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he cells of the innate and adaptive

immune systems have been impli-
cated in the development of obesity-
induced metaflammation and metabolic
disorders including type 2 diabetes.
Galectin-3, a B-galactoside-binding lec-
tin, modulates immune/inflamma-
tory responses and specifically binds to
advanced glycation end products (AGE),
modified lipoproteins, and endotoxin. In
the recently published study we demon-
strate proinflammatory changes in the vis-
ceral adipose tissue and pancreatic islets
in galectin-3-deficient mice fed high-fat
diet which also exhibited excess adipos-
ity, hyperglycemia, insulin resistance and
systemic inflammation compared with
their diet matched wild-type controls.
This was associated with the increased
incidence of Type-1 T and NKT cells
and pro-inflammatory CD11c¢*CD11b*
macrophages in the visceral adipose
tissue. Severe insulitis, infiltration of
macrophages expressing NLRP3 inflam-
masome and IL-1B, and enhanced accu-
mulation of AGE were present within
the pancreatic islets in obese LGALS3~/-
mice. Moreover, increased caspase-1
dependent IL-1{ secretion with increased
expression of NLRP3 inflammasome
and phospho-NFkBp65 were observed
in LGALS3"- peritoneal macrophages
stimulated in vitro by lipopolysaccharide
and/or saturated fatty acid palmitate.
The amplified high-fat diet-induced obe-
sity and hyperglycemia and exacerbated
inflammation in adipose tissue and pan-
creatic islets in LGALS3~~ mice suggest
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an important role for galectin-3 in the
regulation of adiposity, metaflammation
and type 2 diabetes.

Obesity and its strong association with
insulin resistance and type 2 diabetes
have initiated the investigations of the
underlying mechanisms of these disor-
ders. Obesity itself leads to an inflamma-
tory response, termed metaflammation, in
metabolic tissues including adipose tissue,
pancreatic islets, liver, muscle, and brain.
Metaflammation is a low-grade, chronic
inflammatory response that is induced
by excess nutrients and often leads to the
development of insulin resistance and
metabolic disorders.! The pathophysiol-
ogy, inflammatory triggers, and molecular
pathways that associate metaflammation,
diet, and type 2 diabetes are incompletely
understood. It has been postulated that
the degree of adiposity, the nature of
immune/inflammatory response, and the
composition of gut microbiota are the
most important factors associated with the
obesity-related pathologies.

Obesity-Induced Inflammation
in Adipose Tissue

Obesity is associated with the increased
infiltration of immune cells into the adi-
pose tissue and enhanced tissue expres-
sion of pro-inflammatory cytokines.
Although the signals involved in the acti-
vation and attraction of immune cells into
metabolic tissues are not fully elucidated,
it is believed that adipocytes initiate
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inflammation in response to metabolic
triggers related to excess nutritients.’?
Obese adipose tissue infiltration with type
1 T helper lymphocytes and NKT cells,
and classically activated M1 macrophages
with decreased immunosuppressive regu-
latory T cells (Tregs) precedes metabolic
dysfunctions.“® In obesity, increased
expression of TNF-a, IL-18, and IL-6
in adipose tissue, but also liver, pancreas,
and brain mediate the development of
insulin resistance.” The protective roles on
the instigation of nutrient excess-induced
inflammation have been attributed to adi-
pose tissue-associated tolerogenic Tregs,
type 2 T helper cells, and alternatively

1011 and anti-

activated M2 macrophages
inflammatory IL-10."? Besides the roles for
Th1/Th2 cells in maintaining metabolic
homeostasis, the most recent data dem-
onstrate the direct role of IL-13/STAT3
pathway in glucose metabolism, which
might be the novel therapeutic approach
in the treatment of insulin resistance
and type 2 diabetes.” Toll-like recep-
tor (TLR) and Nod-like receptor (NLR)
family of pattern recognition receptors
(PRRs) sense obesity-related metabolic
“danger” molecules.*” Of these PRRs,
TLR4 receptor can be activated by high
glucose and free fatty acids (FFAs) to acti-
vate NFkB family of transcription factors
that upregulate the expression of pro-
inflammatory genes, which is the critical
molecular mechanism in the development
of insulin resistance.’*” In macrophages,
NLR activation by obesity-induced sig-
nals stimulates NLRP3 inflammasome
that consists of NLRP3 molecules, adap-
tor protein ASC and procaspase-1 that
catalytically activates caspase-1 causing
the release of IL-18 and IL-18. This pro-
inflammatory pathway has been recently
shown to have a crucial role in obesity-
induced inflammation and insulin resis-
tance. Important roles and increased
activation of the intracellular kinases
c-jun N-terminal kinase (JNK), inhibitor
of k kinase (IKK), and more recently pro-
tein kinase R (PKR) in the induction of
metaflammation have been demonstrated
in adipose tissue and liver in obese ani-
mals.””?* Taken together, multiple types
of immune cells and signaling pathways
may operate in diet-induced metaflamma-
tion in adipose tissue.
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Obesity-Induced Inflammation
in Pancreatic Islets

The pancreas has a central role in glucose
homeostasis by insulin and glucagon pro-
duction. Obesity-induced inflammation
in pancreatic islets in type 2 diabetes leads
to reduced insulin secretion and B cells
apoptosis during diabetes progression.?!
Insulin resistance often precedes the devel-
opment of type 2 diabetes where the islets
first enhance their insulin secretion and
the subsequent failure of B cells to com-
pensate impaired insulin sensitivity results
in insulin deficiency. High-fat diet induces
accumulation of macrophages in islets
which express IL-1B that could activate
NFkB pathway and promote apoptosis of
B cells. The factors that could instigate an
inflammatory response within pancreatic
islets in the context of obesity and overnu-
trition are cellular stress mechanisms such
as lipotoxicity and glucotoxicity, oxidative
stress, endoplasmic reticulum stress, amy-
loid deposition in the pancreas, and per-
turbed autophagy.?

Galectin-3

Galectins are a family of 15 animal lectins
that bind B-galactoside by conserved car-
bohydrate-recognition domains (CRD)
and also interact with other ligands.
Galectins are located intracellularly, on the
cell surface and in the extracellular spaces
and exert a variety of cellular functions
important in adipogenesis and atheroscle-
rosis including cell-extracellular matrix
interactions, cell activation and growth,
and apoptosis.”® While the majority of
galectins are anti-inflammatory, galec-
tin-3, appears to have both pro- and anti-
inflammatory roles depending on the cell
type, cellular localization and pathophysi-
ological condition. Galectin-3 deficiency
results in the suppressed inflammation
in models of peritonitis,* acetaminophen
induced hepatotoxicity associated with
increased activation of alternative mac-
rophages,”
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autoimmune/inflammatory
diseases, and malignancy® (Table 1).
On the other hand, LGALS3”~ mice
have exacerbated sensitivity to endo-
toxin.?® Moreover, Gal-3 ablation led
to accelerated diabetes-associated kid-
ney damage and enhanced diet-induced
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atherogenesis.®* These effects in Gal-3
deficiency may be attributed to the abil-
ity of Gal-3 to act as a scavenger molecule
for glucose adducts which are elevated in
animals on lipid-rich diet. Advanced gly-
cation end products (AGEs) and the recep-
tor for AGEs (RAGE) have been linked to
the pathogenesis of diabetic complications
and also in enhanced apoptosis and dys-
function of pancreatic B cells. Gal-3 pro-
tects B cells from the cytotoxic effect of
IL-1B in rats and its increased expression
in islet endothelial cells in obesity-induced
diabetes in mice was demonstrated.**** In
agreement, the elevated circulating levels
of Gal-3 in patients with type 2 diabetes
positively correlate with body mass index
and negatively with glycated hemoglobin
(HbAlc), suggesting a possible protective
role for Gal-3 in deregulated glycemia.
Gal-3 deficiency in models of hepatic ste-
atosis/inflammation are either protective
or increases disease severity.”?® Gal-3 is
expressed by both adipocytes and adipose
tissue macrophages and its serum levels are
elevated during obesity in both humans
and experimental animals. LGALS3~'-
mice have increased hepatic expression of
peroxisome proliferator-activated recep-
tor Y (PPARy), suggesting the participa-
tion of Gal-3 in the regulation of fatty
acid and glucose metabolism in the liver””

(Table 2).

The Role of Gal-3
in Obesity-Related
Metabolic Disorders

The role of Gal-3 in obesity-related meta-
bolic disorders has not been fully clarified.
We used LGALS3”~ mice to investigate
the role of this galectin in the model of
high fat diet (HFD)-induced obesity. Our
work identifies Gal-3 as an important
regulator of metaflammation.?® Namely,
LGALS3"~ mice had enhanced adipos-
ity, hyperglycemia, hyperinsulinemia,
and insulin resistance in comparison with
their dietmatched wild-type controls.
LGALS3** and LGALS3~~ mice exhibited
different growth curves when they were fed
a high-fat diet for up to 18 weeks, the body
weights and visceral fat weights were sig-
nificantly higher in Gal-3-deficient mice,
while the food intake was indistinguish-
able between the two genotypes. Visceral
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Table 1. Immunoregulatory role of galectin-3 in autoimmune, inflammatory, and malignant diseases

Models Strategies used Disease outcome Mechanisms References
EAE Gal-3-deficient mice Decreased severity ~ Reduced leukocyte infiltration and higher frequency of Foxp3* 26
immunization with myelin Tregs in the CNS
oligodendrocyte glycoprotein Decreased IFN-y and IL-17 production by LN cells
(MOG)35-55 peptide .
Higher serum levels of IL-10, IL-5, and IL-13
Type 1 Diabetes induction by Decreased severity Decreased mononuclear cell infiltration in pancreatic islets 27
diabetes multiple low doses of strepto- Absence of TNF-a and IL-17 in draining pancreatic LN
zotocin in Gal-3-deficient mice .
Decreased TNF-a and NO production by macrophages
Experimental Con A-induced hepatitis in Decreased severity Decreased influx of mononuclear cells and CD4* cells 28
hepatitis Gal-3-deficient mice expressing proinflammatory cytokines, while increased IL-10
expressing CD4* T cells and F4/80* macrophages in liver
Con A-induced hepatitis in Decreased severity Decreased influx of mononuclear cells and CD4* cell expressing
mice pre-treated with Gal-3 proinflammatory cytokines, while increased IL-10 expressing
inhibitor TD139 CD4* T cells and F4/80* macrophages in liver
Murine Intravenous inoculation of Resistance to lung Decreased adhesion of B16F1 cells to lung tissue 29
melanoma  B16F1 malignant melanoma in metastases Increased NK-cell cytotoxicity to B16F1 cells in vitro
Gal-3-deficient mice . . . . .
Higher percentage of effective cytotoxic CD27 highCD11b high,
and reduced NK cells expressing inhibitory KLRG1 receptor in
spleens
Table 2. Immunoregulatory effects of galectin-3 in lipid-rich diet-induced metabolic disorders
Models Strategies used Disease outcome Mechanisms References
Obesity Diet-induced obesity in ob/ob mice Increased expression of Gal-3  Age and diet modulation of galectins 37
in VAT and SAT expression
Type 2 diabetes High-fat diet-induced obesity in Gal-3- Accelerated obesity and type ~ Enhanced inflammation in adipose 38
deficient mice 2 diabetes tissue and pancreatic islets
High-fat diet-induced obesity in Gal-3- Increased adiposity, hypergly- Reduced adipose tissue expression of 44
deficient mice cemia, systemic inflammation  adiponectin, Gal-12, ATLG and PPRyy,
the role of gut microbiota
Diabetic Injection of CML-MSA in Gal-3-deficient Increased severity Higher circulating AGE, 31
glomerulopathy mice increased expression of AGE receptor
Non-alcoholic High-fat diet-induced NASH in Gal-3- Decreased severity Scavenging role of Gal-3 35
steatohepatitis deficient mice
Age-related NASH in Gal-3-deficient mice Increased severity Increased hepatic protein levels of 36
AGE, RAGE, PPARYy
Atherosclerosis  High-cholesterol diet-induced atheroscle- Increased severity Th1 cells, increased ox-LDL and 32
rosis in Gal-3-deficient mice upregulation of RAGE in atheroma
High-cholesterol diet-induced atheroscle- Decreased severity Reduced lipid core and collagen in 46

rosis in Gal-3-ApoE-deficient mice

adipose tissue of obese LGALS3”~ mice
was infilcrated with Type 1 CD3* T and
CD3*NKI1.1* NKT lymphocytes express-
ing IFN-vy, while Tregs were reduced.
The ongoing obesity-induced inflam-
mation was most likely due to facilitated
production of IFN-y following T-cell
receptor engagement in Gal-3-deficient
T/NKT cells.*” The greater presence of
proinflammatory F4/80*CD11c'CD206*
macrophages and F4/80*CD11b*CD11c*
bone-marrow-derived cells was found in

adipose tissue of obese LGALS3”~ mice,
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with marked reduction of the alternatively
activated M2 macrophages, the findings
that are consistent with the role of Gal-3
in promoting the M2 macrophages polar-
ization.” Inflammation in pancreatic islets
in obese LGALS3™~ mice was reflected by
the presence of severe insulitis, which was
also observed in lean LGALS3"~ mice, the
findings that suggest an important role for
Gal-3 in islets homeostasis during obesity.
Moreover, increased accumulation of mac-
rophages that expressed NLRP3 inflam-
masome and IL-1B in the visceral adipose
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atheroma, low iNOS

tissue and pancreas was found in obese
LGALS3"~ mice, with the similar trend in
islets in lean LGALS3~~ mice. LGALS3™-
islets in obese animals had increased depo-
sition of advanced glycation end products
(AGE) and receptor for AGE (RAGE)
expression. Type 2 diabetes is currently
considered as an auto-inflammatory dis-
ease with the central role for NLRP3-ASC
inflammasome-mediated IL-1B produc-
tion.! We demonstrate the trend toward
increased NLRP3 inflammasome and ASC

proteins in pancreatic and visceral adipose
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whole tissue lysates in obese LGALS3
mice and significantly increased mature
caspase-1 protein expression. LGALS3™~
peritoneal macrophages produced larger
amounts of caspase-1-dependent IL-1f3,
had increased NLRP3
expression and caspase-1
response to in vitro stimulation with lipo-
polysaccharide (LPS) and/or saturated
fatty acid palmitate compared with wild-
type cells. In addition, silencing of NLRP3
inflammasome by siRNA attenuated IL-13
production by LGALS3~~ macrophages,
the results that indicate the enhanced
NLRP3 inflammasome activation in Gal-
3-deficient cells. TLR4 agonists including
LPS mightincrease NLRP3 inflammasome
expression in murine macrophages in a
NFkB-dependent manner.” We show that
LGALS3”~ macrophages stimulated by
LPS in vitro produced increased amounts
of IL-1B and IL-6, due to the known abil-
ity of Gal-3 to bind LPS thus preventing its
activity’® and exhibited increased expres-
sion of phospho-NFkBp65. High-fat diet
strongly increases intestinal permeability

inflammasome
activity in

and endotoxemia.”’ Thus, elevated levels
of endotoxin and free fatty acids could
increase phospho-NFkBp65 and NLRP3
inflammasome expression in macrophages
in obese LGALS3”~ mice. Additionally,
AGE, through binding to RAGE could
activate NFkB signaling pathway and
increase IL-1 and TNF-a production.
We show increased pancreatic and visceral
adipose tissue phospho-NFkBp65 expres-
sion, which could be related to increased
accumulation of AGE and upregulated
RAGE in obese LGALS3”~ mice. These
findings indicate that NFkB-mediated
pro-inflammatory pathway operates in
enhanced metaflammation observed in
LGALS3~~ mice. Similar findings of Gal-3
as an important modulator of adiposity and
metaflammation are provided in the most
recent study by Pang et al.** This study
demonstrates the development of excess
adiposity and systemic inflammation in
Gal-3 deficiency that was associated with
impaired fasting glucose levels and reduced
adipose tissue expression of adiponectin,
Gal-12, ATGL, and PPARy. Also, the role
for the gut microflora in mediating the
fasting hyperglycemia in Gal-3-deficient
mice was revealed by the administration
of antibiotics in this study. In our study
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we show that obese LGALS3~~ mice had
increased systemic inflammation, having
elevated serum levels of IL-6 and IL-1B.
Low serum levels of IL-13 and IL-10 in
obese LGALS3~ mice might contribute to
amplified obesity-induced inflammation.
At the same time, LGALS3”- mice fed
low-fat diet for 18 weeks had significantly
increased serum levels of IL-1B, while
decreased IL-6 and IL-10, indicating the
important influence of Gal-3 deficiency
on systemic IL-1f levels. Collectively, the
amplified obesity-induced inflammation
in adipose tissue and pancreatic islets in
LGALS3~~ mice suggest a protective role
for Gal-3 in obesity and type 2 diabetes
which could be of therapeutic relevance

(Fig. 1).
Future Perspectives

We anticipate that this study will lead
to further investigation of the role of
galectin-3 in the regulation of intracel-
lular signaling that controls many impor-
tant cellular processes, including energy
metabolism. Future studies will help to
elucidate the role of galectin-3 in other
metabolic tissues in the course of diet-
induced obesity or aging. In particular,
elucidating the mechanisms of the pro-
tective role of galectin-3 in the pancre-
atic islets in the course of obesity would
be of great importance. Further stud-
ies would address the issues relevant for
glucose and lipid metabolism such as the
role of Gal-3 in the crosstalk between the
NLRP3 inflammasome and autophagy
that critically mediates cytoplasmic recep-
tor NLRP3-dependent activation of the
inflammasome by the saturated fatty acids
contained in a high-fat diet. Also, the role
of galectin-3 in functioning of brown adi-
pose tissue, most recently shown to have
beneficial effects in glucose metabolism
and obesity,® would be of importance.
Finally, the mechanisms underlying the
development of the innate lymphoid cells
(ILC) subsets and their in vivo functions
in Gal-3 deficiency would contribute to
further elucidation of the role of these cells
in obesity-related metabolic disorders.
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Figure 1. Gal-3 is an important regulator of adiposity, metaflammation, and type 2 diabetes. Fat-enriched diets increase plasma concentration of
endotoxin (metabolic endotoxemia) and saturated fatty acids such as palmitate, that stress macrophages in metabolic tissues including adipose tissue
and pancreatic islets leading to increased production of inflammatory cytokines IL-18, TNF-q, IL-6, and chemokines which further attract immune cells
into tissues and promote systemic inflammation. Gal-3 binds endotoxin and acts as a scavenger molecule for advanced glycation and lipoxidation end
products. TLR4, the receptor for lipopolysaccharide (LPS), mediates the innate immune response to bacterial pathogens, but also triggers inflamma-
tory processes upon exposure to certain dietary fats by activating NFkB pathway and NLRP3 inflammasome in macrophages leading to IL-13 secretion
that causes insulin resistance. Ablation of Gal-3 leads to accelerated obesity and systemic inflammation, enhanced inflammation in adipose tissue and
pancreatic islets, as indicated by increased type-1 T and NKT cells and pro-inflammatory macrophages in visceral adipose tissue and NLRP3 inflamma-
some and IL-1B expressing macrophages in islets in high-fat diet-fed mice. This is associated with the increased activation of NFkB signaling pathway
through binding of AGE to upregulated receptor for AGE (RAGE) and activation of NLRP3 inflammasome by LPS and/or palmitate resulting in increased
caspase-1-dependent IL-1B production and IL-6 by LGALS3~~ macrophages. The increase in circulating IL-18 and the decrease of anti-inflammatory
IL-10 and IL-13 contribute to the development of insulin resistance and type 2 diabetes in Gal-3-deficient mice.
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