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ABSTRACT

Galectin-3 is an important regulator of inflammation
and acts as a receptor for advanced-glycation (AGE) and li-
poxidation end-products (ALE). Evidence indicates a signifi-
cant upregulation in circulating levels and visceral adipose
tissue production of Galectin-3 in obesity and type 2 diabetes.
Recent studies demonstrate development of obesity and dys-
regulation of glucose metabolism in Galectin-3 “knockout”
(KO) mice, which also develop accelerated and more severe
pathology in models of atherosclerosis and metabolically-in-
duced kidney damage. Thus, evidence that Galectin-3 is an
important player in metabolic disease is accumulating. This
review discusses current evidence on the connection between
Galectin-3 and metabolic disease, focusing on mechanisms
by which this galectin modulates adiposity, glucose metabo-
lism and obesity-associated inflammatory responses.
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INTRODUCTION

Metabolism and immunity preserve internal homeosta-
sis in response to diverse environmental challenges such as
excess nutrients or microbial agents by employing a similar
hierarchy of processes thus exhibiting a close connection.
Immune-mediated metabolic control is exerted through a
complex network of immune cells located in metabolic tis-
sues, including adipose tissue and the liver, that maintain
homeostatic control under conditions of chronic overnu-
trition. Regulatory components that are shared between
metabolism and immunity are yet incompletely understood
(1). Galectins, evolutionarily conserved lectins that are
produced by various cell types including immune cells and
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SAZETAK

Galektin-3 ima vaznu ulogu u regulaciji inflamacije i
predstavija receptor za zavrsne produkte glikacije (AGE) (engl.
advanced-glycation end-products) i lipoksidacije (ALE) (engl.
advanced-lipoxidation end-products). Dosadasnja istrazivanja
ukazuju da su cirkulisuci nivoi i produkcija Galektina-3 u visce-
ralnom masnom tkivu poviseni u gojaznosti i tipu 2 dijabetesa.
Noviji eksperimentalni rezultati pokazuju ubrzan razvoj goja-
znosti i poremecen metabolizam glukoze u Galektin-3 deficijen-
tnih miseva, koji razvijaju teZe oblike ateroskleroze i ostecenja
bubrega u sklopu metabolickih poremecaja, Sto govori u prilog
znacajne uloge Galektina-3 u metabolickim bolestima. U ovom
revijskom radu Ce biti prikazana sadasnja znanja o povezanosti
Galektina-3 i metabolickih poremeclaja sa fokusom na meha-
nizme kojima ovaj galektin modulira visceralnu gojaznost, me-
tabolizam glukoze i inflamaciju povezanu sa gojaznoscu.

Kljucne reci: metabolizam glukoze, inflamacija, goja-
znost, dijabetes

adipocytes, participate in immunometabolism (Fig. 1). This
review addresses the role of Galectin-3 (Gal-3), a member
of the galectin family of $-galactoside-binding proteins, in
metabolic disease.

Galectin-3

A broad spectrum of roles has been attributed to galec-
tins, including regulation of embryogenesis, angiogenesis,
neurogenesis, and immunity. Their expression and secre-
tion is altered during tumorigenesis, neurodegeneration
and inflammation. The “galectin signalosome” has a role in
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Figure 1. Galectins

Panel A: Galectins are a family of glycan binding lectins which recognize carbohydrates by conserved carbohydrate-recognition domains (CRDs). The
15 galectins which have been identified in mammals are widely distributed and have multiple roles in innate and adaptive immune responses and have
been implicated in the pathogenesis of inflammatory, autoimmune and malignant disorders. Galectins are classified on the basis of their structure into
three groups: prototypical galectins that contain one CRD (Galectin-1, 2, 5, 7, 10, 11, 13, 14 and 15); Galectin-3, a chimeric galectin which consists
of one CRD covalently linked to tandem repeats of proline- and glycine-rich short domains; and tandem repeat galectins that contain two covalently

o=— galactose - containing oligosaccharides

AL  Tandem -repeat

linked CRDs connected by a small peptide domain of up to 70 aa (Galectin-4, 6, 8, 9 and 12).

Panel B: Prototypical galectins exist as dimers. Galectin-3 can both dimerize and oligomerize when it binds to multivalent carbohydrate chains, while
tandem repeat galectins have two carbohydrate-binding sites. Galectins interact with transmembrane glycoconjugates and trigger intracellular signal-

Signal transduction

ing events; they can also bridge two cells or cells to extracellular matrix proteins and can be secreted in the extracellular space.
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Table 1. Response of Gal-3 KO mice in models of metabolic disease

Outcome of Gal-3 KO mice

Model Strains and treatments . Reference
compared to WT mice
Obfemty and insulin WT and Gal-3 KO mice on chow or HED Increased adlpos'lty and inflammation, impaired (38,39]
resistance glucose metabolism
WT and Gal-3 KO mice on atherogenic diet Increased severity [20]
Atherosclerosis Apo-E I Apo-E/Gal-3 I h
Po KO and p.o /Gal-3 KO on chow or Decreased severity [19,56]
high cholesterol diet
\X/T.an(.i Gal-3 KO mice with a.ge- , chemical- Increased severity [13-15,17]
or diet-induced glomerular lesions
Renal disease
WT and Gal-3 KO mice with ischemia-reper- .
. L Decreased severity [57]
fusion renal injury
WT and Gal-3 KO mice with age- or diet- .
related NAFLD/NASH Increased severity [21,22,58]
Liver disease
WT and Gal-3 KO mice with age-related .
NAFLD/NASH Decreased severity [18]

many physiological and pathological conditions and better
understanding of its functions could lead to development
of novel therapeutic approaches that will enable control of
systemic and tissue specific expression of galectins.

Galectin-3 has a unique structure in the galectin fam-
ily, having both lectin-like and carbohydrate-recognition
domains (CRD) (Fig. 1). Gal-3 can be present on the cell
surface and intracellularly, both in the cytoplasm and the
nucleus, and can also be secreted in extracellular spaces,
including the systemic circulation. Gal-3 recognizes en-
dogenous lectins, specifically cell surface p-galactosides
and N-acetyllactosamine (LacNAc), and modulates intra-
cellular signaling pathways upon cell activation, prolifera-
tion and apoptosis. In addition, Gal-3 exerts important
cell-cell and cell-extracellular matrix pro-adhesive roles,
while also acting as a scavenger molecule for glucose and
lipid adducts and binding microbial products, including
endotoxin (2).

Production of Gal-3 is altered in a variety of patho-
physiological conditions in humans, including cancer, au-
toimmunity, endurance exercise and others (3,4). Impor-
tantly, Gal-3 is considered an excellent prognostic marker
in patients with heart failure (5). Here we will focus on the
regulation and role of Gal-3 in obesity and Type 2 diabetes
(T2D).

Galectin-3 and inflammation

Production of Gal-3 is highly increased during inflam-
mation in both humans and experimental animals, but the
role of this galectin in modulating inflammation depends
on the cell type, localization and pathophysiological con-
dition. Thus, Gal-3 exerts pro-inflammatory effects in a
variety of in vivo experimental models, including autoim-
mune disorders, acute liver injury, bacterial infections and
malignancies, as demonstrated by reduced disease sever-
ity in Gal-3 KO mice (4,6-10). This evidence has led to
the suggestion that Gal-3 may function as an alarmin, a

family of endogenous immunomodulatory molecules that
belong to the larger family of danger-associated molecular
patterns (DAMPs) (11). However, evidence that Gal-3 KO
mice have exacerbated sensitivity to endotoxin (12) and
heightened inflammation in response to some metabolic
stimuli questions this classification (Table 1). In fact, Gal-
3 KO mice develop accelerated glomerular injury induced
by diabetes (13,14), advanced glycation end-products
(AGE) (15,16) or ageing (17). However, in the context of
atherosclerosis and hepatic steatosis, both reduced (18,19)
and more pronounced (20-22) disease has been reported
in Gal-3 KO mice. In situations where increased pathol-
ogy is observed in Gal-3 KO mice this has been attributed
to elevated oxidative stress and inflammatory responses
as a result of decreased scavenging of AGE and lipoxida-
tion end-products (ALE), increased expression of recep-
tor for AGE (RAGE) and the consequent RAGE-depen-
dent inflammation. Other potential protective effects
of Gal-3 include its ability to enhance production of the
anti-inflammatory cytokine IL-10 while suppressing the
pro-inflammatory IL-17 pathway in response to microbial
stimulation (23-25). Since Gal-3 directly interacts with the
microflora and a variety of pathogenic bacteria (26,27), the
contradictory results obtained when examining the role of
Gal-3 in inflammation using Gal-3 KO mice may at least
in part be the consequence of different microbial popula-
tions in colonies reared apart and/or the involvement of
specific commensals in the disease pathogenesis under
different experimental conditions. Given the important
involvement of the microflora in a variety of pathologies,
including those of metabolic origin, a better understanding
of the cross-talk between Gal-3 and commensal bacteria is
necessary to clarify these issues.

Galectin-3 and obesity

White adipose tissue is the main site for energy stor-
age, where insulin controls uptake and storage of glucose
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Figure 2. Involvement of Galectin-3 in obesity and type 2 diabetes

Galectin-3 deficient mice develop accelerated obesity and increased adipose mass, dysregulated glucose metabolism and enhanced inflammation in
adipose tissue and pancreatic islets when placed on high-fat diet. Galectin-3 acts as a scavenger molecule for advanced glycation end-products (AGE)
and binds lipopolysaccharide (LPS). In the absence of Gal-3, AGE bind to receptor for advanced glycation end-products (RAGE) and gut microbiota
derived LPS binds to TLR4 to promote activation of the NFkB pathway in macrophages, leading to secretion of proinflammatory cytokines. LPS also
upregulates the NLRP3 inflammasome which, when activated by exogenous danger signals such as saturated fatty acids (palmitate) from a high-fat
diet, triggers release of IL-1p, that in turn deregulates insulin signaling and potentially leads to insulin resistance. Enhanced expression of the NLRP3
inflammasome in adipose-tissue macrophages during an obese state in Gal-3 KO mice is associated with activation of T and NKT cells, including
production of IFN-y in adipose tissue which promotes further macrophage activation and systemic inflammation. Obese adipose tissue in Gal-3 KO
mice is characterized by decreased expression of adipose tissue triglyceride lipase (ATGL) and adiponectin. Pancreatic islets of obese Gal-3 KO mice
are infiltrated with macrophages that express active IL-1f and exhibit increased deposition of AGE and upregulated RAGE. The increase of systemic
IL-1p levels and a decrease of anti-inflammatory IL-10 and IL-13 levels contribute to metaflammation in obese Gal-3 KO mice, pointing to Gal-3 as an

important regulator of diet-induced obesity and type 2 diabetes.

and fatty acids and inhibits lipolysis (28). Through se-
cretion of adipokines, cytokines and hormones, mature
adipocytes contribute to maintaining overall energy bal-
ance. During obesity adipocytes become dysfunctional
and adipose tissue is infiltrated by pro-inflammatory
CD11c* macrophages and other leukocytes that produce
pro-inflammatory cytokines which, among other things,
interfere with insulin signaling, while expression of the
protective adipokine adiponectin is reduced (29). En-
hanced release of fatty acids and inflammatory cytokines
leads to development of low-grade systemic inflamma-
tion, termed metaflammation, in overweight/obese sub-
jects (30,31).

Increased serum and monocyte-associated levels of
Gal-3 are present in obese and T2D subjects and experi-
mental animals (32-35). In obese subjects, circulating lev-
els of Gal-3 positively correlate with serum leptin, resistin,
IL-6, and age (35), while in the general population they
positively correlate with blood pressure, serum lipids, re-
nal function and age (32).

Both human and murine white adipose tissue express-
es Gal-3, with higher levels present in the stromovascular
fraction (SVF) compared to mature adipocytes (33,36).
Obesity leads to progressive increase of Gal-3 expression
particularly in visceral (VAT), but also in subcutaneous
(SAT), adipose tissue in mice (33,36). Higher expression
of Gal-3 in VAT compared to SAT is also observed in hu-
mans (35), although how adipose tissue levels of Gal-3 are
regulated during obesity in humans remains to be eluci-
dated. Regulation of Gal-3 during obesity in mice is leptin-
independent, with proinflammatory CD11c* macrophages
being the main producers of this galectin (33). The anti-
diabetic, PPARYy activators thiazolidinediones (TZD) stim-
ulate adipocyte differentiation, induce adiponectin, de-
crease adipocyte size and increase insulin sensitivity (37).
Administration of the TZD rosiglitazone decreases Gal-3
expression in VAT of HFD-fed mice, with no change in
circulating levels, thus pointing to differential regulation
and/or release of Gal3 by different tissues and cell types
(33). The inhibiting effect of TZD on adipose Gal-3 ex-
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pression are likely secondary to their adiponectin-inducing
properties (37), since adiponectin directly suppresses Gal-
3 expression in monocytes and adipocytes (34,35).

Gal-3 KO mice develop accelerated obesity and signifi-
cantly increased adipose mass, with higher leptin levels,
when placed on high-fat diet (HFD) (38,39). The increase
in adiposity is not related to increased food intake and the
difference in body weight between the two genotypes is
already observed after three weeks of HED. Despite mark-
edly increased adiposity, Gal-3 KO mice have only a non-
significant trend towards larger adipocytes, possibly due to
reduced factors involved in adipogenesis, such as PPARy
(38). Incubation of preadipocytes with recombinant Gal-3
stimulates proliferation of preadipocytes in vitro through
the CRD (36). However, whether Gal-3 directly affects
adipogenesis in vivo remains to be addressed. Reduced li-
polysis may also contribute to development of obesity in
Gal-3 KO mice, as significantly reduced expression of adi-
pose tissue triglyceride lipase, the rate-limiting enzyme in
lipolytic pathways, is present in Gal-3 KO mice compared
with diet-matched groups (38). A possible direct role for
Gal-3 in modulating adipocyte lipolysis has not yet been
elucidated.

A two-way cross-talk likely exists between Gal-3 and
adiponectin (Fig. 2). In fact, as mentioned above, adipo-
nectin suppresses Gal-3 production (34,35), while both
lean and obese Gal-3 KO mice have significantly reduced
mRNA expression of adiponectin in VAT, and their adi-
pose tissue cultures ex vivo produce lower amounts of
adiponectin (38). Although neither circulating nor mono-
cyte-derived Gal-3 correlates with circulating levels of
adiponectin in humans (34,35), whether Gal-3 and adipo-
nectin reciprocally regulate each other in adipose tissue
remains to be investigated.

In summary, Gal-3 KO mice fed HFD develop accel-
erated obesity associated with changes of biomarkers of
adipose tissue metabolism, pointing to a role of Gal-3 in
adipose tissue remodeling and metabolism during obesity.

Galectin-3 regulates inflammatory responses
in adipose tissue

Under healthy nutrient intake, the immune microenvi-
ronment in adipose tissue adopts a regulatory phenotype
that actively maintains high adipocyte insulin sensitivity.
This is characterized by the presence of adipose tissue-
associated T regulatory cells (Tregs), Type 2 T helper (Th)
cells, alternatively activated macrophages and high levels
of the anti-inflammatory cytokine IL-10 (40). However,
chronic overnutrition results in persistent cellular stress
that leads to an increase in the number of proinflammatory
adipose tissue leukocytes that establish inflammation and
contribute to development of insulin resistance (41,42).

Adipose tissue in obese Gal-3 KO mice has increased
percentages of T lymphocytes and NKT cells expressing
interferon (IFN) y, with significantly reduced adipose tis-
sue and splenic Tregs compared to WT mice (39). Feed-

ing a HFD also significantly increases CD4*PD1* cells
in VAT and spleen of Gal-3 KO mice, suggesting that
activation of T cells is increased in the absence of Gal-
3, possibly due to enhanced TCR-mediated signal-
ing (43). This is accompanied by the increase of adi-
pose tissue F4/80*CD11c*CD206" macrophages and
F4/80*CD11b*CD11c* bone marrow-derived cells and
markedly reduced alternatively activated M2 macro-
phages in obese Gal-3 KO mice (39), in agreement with
previous studies demonstrating that Gal-3 is an impor-
tant factor in modulation of M1/M2 polarization (44).

The NLRP3 inflammasome, a multimolecular complex
that catalytically activates caspase-1 causing the release of
IL-1B, IL-18 and, through a distinct mechanism, IL-1q, par-
ticipates in sensing metabolic danger molecules (45). Viscer-
al adipose tissue of obese Gal-3 KO mice has increased per-
centages of macrophages expressing NLRP3 inflammasome
and IL-1P (39). Increased protein expression of NLRP3 in-
flammasome and active caspase-1, together with increased
NF-kB activation, are observed in VAT from obese Gal-3
KO mice (39) (Fig. 2). Moreover, Gal-3-deficient peritoneal
macrophages exhibit higher caspase-1 activity and secrete
higher amounts of caspase-1-dependent IL-1f in response
to stimulation with endotoxin and/or saturated fatty acids
compared with cells obtained from WT mice. Silencing
the NLRP3 inflammasome attenuates IL-1p production
by Gal-3 KO macrophages, suggesting that Gal-3-deficient
cells have enhanced NLRP3 inflammasome activation (39).
Galectin-3-deficient peritoneal macrophages also produce
increased amounts of IL-1p and IL-6 upon stimulation with
endotoxin in vitro, possibly as a result of the inhibitory ef-
fect of Gal-3 when it binds to endotoxin (12). Furthermore,
expression of IL-6 and TNFa in VAT of lean and obese
Gal-3 KO mice is significantly increased than in respective
WT controls (38). Gal-3 KO mice also develop age-related
systemic inflammation, irrespective of diet, evidenced by a
significant elevation in circulating levels and hepatic nRNA
expression of acute-phase proteins, elevation of serum IL-
1B and IL-6, with significantly reduced IL-10 and IL-13, as
well as hematological alterations, compared to diet-matched
WT controls (38,39). Thus, Gal-3 contributes to control ex-
cessive activation of NF«B, the NLRP3 inflammasome and
downstream inflammation by endotoxin and free fatty ac-
ids, most likely through the TLR4 signaling pathway that has
been linked to development of insulin resistance and regu-
lation of NLRP3 inflammasome expression (46-48). Collec-
tively, the amplified obesity-induced inflammation of Gal-3
KO mice suggests a regulatory and protective role for Gal-3
in the development of metaflammation.

Galectin-3 and glucose metabolism

Subjects with T2D have elevated circulating levels
of Gal-3 (35,49). However, whereas a negative correla-
tion between Gal-3 and glycated hemoglobin (HbAlc) is
observed in overweight/obese Caucasian diabetics (35),
a positive correlation between Gal-3, HbAlc and vascu-

277

Unauthentifiziert | Heruntergeladen 09.03.20 09:38 UTC



278

4 L
CHS

lar complications is observed in a population of normal-
weight Asian T2D subjects (49). Therefore, whether obe-
sity and/or ethnicity modulate production of Gal3 in T2D
remains to be clarified. Monocyte-associated Gal-3 levels
are also elevated in overweight/obese subjects with T2D,
with a blunted effect of AMPK-activating compounds on
Gal-3 production (34).

Gal-3 deficiency in mice leads to dysregulated glucose
metabolism, as reflected by the presence of hyperglyce-
mia and impaired glucose tolerance, already noticeable in
young Gal-3 KO mice on chow diet and more pronounced
with older mice on HFD developing metaflammation (38).
The chronic elevation of glucose levels is confirmed by
increased levels of HbAlc, hyperinsulinemia and insulin
resistance (39). However, expression of gluconeogenic en-
zymes in the liver and of Glutl in VAT are not altered in
Gal-3 KO mice, suggesting the gluconeogenic response in
the liver is not enhanced and insulin-independent disposal
of glucose to adipose tissue is not affected in the absence
of Gal3 (38). Treatment with antibiotics leads to normal-
ization of hyperglycemia in Gal-3 KO mice, a result that
points to the potential role of the microbiota in modulat-
ing glucose metabolism, possibly through pattern recogni-
tion receptors (38).

Galectin-3 and the pancreas

Overnutrition-related metabolic triggers such as lipo-
toxicity and glucotoxicity, oxidative stress, endoplasmic
reticulum stress, and perturbed autophagy induce inflam-
matory responses in pancreatic islets, characterized by ac-
cumulation of macrophages, enhanced or reduced insulin
secretion and P cells apoptosis during T2D progression
(50,51).

Obese Gal-3 KO mice exhibit severe insulitis, also
present in a proportion of islets in lean Gal-3 KO mice,
compared to their respective WT controls (39). In WT
mice HFD upregulates Gal-3 protein within pancreatic
islets (39). Enhanced expression of Gal-3 protects rat
pancreatic p-cells from the cytotoxic effect of IL-1p (52),
and Gal-3 is highly expressed in islet endothelial cells in
obesity-induced diabetes in mice (53), but its exact role in
diabetes progression is poorly understood. Type 2 diabetes
may be classified as an autoinflammatory disease with a
central role for NLRP3-ASC inflammasome-mediated IL-
1B production (54). Increased expression of ASC, mature
caspase-1 and active NF«B in pancreatic tissue of obese
Gal-3 KO mice compared to WT controls suggests that
Gal-3 may be an important player in the pathogenesis of
T2D (39). Moreover, islets of obese Gal-3 KO mice have
elevated deposition of AGE and increased RAGE expres-
sion, which could be an additional mechanism for NFxB
activation and IL-1f secretion within islets. Under an in-
flammatory milieu, ablation or pharmacological inhibi-
tion of Gal-3 prevents apoptosis of f cells exposed to pro-
inflammatory cytokines (55), suggesting that endogenous
Gal-3 may act to protect {3 cells from inflammatory stimuli.

Concluding remarks and future perspectives

In conclusion, Gal-3 plays an important role in regu-
lation of adiposity and glucose metabolism in mice. Gal-
3 KO mice develop accelerated obesity, metaflammation
and systemic inflammation as animals age, which is more
pronounced in the presence of metabolic stress induced
by HFD.

Future studies will help to elucidate the role of Gal-3
in other metabolic tissues in the course of diet-induced
obesity or aging. In particular, clarifying the mechanisms
for the protective role of Gal-3 in pancreatic islets in the
course of obesity would be of great importance. Obesity,
diabetes, heart failure and other diseases associated with
inflammation in humans are associated with elevated lev-
els of Gal-3 and further studies are needed to better un-
derstand the role of Gal-3 in these conditions, especially
in the light of current development of pharmacological in-
hibitors of Gal-3 for treatment of cancer and fibrosis.
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