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Abstract
Immune reactivity and chronic low-grade inflammation 
(metaflammation) play an important role in the patho
genesis of obesity-associated metabolic disorders, 
including type 2 diabetes and nonalcoholic fatty liver 
disease (NAFLD), a spectrum of diseases that include 
liver steatosis, nonalcoholic steatohepatitis (NASH), 
fibrosis, and cirrhosis. Increased adiposity and insulin 
resistance contribute to the progression from hepatic 
steatosis to NASH and fibrosis through the development 
of proinflammatory and profibrotic processes in the 
liver, including increased hepatic infiltration of innate 
and adaptive immune cells, altered balance of cytokines 
and chemokines, increased reactive oxygen species 
generation and hepatocellular death. Experimental 
models of dietary-induced NAFLD/NASH in mice on 
different genetic backgrounds or knockout mice with 
different immune reactivity are used for elucidating 
the pathogenesis of NASH and liver fibrosis. Galectin-3 
(Gal-3), a unique chimera-type β-galactoside-binding 
protein of the galectin family has a regulatory role in 
immunometabolism and fibrogenesis. Mice deficient 
in Gal-3 develop pronounced adiposity, hyperglycemia 
and hepatic steatosis, as well as attenuated liver 
inflammation and fibrosis when fed an obesogenic 
high-fat diet. Interleukin (IL)-33, a member of the 
IL-1 cytokine family, mediates its effects through 
the ST receptor, which is present on immune and no
nimmune cells and participates in immunometabolic 
and fibrotic disorders. Recent evidence, including our 
own data, suggests a protective role for the IL-33/IL-
33R (ST2) signaling pathway in obesity, adipose tissue 
inflammation and atherosclerosis, but a profibrotic role 
in NASH development. The link between Gal-3 and 
soluble ST2 in myocardial fibrosis and heart failure 
progression has been demonstrated and we have 
recently shown that Gal-3 and the IL-33/ST2 pathway 
interact and both have a profibrotic role in diet-induced 
NASH. This review discusses the current evidence on 
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the roles of Gal-3 and the IL-33/ST2 pathway and their 
interplay in obesity-associated hepatic inflammation and 
fibrogenesis that may be of interest in the development 
of therapeutic interventions to prevent and/or reverse 
obesity-associated hepatic inflammation and fibrosis.
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ST2; Nonalcoholic steatohepatitis
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Core tip: Obesity-associated chronic low-grade infla
mmation (metaflammation) plays an important role 
in the pathogenesis of nonalcoholic steatohepatitis 
(NASH). Galectin-3 (Gal-3), a β-galactoside-binding 
protein, plays a regulatory role in metaflammation and 
tissue fibrosis. The Interleukin (IL)-33/ST2 pathway has 
a protective role in obesity and adipose tissue inflamma
tion and promotes liver fibrosis. The characteristics of 
dietary-induced NASH differ in mice on different genetic 
backgrounds and Gal-3 and ST2 (IL-33R) knockout 
mice. In this report, we review current evidence on the 
roles of Gal-3 and the IL-33/ST2 pathway and their 
interplay in obesity-associated hepatic inflammation and 
fibrogenesis that may be of interest in the development 
of therapeutic interventions. 
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INTRODUCTION
Metabolism and immunity are closely connected and in 
the conditions of chronic overnutrition and low energy 
expenditure during obesity immune-mediated metabolic 
control are exerted in metabolic tissues, including 
adipose tissue and the liver. Metabolism and immunity 
share regulatory components that are yet incompletely 
understood[1]. Nonalcoholic fatty liver disease (NAFLD) 
and nonalcoholic steatohepatitis (NASH), a severe 
form of NAFLD that can progress to liver fibrosis and 
cirrhosis, are regarded as a hepatic manifestation of 
metabolic syndrome[2]. The etiopathogenesis of NASH 
remains poorly understood, but existing data indicate 
that it is far more prevalent in obese individuals[3]. 
Obesity is characterized by increased adipose tissue 
mass, but also ectopic lipid accumulation and chronic 
low-grade inflammation in metabolic tissues[4]. The 
adipose tissue of obese individuals contains infiltra
ting immune cells and increased local generation of 
proinflammatory cytokines, as a result of the activation 
of stress kinases including c-Jun N-terminal protein 

kinases (JNK), IκB kinase (IKK) and protein kinase 
PKR, which in turn interferes with insulin signaling and 
triggers insulin resistance in adipose tissue, liver and 
skeletal muscle[5,6]. Therefore, obese individuals are at 
increased risk for developing both type 2 diabetes and 
liver diseases. 

The diverse immune cell populations in the liver 
together with the inflammatory potential of nonhe
matopoetic hepatic cells have a central role in obesity-
associated steatohepatitis and fibrosis[7]. Evidence 
suggests that cytokines are important mediators of 
diet-induced hepatic steatohepatitis, and the balance 
between proinflammatory Th1 and anti-inflammatory 
Th2 cytokines are changed[8]. Animal models of 
NAFLD/NASH are used for studies of pathogenesis of 
obesity-associated liver pathology including dietary 
models of experimental mice on various backgrounds 
with different susceptibility for the development of high-
fat diet (HFD)-induced obesity and related metabolic 
disorders. 

Galectin-3 (Gal-3), an evolutionarily conserved lectin 
that is produced by various cell types including immune 
cells and adipocytes, participates in immunometa
bolism[9-11]. Gal-3 has pro- and anti-inflammatory 
roles depending on the pathophysiological condition 
and tissue type. Gal-3 has the ability to bind to and 
dispose of advanced-glycation end-products and 
lipoxidation end-products[11,12]. Gal-3 is upregulated 
in adipose tissue in obesity and evidence including 
our own data demonstrates increased adiposity, 
hyperglycemia and enhanced inflammation in adipose 
tissues and pancreatic islets in Gal-3 knockout mice[13], 
which also develop accelerated and more severe 
pathology in experimental models of atherosclerosis 
and metabolically-induced kidney damage[14,15]. 
Interleukin (IL)-33, a member of the IL-1 superfamily 
of cytokines that is expressed by epithelial, endothelial 
and innate immune cells, functions as a traditional 
cytokine produced from living cells and as a nuclear 
factor regulating gene transcription. IL-33 can function 
as an “alarmin” - released following cell necrosis to 
alert the immune system to tissue damage or stress-
and exerts its biological effects through binding to 
the its receptor, ST2[16] that is present on immune 
and nonimmune cells[17]. The IL-33/ST2 pathway is 
involved in the regulation of inflammation and remode
ling during obesity and NASH[18]. Administered IL-33 
enhanced accumulation of Th2 cells and promoted 
polarization of M2 type macrophages in adipose 
tissue, and reduced adiposity and glucose levels in 
obese diabetic (ob/ob) mice[17]. Recent data give 
evidence that IL-33 promoted expansion of ST2+ T 
regulatory cells in adipose tissue during obesity and 
attenuated adipose tissue inflammation and insulin 
resistance[18]. IL-33 seems to have a hepatoprotective 
role in Concanavalin A-induced hepatitis and in ischemia-
reperfusion injury[19,20]. Thus, the evidence that IL-33/
ST2 signaling is an important regulatory pathway in 
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immunometabolic diseases are accumulating, but the 
role of this axis in obesity-associated liver pathology is 
scarce.

Gal-3 and IL-33 are two unrelated molecules, but 
recent studies point to the link between Gal-3 and 
soluble ST2 (sST2) in the pathophysiology of adverse 
myocardial remodeling and heart failure[21] and both 
molecules are regarded as prognostic markers in 
patients with acute myocardial infarction and acute or 
chronic heart failure[22,23]. Gal-3 promotes myocardial 
fibrosis, whereas myocardial fibrosis and hypertrophy 
are prevented through interaction between IL-33 and 
ST2[24]. The interaction between Gal-3 and the IL-33/
ST2 pathway in liver fibrosis has not been studied, 
and reported data indicate that both pathways have a 
profibrotic role in obesity-associated hepatic fibrosis. 
Thus, Gal-3 and the IL-33/ST2 pathway may be potential 
therapeutic targets for treating or preventing liver 
pathology associated with obesity.

Here, we review the roles of Gal-3 and the IL-33/
ST2 axis in the pathogenesis of liver metabolic disorders 
related to obesity and their interplay in diet-induced 
fibrotic NASH. These findings stem from our research 
of the effects of the genetic deletion of Gal-3 and ST2 in 
mice on relevant translational models of susceptibility to 
obesity-associated diseases.

PATHOGENESIS OF NASH
NAFLD is regarded as a hepatic manifestation of 
metabolic syndrome, and has increasing incidence 
worldwide that is in line with the increased prevalence 
of obesity and type 2 diabetes. NAFLD is a spectrum 
of liver diseases that encompasses simple steatosis, 
NASH and cirrhosis, and it is strongly associated with 
obesity and metabolic syndrome[25]. Visceral adipose 
tissue (VAT) from lean individuals and animals contain 
predominantly M2 type (alternatively activated) tissue 
resident macrophages that attenuate inflammation by 
secreting IL-10, whereas the VAT of obese individuals 
characterize the shift towards the M1 (classically 
activated) macrophages which secrete proinflamma
tory cytokines, such as TNF-α, that promote insulin 
resistance[26]. NASH and the consequential liver fibrosis 
represent major health problems without effective 
therapy[25,26].

Increased lipolysis in adipose tissue and increased 
plasma free fatty acids together with metaflammation 
are believed to promote lipid accumulation in hepa
tocytes leading to liver steatosis[27,28]. The pathogenesis 
of fibrotic NASH is described in a “two-hit hypothesis”, 
wherein insulin resistance acts as “first hit” that 
leads to liver steatosis which renders hepatocytes 
more susceptible to a “second hit” which could 
involve inflammatory and oxidative stress mediators, 
lipotoxic fatty acids, cholesterol and ceramides[29]. 
In addition to this concept of the two-hit model, it 
is now appreciated that a more complex multiple 

parallel hits model is more likely responsible for the 
disease progression[30]. Current evidence suggest that 
lipotoxicity and oxidative stress represent the major 
mechanisms underlying hepatocyte dysfunction which 
initiates a cascade of steatonecrosis and inflammation. 
Additionally, deposition of fibrous tissue is the natural 
consequence of hepatocyte injury that is mediated 
by chronic inflammation[30,31]. NASH is characterized 
by intrahepatic accumulation of innate and adap
tive immune cells through action of chemokines and 
cytokines that may also promote activation of hepatic 
stellate cells (HSCs) and their differentiation into 
myofibroblasts, the key players in the pathogenesis 
of liver fibrosis[32-34]. Intrahepatic immune cells and 
hepatic cells sustain chronic inflammation and by 
action of TGF-β and the IL-33/IL-13 pathway induce 
transdifferentiation of HSCs into myofibroblastic cells 
responsible for excessive extracellular matrix (ECM) 
deposition, mostly in the form of collagen[34-36] as illus
trated in Figure 1.

MOUSE MODELS OF NASH
Experimental models that mimic the human NASH 
are needed to study causes and pathogenesis of this 
disease and to serve as adequate models for testing 
novel therapeutic strategies for this disease. Various 
options of animal models of NAFLD/NASH are used 
and are divided into genetic, dietary and combination 
models. Animals with naturally occurring mutations 
that inactivate key genes (e.g., leptin gene in the ob/
ob mice), animals with specific genetic manipulations, 
and animals subject to environmental and dietary 
variations are used for this purpose. Mice with different 
genetic backgrounds, knockout and transgenic mice, 
have been used in studies of obesity-related metabolic 
diseases[37,38]. The reported genotype-dependent 
differences in the susceptibility to developing fibrotic 
NASH could be associated with differential immune 
and inflammatory responses to metabolic danger 
molecules in these mice.

We have used C57Bl/6 and BALB/c mice, which 
are strains commonly used in studies on immunore
gulation and HFD-induced metabolic disorders. The 
C57Bl/6 mice and BALB/c mice are regarded as pro
totypic Th1- and Th2-type mouse strains, respectively. 
Recent evidence indicates that the balance between 
M1/M2 macrophages and Th1/Th2 lymphocytes is 
of critical importance for the outcome of obesity-
related metabolic disorders. The constitutive and HFD-
induced differences in the distribution of immune 
cells in metabolic tissues exist in C57Bl/6 and BALB/c 
mice. We have recently reported inherent and HFD-
induced differences in immunometabolic phenotype in 
these two mouse strains[39]. In response to HFD, the 
C57Bl/6 mice exhibited greater weight gain, higher 
glycemia, increased adiposity and higher prevalence of 
proinflammatory innate and adaptive immune cells in 
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C57Bl/6 and BALB/c mice differentially regulate the 
expression of genes related to lipid metabolism in 
liver in response to high-fat feeding, as HFD-induced 
marked liver steatosis and upregulated the hepatic 
LXRα and PPARγ genes in BALB/c mice. C57Bl/6 mice 
fed HFD developed liver fibrosis and had increased 
hepatic procollagen and TGF-β mRNA expression, 
and IL-33, IL-13 and TGF-β protein levels in liver 
homogenates, while diet-matched BALB/c mice had 
scarce collagen deposition in liver and lower levels of 
hepatic profibrogenic cytokines[39]. The representative 
images of HFD-induced liver pathology in C57Bl/6 and 

VAT than the BALB/c mice. Th1-type mice on an HFD 
regimen were more susceptible to the development 
of visceral adiposity, liver inflammation and fibrosis, 
while the Th2-type mice were more susceptible to 
liver steatosis, which was associated with differential 
immune cell composition in adipose tissue and liver 
in this mouse strain[39]. In comparison to BALB/c 
mice, more numerous myeloid dendritic cells (DCs), 
proinflammatory macrophages and CD11b+Ly6Chigh 
monocytes and CD8+ T lymphocytes were found in 
livers of HFD-fed C57Bl/6 mice, together with higher 
levels of hepatic levels of IL-6, TNF-α and IFN-γ. 

Figure 1  Immune cells in the pathogenesis of nonalcoholic steatohepatitis. During obesity, proinflammatory M1 macrophages and Th1-type lymphocytes 
infiltrated in the visceral adipose tissue mediate metaflammation that triggers insulin resistance. Increased amounts of free fatty acids (FFAs) released from adipose 
tissue accumulate in hepatocytes, causing liver steatosis. Liver regulatory T cells suppress metabolic inflammation. Multiple signals from visceral adipose tissue and 
gut polarize liver resident macrophages towards M1 type, promote chemotaxis of immune cells and hepatocyte injury. Damaged hepatocytes release IL-33, which 
promotes release of profibrogenic IL-13 and TGF-β from IL-33R (ST2)-positive macrophages. Liver resident innate lymphoid cells type 2 (ILC2s) might also respond to 
IL-33 by producing IL-13. Profibrogenic cytokines activate quiescent hepatic stellate cells, which transform to myofibroblasts, the key cells involved in the development 
of liver fibrosis.
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BALB/c mice are shown in Figure 2. Strain-dependent 
differences in metabolic variables and composition 
of immune cells in metabolic tissues need to be 
considered in designing metabolic studies, particularly 
in studying obesity-associated fibrotic NASH.

GAL-3 IN HFD-INDUCED 
STEATOHEPATITIS 
Galectins are evolutionarily conserved proteins that bind 
glycans, the carbohydrate structures broadly distributed 
on mammalian cells which can be altered by various 
pathological stimuli. There are 15 members of the 
galectin family which, via the carbohydrate-recognition 
domain (CRD), bind the cell surface β-galactosides 
and multiple terminal N-acetyllactosamine (LacNAc) 
sequences and cause intracellular signaling events 
involved in the regulation of various biological re
sponses. The ‘‘galectin signalosome’’ has a role in 
many physiological and pathological conditions, and 
better understanding of its functions could lead to 
the development of novel therapeutic agents such 
as recombinant galectin proteins or specific galectin 
inhibitors.

Gal-3 has a unique ‘‘chimera-type’’ structure, having 

both lectin-like and CRDs, and can be present on the 
cell membrane, in the cytoplasm and the nucleus, 
and in extracellular spaces, including the systemic 
circulation[9]. Gal-3 recognizes endogenous glycans 
and modulates intracellular signaling pathways upon 
cell activation[40], proliferation[41,42] and apoptosis[43]. 
Gal-3 exerts important cell-cell and cell-ECM pro-
adhesive roles[44,45], while also acting as a scavenger 
molecule for glucose and lipid adducts and in binding 
of microbial products, including endotoxin[46,47]. Gal-3 is 
expressed in innate and adaptive immunity cells and its 
production is altered in a variety of pathophysiological 
conditions, including autoimmune and inflammatory 
diseases, cancers and fibrotic disorders[13,48-50]. Gal-3 
may have pro- and anti-inflammatory roles depending 
on the nature of the pathophysiological process, the 
type of tissue and the cellular localization. 

Recent findings suggest an important regulatory 
role for Gal-3 in metabolic disorders, including obe
sity[13,51,52], diabetes[13,51], atherosclerosis[14], lipid-
induced glomerular injury[15] and hepatic steatosis/
inflammation[53]. The evidence so far, including our 
own data, indicates that gal-3 plays an important role 
in the regulation of adiposity, glucose metabolism, 
steatohepatitis and liver fibrosis in mice[13,53]. Obesity, 
via gain of ectopic fat and inducing metaflammation, 

WT                                     LGALS3-/-                                         WT                                      ST2-/-

C57Bl/6 on HFD                                                                         BALBc on HFD
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Figure 2  Galectin-3 and IL-33/ST2 axis in diet-induced steatohepatitis. Increased liver steatosis, but attenuated inflammation and fibrosis, in Galectin-3 knockout 
mice fed high-fat diet compared to diet matched C57Bl/6 wild-type mice (left panel). Decreased liver steatosis, inflammation and fibrosis in ST2 knockout mice fed 
high-fat diet compared to diet matched BALB/c wild-type mice.
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promotes insulin resistance, β cell failure and hepatic 
steatosis, thus representing the major risk factor for 
the development of type 2 diabetes and NAFLD. 

The data regarding the role of Gal-3 in the patho
genesis of NAFLD are contrasting. Nomoto et al[54] 
have reported that Gal-3-deficient mice spontaneously 
develop steatosis at 6 mo of age. In addition, using 
the murine model of choline deficient, L-amino acid-
defined diet - induced NASH that same group reported 
that ablation of Gal-3 led to a more pronounced 
steatosis and liver injury that could be related to and 
distinctive from the Gal-3 knockout mice on the CD1 
background used in these studies[55]. In contrast, in a 
study by Iacobini et al[56], Gal-3 knockout mice were 
resistant to the development of steatosis and fibrotic 
NASH when fed an atherogenic diet. The authors 
demonstrated that proatherogenic HFD accelerated 
renal and aortic lesions, but attenuated NASH in Gal-3 
knockout mice, which was accompanied by less fat 
deposition in liver and decreased oxidative stress. 
They also demonstrated that AGE/ALE levels and 
RAGE expression were decreased in the liver in spite 
of their increased circulating levels and that Gal-3 
expressed on liver sinusoidal cells and endothelial cells 
has a major role in the uptake of these glucose and 
lipid adducts[56]. Gal-3 binds AGE/ALE via receptor-
mediated endocytosis[57] and these harmful metabolic 
products are subsequently degraded by detoxifying 
enzymes[58].

NAFLD is strongly associated with obesity and meta
flammation, but the complex molecular mechanisms 
mediating development of liver steatosis and its 
progression to steatohepatitis and liver fibrosis 
are incompletely defined. The role of Gal-3 in the 
regulation of obesity-associated NASH has not 
been investigated. Therefore, we subjected wild-
type (WT) and Gal-3 knockout mice on the C57Bl/6 
background to obesogenic HFD (60% kcal from fat) 
for 24 wk and performed metabolic, histological, 
immunophenotypical and gene expression analyses 

in metabolic tissues[53]. We have demonstrated that 
the Gal-3-deficient mice fed HFD exhibit accelerated 
obesity and excess adiposity, hyperglycemia, insulin 
resistance, dyslipidemia and inflammatory changes 
in VAT and pancreatic islets. We have shown that 
obesity-associated hepatic lipid accumulation was 
uncoupled from the fibroinflammatory response in 
the liver in Gal-3 knockout mice in this experimental 
model[53]. In comparison to the WT mice, the HFD-
fed Gal-3 knockout mice developed more pronounced 
liver steatosis which was accompanied by upregulation 
of hepatic FAS, PPAR-γ, Abca-1 and Cd36 mRNA 
expression, the lipogenic genes involved in fatty acid 
uptake and lipid synthesis[53] (Table 1). However, in 
obese Gal-3 knockout mice, liver injury, inflammation 
and fibrosis, and hepatic procollagen α1 and α-SMA 
mRNA expression were markedly lower compared to 
the WT mice on the same diet regimen, findings that 
were similar to the data reported by Iacobini et al[56]. 
The more pronounced hepatic fibro-inflammatory 
response induced by the obesogenic diet in the WT 
mice was associated with more numerous myeloid 
DCs and M1 macrophages (F4/80+CD11c+) infiltrated 
into the livers and higher hepatic F4/80, CD11c, 
NLRP3 inflammasome and IL-1β mRNA expression[53]. 
In contrast to the Gal-3 knockout mice, the WT mice 
on the obesogenic diet had increased percentages of 
CCR2+ proinflammatory monocytes (CD11b+Ly6Chi) 
in blood, bone marrow and liver and higher hepatic 
expression of CCL2[53]. HFD-fed Gal-3 knockout mice 
exhibited higher endotoxemia, but the hepatic TLR4 
and CD14 NADPH-oxidase enzymes’ mRNA expression 
was lower in comparison to the diet-matched WT mice. 
The obesity-driven greater steatosis was uncoupled 
with attenuated NASH in Gal-3-deficient mice, thus 
Gal-3 is involved in the progression of obesogenic diet-
induced steatohepatitis in mice[53].

Furthermore, WT mice on HFD exhibited pro
nounced liver fibrosis accompanied by markedly higher 
hepatic expression of procollagen α1, IL-33 and IL-13 
mRNA compared to Gal-3 knockout mice on the same 
diet regimen, while hepatic TGF-β mRNA expression 
was similar[53]. Gal-3 has an important profibrotic role 
and our data are consistent with the observation that 
Gal-3 disruption attenuated ECM production both 
in vitro in HSC cultures and in vivo in the model of 
carbon tetrachloride (CCl4)-induced cirrhosis[59]. In this 
model, the disruption of the Gal-3 gene blocked TGF-
β-mediated myofibroblast activation and procollagen 
expression, thus markedly attenuating CCl4-induced 
liver fibrosis in mice. 

Host-derived galectins may contribute to amplifying 
or attenuating of antimicrobial immune responses. 
Since Gal-3 directly interacts with the microflora and 
a variety of pathogenic bacteria, the contradictory 
results obtained when examining the role of Gal-3 
in inflammation using Gal-3 knockout mice may 
at least in part be the consequence of different 
microbial populations and/or the involvement of 

Table 1  Changes in mRNA levels of lipid metabolism and 
fibrosis-related genes in livers of LGALS3-/- and ST2-/- mice 
during high-fat diet-induced nonalcoholic steatohepatitis

Target gene LGALS3-/- mice ST2-/- mice

Abca-1 Upregulated Unchanged
Cd36 Upregulated Downregulated
LXR-α Unchanged Downregulated
PPARγ Upregulated Downregulated
Coll-α1 Downregulated Downregulated
α-SMA Downregulated Unchanged
IL-33 Downregulated Downregulated
IL-13 Downregulated Downregulated
TGF-β Unchanged Unchanged

Abca-1: ATP-binding cassette transporter; LXR-α: Liver X receptor-
alpha; PPARγ: Peroxisome proliferator-activated receptor gamma; 
Coll-α1: Procollagen alpha 1; α-SMA: Alpha-smooth muscle actin; IL-33: 
Interleukin-33; IL-13: Interleukin-13; TGF-β: Transforming growth factor-
beta.
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specific commensals in the disease pathogenesis 
under different experimental conditions[60]. 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.

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, NASH and 
heart failure, and other diseases associated with 
inflammation in humans, are conditions that warrant 
better understanding of the role of Gal-3, especially in 
the light of current development of pharmacological 
inhibitors of Gal-3 for treatment of cancer and fibrosis.

IL-33/ST2 AXIS IN HFD-INDUCED 
STEATOHEPATITIS
The hallmarks of diet-induced steatohepatitis are the 
presence of liver steatosis, chronic inflammation in the 
liver and, under some circumstances, progression to 
liver fibrosis. Accumulated lipids in hepatocytes may 
promote the inflammatory response characterized by 
the increased infiltration of myeloid and lymphoid cells 
within the liver, activation of resident Kupffer cells and 
the secretion of pro-inflammatory cytokines, including 
IL-1β, TNF-α and IL-6. Moreover, the most recent 
finding shows that IL-1 signaling promotes hepatic 
lipogenesis[61]. The role of other members of the IL-1 
superfamily, including the IL-1 receptor antagonist, 
IL-18 and IL-33, together with IL-1 in obesity-associated 
liver pathology are incompletely defined.

IL-33 is a pleiotropic cytokine that binds to its plasma 
membrane receptor complex, comprising ST2 and the 
IL-1R accessory protein, and generally promotes Th2-
type immune responses[62]. IL-33 exerts protective 
metabolic effects in obesity and atherosclerosis[17,63]. 
However, IL-33 promotes liver fibrosis through the 
activation and expansion of liver-resident innate 
lymphoid cells, which produce profibrotic IL-13[64]. The 
role of the IL-33/ST2 axis in obesity-associated liver 
pathology is not elucidated. We investigated the role 
of IL-33/ST2 signaling in the development of hepatic 
steatosis, inflammation and fibrosis using ST2-deficient 
mice on the BALB/c background which were placed 
on a long-term obesogenic HFD or high-fat high-
fructose diet. The HFD-fed ST2-deficient mice exhibited 
increased weight gain and visceral adiposity compared 
with diet-matched WT mice. However, ST2 deletion 
markedly reduced hepatic steatosis, liver inflammation 
and fibrosis which was associated with lower expression 
of genes related to lipid metabolism in the liver. Innate 
immune cells, including CD68+ macrophages and 
CD11c+ DCs, were less numerous in HFD-fed ST2-

knockout mice compared to WT controls. The HFD-fed 
ST2-knockout mice had less collagen deposition in the 
livers and lower numbers of profibrotic CD11b+Ly6Clow 
monocytes and Th17 cells in the liver, lower hepatic 
procollagen-α1, IL-33 and IL-13 mRNA expression, 
and lower serum levels of IL-33 and IL-13 compared 
with the diet-matched WT mice. Our findings suggest 
that the IL-33/ST2 axis has a complex role in obesity-
associated metabolic disorders, as this pathway has a 
protective role in HFD-induced adiposity, but enhances 
liver steatosis, inflammation and fibrosis in NASH 
(Table 1). A very recent study[65] suggests that IL-33 
treatment in HFD or methionine-choline-deficient diet 
(MCD)-fed C57Bl/6 mice attenuated hepatic steatosis, 
but aggravated hepatic fibrosis in a ST2-dependent 
manner. The reported effects of IL-33 on liver fibrosis 
are consistent with our data and the differential result 
regarding liver steatosis may be due to the genetic 
background of mice (i.e. BALB/c mice used in our 
experiments). Similar to our findings, the authors 
reported that the progression of NASH was associated 
with the increased mRNA expression level of IL-33 and 
ST2 in liver[65]. 

The significance of sST2 as a biomarker of liver 
fibrosis has been studied. The reported data de
monstrate that the serum levels of sST2 were higher 
in patients with liver cirrhosis and hepatocellular 
carcinoma. These data suggest an important role of 
sST2 in the pathogenesis of hepatocellular carcinoma 
and liver cirrhosis as a possible marker of systemic 
inflammation. Further research is needed to evaluate 
the potential of sST2 as a prognostic marker in 
patients with liver fibrosis[66]. 

A recent study showed strong correlation between 
serum sST2 levels and fibrosis stages in patients 
with hepatitis B infection. It is suggested that serum 
levels of sST2 levels may be a reliable biomarker for 
evaluating the response to therapy for liver diseases 
causing fibrosis, including NAFLD[67]. 

GAL-3 AND IL-33/ST2 AXIS 
INTERACTION IN HUMAN PATHOLOGY
Gal-3 and the IL-33/ST2 axis are involved in my
ocardial remodeling. Gal-3 and sST2 are approved 
prognostic biomarkers that are involved in myocardial 
fibrosis and inflammation. Soluble Gal-3 is released 
by activated cardiac macrophages and stimulates 
proliferation of myofibroblasts and procollagen de
position. Higher concentrations of plasma Gal-3 are 
associated with myocardial remodeling, along with an 
increased risk of incident heart failure and mortality[68]. 
ST2 exists in two forms, a transmembrane receptor 
(ST2L) as well as a soluble decoy receptor (sST2). 
Through interaction between IL-33 and ST2L, myo
cardial fibrosis and hypertrophy are prevented. The 
sST2 acts as a decoy receptor that neutralizes IL-33, 
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so that the cardioprotective role of the IL-33/ST2L 
signaling pathway is lost, resulting in cardiomyocyte 
hypertrophy, apoptosis and fibrosis. Therefore, serum 
levels of sST2 are strongly predictive of adverse 
outcomes in patients with acute myocardial infarction 
or heart failure and significantly predict left ventricle 
remodeling. Thus, both sST2 and Gal-3 are reflective 
of fibrosis and cardiac remodeling, key events in heart 
failure[69]. 

Gal-3 and sST2 are promising biomarkers with 
additive diagnostic and prognostic value in the mana
gement of heart failure. Increased levels of Gal-3 
indicate on-going fibrosis and reflect higher risk of 
heart failure, its severity and poor prognosis. The 
levels of sST2 are associated with the remodeling of 
left ventricle with significant prognostic value in heart 
failure. The head-to-head comparison of these two 
biomarkers in a large cohort of patients with a long-
term follow-up revealed that sST2 is more important 
addition to established risk factors, so incorporation of 
the measurement of serum levels of sST2 into clinical 
practice is recommended[69]. Recently, serial testing for 
sST2 was shown to increase the prognostic information 
related to prediction of left ventricular remodeling and 
worsening of heart failure[70]. 

GAL-3 AND IL-33/ST2 AXIS 
INTERACTION IN NASH
In contrast to the opposite roles of Gal-3 and the 
IL-33/ST2 axis in myocardial remodeling, both Gal-3 
and IL-33 exert profibrotic effects in liver fibrosis. 
Recently, evidence has demonstrated that Gal-3 is an 
important mediator in liver fibrotic models and that 
Gal-3 inhibitors protect against fibrotic disorders[71,72]. 
Tissue fibrogenesis is a complex process and newer 
data has pointed to the important cross-talk between 
cells of the immune system and tissue myofibroblasts 
in the evolution of liver fibrosis. Gal-3 is a molecule 
which can exert potent effects on multiple cell types, 
including myofibroblasts, and by altering the function 
of innate immune cells, such as macrophages[73]. In 
the CCl4-induced model of liver fibrosis, Gal-3 ablation 
blocked HSC activation and collagen expression, as 
TGF-β failed to transactivate Gal-3-deficient HSCs, 
in contrast to the WT HSCs, suggesting that Gal-3 is 
required for TGF-β-mediated myofibroblast activation 
and ECM production. Gal-3 deletion reduced retention 
of TGF-β receptors at the cell surface and reduced 
phosphorylation and nuclear translocation of β-catenin, 
but had no effect on Smad2/3 phosphorylation[59]. 
Gal-3 represents a molecule that links macrophages, 
fibroblasts and the profibrotic response. Gal-3 mediates 
IL-4-induced alternative macrophage activation[74] 
and IL-4/IL-13 activated macrophages upregulate 

profibrotic genes and enhance fibrosis. Most recent 
data demonstrate a profibrotic role of IL-33 in a liver 
fibrosis model through ST2-dependent production 
of IL-13 by innate lymphoid cells (ILCs) that acti
vate HSCs[64]. In our studies, we have addressed the 
issue of a possible regulatory role of Gal-3 in the 
newly described IL-33/ST2/IL-13 profibrotic pathway. 
Our recent data show that, in contrast to the Gal-3 
knockout mice, HFD-fed WT C57Bl/6 mice had a 
higher number of hepatocytes that strongly expressed 
IL-33 and hepatic IL-13-expressing CD11b+ myeloid 
cells, increased hepatic levels of IL-33 and IL-13 
and increased mRNA expression of IL-33, ST2 and 
IL-13 in liver[53]. Moreover, IL-33 failed to induce ST2 
upregulation and IL-13 production by Gal-3-deficient 
peritoneal macrophages in vitro. Similarly, exogenous 
IL-33 enhanced liver fibrosis in HFD-fed mice in both 
genotypes, albeit to a significantly lower extent in the 
Gal-3 knockout mice. This was associated with less 
numerous hepatic IL-13-expressing CD11b+ cells. 
Whether Gal-3 is directly involved in the regulation 
of TLR4 and IL-13 mRNA expression remains to be 
elucidated. We and others[53,56] have shown that HFD 
increased TLR4 mRNA expression in livers of C57Bl/6 
mice, which was markedly reduced in Gal-3-deficient 
mice[53]. A recent study also demonstrated that Gal-3 
can be actively released by activated microglial cells 
and can bind directly to TLR4, thereby amplifying the 
typical TLR4-dependent proinflammatory response, 
including caspase-mediated inflammation[75]. 

IL-13 is produced by T lymphocytes, macrophages/
DCs, mast cells and basophils and is induced by 
IL-33. The molecular mechanisms involved in Gal-
3-dependent regulation of IL-13 mRNA expression 
are not known. We have shown that lower level of 
IL-13 mRNA in livers of HFD-fed Gal-3 knockout mice 
could be related to decreased hepatic IL-33 levels 
in these animals and the inability of Gal-3-deficient 
macrophages to respond to IL-33, which resulted in 
reduced percentages of CD11b+ myeloid cells that 
expressed ST2 and IL-13 in livers[53].

The interaction of Gal-3 and the IL-33/ST2 pathway 
in diet-induced steatohepatitis is shown in Figure 3. 
These results provide evidence of a novel role for Gal-3 
in regulating IL-33-dependent HFD-induced fibrotic 
NASH[53]. Thus, Gal-3 plays an important regulatory 
role in the newly described profibrotic IL-33/ST2/IL-13 
pathway.

Further studies are necessary to clarify functions 
of intra and extracellular Gal-3 in liver fibrosis and in-
depth research of the role of Gal-3 in IL-33 signaling 
is needed. A better understanding of the mechanisms 
regulating tissue fibrosis and targeted strategies 
to inhibit Gal-3 in the liver provide the rationale for 
the development of new therapeutic approaches for 
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Figure 3  Galectin-3 and IL-33/ST2 axis interaction in diet-induced steatohepatitis. Administration of IL-33 in vivo enhanced high-fat diet-induced liver fibrosis in 
both genotypes of mice, although to a markedly lower extent in the galectin-3 knockout mice, which was accompanied by less numerous ST2-positive myeloid cells 
that express IL-13. Galectin-3 plays an important regulatory role in the newly described profibrotic IL-33/ST2/IL-13 pathway in hepatic fibrosis.
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patients with liver fibrosis.
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