were of the Sprague– 
Dawley strain, so direct comparisons of the extent of therapeutic effect 
are confounded by these strain differences. Nevertheless, the fact that 
the antifibrotic therapy was remarkably effective in the older animals is not
able and bodes well for the ultimate clinical applicability of Gal-3C.

Interstitial fibrosis eventually occurs in both HFrEF and HFpEF pheno
types, characterized by excessive ECM deposition surrounding cardiomyo
cytes, reducing ventricular compliance associated with progressive HF.1

Increased galectin-3 is greatly associated with both HF phenotypes.10

We have demonstrated that Gal-3C therapy, in both young and aged 
rats with MI, limited excessive interstitial fibrosis through regulating the in
flammatory profibrotic cascades of galectin-3/IKKβ/NF-κB/iNOS that are 
linked to molecular regulatory mechanisms of HF phenotypes. This pre
vented subsequent LV enlargement and HFrEF following MI, indicating 
that therapeutic interventions using Gal-3C may provide similar beneficial 
effects in patients.

4.1 Limitations
This preclinical research reveals that 7-day treatment with Gal-3C provides 
powerful functional improvements post-MI, impeding galectin-3-mediated 
profibrotic progression. Particularly, Gal-3C treatment alters the pheno
typic properties of infarct macrophages that play key roles in inflammation 
and in the remodelling and activation of other immune cells through the 
secretion of cytokines and chemokines.1 Since infarct macrophages could 
interact with cardiomyocytes, fibroblasts, and endothelial cells, a limitation 
of our study is that the causal-effective relationships between Gal-3C and 
other cellular targets remain ambiguous. However, profibrotic signalling 
mediators and drivers that are active in inflammatory cells are active also 
in inflammatory fibroblasts and myofibroblasts during infarct healing. 
Thus, the mediator galectin-3 and drivers iNOS/arginase-1 could co- 
localize with associated cells, such as leucocytes/macrophages, fibroblasts, 
cardiomyocytes, and endothelial cells amid the infarcted myocardium, lead
ing to a profibrotic milieu after MI. Overall, Gal-3C treatment reveals a dis
tinct link between galectin-3 and iNOS/arginase-1, contributing to post-MI 
fibrotic progression and the development of HF.

5. Conclusions
Short-term treatment of young and aged rats with Gal-3C beginning on 
Day 5 post-MI remarkably improved LV pump function with attenuated 
dilation, and limited adverse dilative remodelling by reducing interstitial fi
brosis, thereby preventing progressive HF. Our results demonstrate that 
Gal-3C has promising clinical potential as an emerging therapeutic agent 
for treatment of patients post-MI or with progressive HF.
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Translational perspective
Targeting galectin-3 by Gal-3C to limit fibrosis-mediated heart failure (HF) is a promising therapy for myocardial infarction (MI). Seven-day Gal-3C 
therapy post-MI in young and aged rats averted HF and was more effective than two current drugs. This study provides evidence of distinct regulatory 
mechanisms driving profibrotic progression mediated by the inhibitor of nuclear factor (NF)-κB kinase-β (IKK-β)/NF-κB/inducible nitric oxide synthase 
(iNOS), by which Gal-3C could regulate multiple fibrogenic signals including arginase-1 and, thereby, limit inflammatory fibrosis in the infarcted heart. 
Gal-3C treatment inhibits M2-macrophage-mediated fibrosis, potentially providing a therapeutic approach to reduce morbidity and mortality in pa
tients with MI/progressive HF.
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