Hindawi
Mediators of Inﬂammation
Volume 2018, Article ID 9186940, 11 pages
https://doi.org/10.1155/2018/9186940

Review Article
The Role of Galectins as Modulators of Metabolism
and Inflammation
Monica Fengsrud Brinchmann , Deepti Manjari Patel , and Martin Haugmo Iversen
Faculty of Biosciences and Aquaculture, Nord University, 8049 Bodø, Norway
Correspondence should be addressed to Monica Fengsrud Brinchmann; monica.f.brinchmann@nord.no
Received 23 February 2018; Revised 19 April 2018; Accepted 9 May 2018; Published 21 May 2018
Academic Editor: Nicolette C. Bishop
Copyright © 2018 Monica Fengsrud Brinchmann et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work
is properly cited.
Galectins are β-galcotosid-binding lectins. The function of galectins varies with their tissue-speciﬁc and subcellular location, and
their binding to carbohydrates makes them key players in several intra- and extracellular processes where they bind to
glycosylated proteins and lipids. In humans, there are 12 identiﬁed galectins, some with tissue-speciﬁc distribution. Galectins are
found inside cells and in the nucleus, cytosol, and organelles, as well as extracellularly. Galectin-1, -2, -3, -4, -7, -8, -9, and -12
can all induce T-cell apoptosis and modulate inﬂammation. In the context of metabolic control and loss of the same in, for
example, diabetes, galectin-1, -2, -3, -9, and -12 are especially interesting. This review presents information on galectins relevant
to the control of inﬂammation and metabolism and the potential to target galectins for therapeutic purposes.

1. Introduction
Saccharides are key energy molecules in metabolic pathways.
They are also used to modify proteins and lipids to make glycolipids and glycoproteins, that are important in intracellular
and extracellular processes. It is therefore not surprising that
lectins that bind sugar groups are important modulators of
many processes and key functional players in others.
Galectins are proteins that bind β-galactosides such as Nacetyllactosamine present in N-linked and O-linked glycoproteins. They are involved in the control of, among others,
pre-mRNA splicing, and in the control of apoptosis, cell cycle,
cell division, metastasis, and diabetes [1–4]. They can bind to
and agglutinate bacteria, and some galectins can kill bacteria
directly without the activation of other factors, such as
complement factors [5, 6]. In humans, genes for galectin-1,
-2, -3, -4, -7, -8, -9, -10, -12, -13, -14, and -16 are found in
GenBank (https://www.ncbi.nlm.nih.gov/genbank/ version
19.12.2017, 23.30.00). Even if carbohydrate binding is the
classical galectin mode of action, galectins can also interact
with other proteins in a carbohydrate-independent manner
[7]. One or two galectin carbohydrate recognition domain(s)
(CRD(s)) is/are present in the galectins. In prototype

galectins (galectin-1, -2, -7, -10, -13, -14, and -16), the protein
consists of the globular CRD, the galectin fold with two beta
sheets. The chimera galectin-3 has a C-terminal CRD and
an N-terminal tail, whilst the tandem repeat galectins (galectin-4, -8, -9, and -12) have two CRDs. Known galectin ligands
are, among others, CD45, CD7, CD43, CD2, CD3, CD4,
CD107, CEA, laminin and ﬁbronectin, glycosaminoglycans,
integrins, GM1 ganglioside, polypeptide HBGp82, glycoprotein 90 K/MAC-2BP, CA125 cancer antigen, and pre-B cell
receptor (reviewed in [8]). Galectins can often be both negative and positive modulators of the same processes, suggesting plasticity in isoforms, posttranslational modiﬁcation(s)
or comolecules present, and/or diﬀerences in localization.
Processes such as inﬂammation and metabolism are
tightly regulated and ﬁne-tuned. Lack of control can lead to
diseases such as diabetes; in fact, chronic, low-grade inﬂammation is seen in obesity, and this inﬂammation can lead to
obesity-related insulin resistance and eventually type 2 diabetes mellitus [9]. In diabetes mellitus, a long-standing hyperglycemic state can give production of advanced glycation
end products (AGEs) that bind to organic molecules and
cause complications [10]. In obesity, inﬂammation is
increased, and the number of activated (proinﬂammatory)
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macrophages, associated with insulin resistance in human
obesity, increases in human fat tissues [11]. This accumulation and activation of macrophages in turn change the
metabolism in white adipocytes, and obesity-related insulin
resistance can be looked upon as a disease promoted by
chronic inﬂammation in adipose tissues [12].
Galectin family members are molecules increasingly
focused upon as regulators of cellular processes including
metabolism and inﬂammation. This review will focus on
the roles of galectins in metabolism and inﬂammation to
elucidate if the galectins could be key regulators involved in
the linking of both processes. The reviews’ metabolism
control of galectin part will be centred on diabetes and
obesity, two processes where inﬂammation and metabolism
regulation are important both in the development of imbalances and in upholding them.

2. Main Text
2.1. Galectin-1. Galectin-1 is a prototype galectin with one
carbohydrate recognition domain. It is, among others,
released from adipose tissues [13], stromal cells in the thymus, lymph nodes, endothelial cells [14], and placenta cells
[15]. Apoptosis of activated (antigen-primed) T-cells is
induced by galectin-1 in a CD45-dependent manner [14],
and T-cell homeostasis can be regulated by galectin-1
through inhibition of clonal expansion and induction of apoptosis. Activated T-cell apoptosis induced by galectin-1 is
caspase-8- and -9-dependent [16]. Interestingly, activated
T-cells themselves can produce galectin-1 through MEK1/
ERK, p38 MAP kinase, and p70S6 kinase signalling pathways, suggesting that this is an autocrine suicide mechanism
used to terminate an eﬀector immune response [17]. On the
other hand, resting T-cells bind galectin-1, but apoptosis is
not induced [14]. Galectin-1 is anti-inﬂammatory, and its
mRNA is upregulated in the placenta in preeclampsia; this
is suggested to be a fetal response to maternal systemic infection [15]. The anti-inﬂammatory activity of galectin-1 can be
used to reduce allergic conjunctivitis, an inﬂammation of the
conjunctiva and other parts of the eye. In an allergic conjunctivitis model in mice, externally administered recombinantly
produced galectin-1 was an inhibitor of allergic reaction.
Galectin-1 reduced IgE levels; however, this was only a slowing of the IgE response as, at 24 hours, galectin-1-treated
mice had higher IgE levels than nontreated (allergy control)
mice had. In spite of the higher IgE levels, clinical signs were
reduced in galectin-1-treated mice [18].
Therapeutic administration of galectin-1 suppresses
T-cell-dependent chronic inﬂammation in arthritis [19],
in hepatitis [20], and in colitis [21], suggesting a broad
potential for therapeutic use in inﬂammatory diseases.
Interestingly, in type one diabetes, T-cell-mediated autoimmunity destroys insulin-producing pancreatic β-cells.
This process can be inhibited by galectin-1 in vivo [17].
Galectin-1 is suggested to have a role in improving glucose
metabolism in obese people [22], and galectin-1 levels are
higher in obese children than in normal-weight children
[22]. Galectin-1 has a potential to be used as an inhibitor of
inﬂammation-related diseases such as diabetes, and also
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inhibiting galectin-1 led to weight loss in diet-induced obese
mice, where weekly injections with a galectin-1 inhibitor
attenuated adipogenesis and lipogenesis and increased
expression of proteins associated with thermogenesis and
energy expenditure [23]. Hence, both stimulation and inhibition of galectin-1 can be of therapeutic value. Galectin-1
levels increase in eyes of patients with diabetes after accumulation of AGEs, and vitreous aspirates from eyes of patients
with diabetic macular edema and later proliferative diabetic
retinopathy have increased galectin-1 levels. AGE production
induces IL-1β via ERK1/2, and PI3K signalling is involved in
galectin-1 induction in these patients [24]. This increase in
galectin-1 level could be a protective response to the
increased AGE levels, similar to that seen in kidneys where
galectin-3 is involved in clearance of AGEs [25].
2.2. Galectin-2. Galectin-2 is a prototype, single-CRD galectin, primary expressed in the gastrointestinal tract which
can induce T-cell apoptosis through the caspase-3- and -9dependent intrinsic apoptotic pathway where, among others,
cytochrome c leaves the mitochondria. The apoptosis activation is independent of binding to the glycoprotein CD3 or
CD7 [16]. In the presence of galectin-2, activated T-cell proﬁles are modulated to be dominated by Th2 [16].
Interestingly, in a search for genes associated with insulin
resistance, a genotype of galectin-2, LGALS2 rs7291467, was
stronger associated with changed fasting plasma glucose and
serum insulin than other alleles were [26], and the same
genotype which has a single-nucleotide polymorphism
(3279C → T) in intron 1 of LGALS2 encoding galectin-2
was previously found to be signiﬁcantly associated with myocardial infarction [27]. Galectin-2 binds to the proinﬂammatory cytokine lymphotoxin-α to regulate inﬂammation [27].
Galectin-2 is present in the pancreas, but not in islets—only
in exocrine cells [28]. It would be interesting to see if
galectin-2 present in the pancreas could inﬂuence inﬂammation and the production of insulin in beta cells in the
nearby islet; however, we failed to ﬁnd functional
galectin-2 studies on diabetes or obesity.
2.3. Galectin-3. Galectin-3 has several alternative names.
Galectin-3 was early characterised in the outer membrane
of macrophages and named Mac-2 antigen [29]; found to
be IgE binding and named εBP [30]; named CBP35,
carbohydrate-binding protein 35 from mouse 3T3 ﬁbroblasts
[31]; and named CBP30 as baby hamster kidney
carbohydrate-binding protein [32].
Galectin-3 is the only chimera galectin; it has a Cterminal carbohydrate recognition domain as well as an Nterminal tail. Galectin-3 can, like galectin-1, induce T-cell
apoptosis [33]; the N-terminal end and the CRD coordinate
to induce signalling pathways leading to caspase-9 activation
[34]. Inhibiting the N-terminal end with an antibody shuts
down apoptosis stimulation [34]. When it comes to apoptosis, galectin-3 can be both antiapoptotic and proapoptotic.
The antiapoptotic eﬀect is dependent on phosphorylation
of serine 6 in galectin-3 and the intracellular presence of
galectin-3 [35]; phosphorylated, but not unphosphorylated,
galectin-3 can be exported from the nucleus to the cytoplasm
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to act as an inhibitor of apoptosis by interacting with mitochondria to, among others, prevent cytochrome c release
and caspase-3 activation [36, 37].
The N-terminal and C-terminal ends can both be
involved in dimerization or possible oligomerisation of
galectin-3, thought to be important for the function of the
molecule [38, 39]. The binding properties of galectin-3 to
their ligands are pH-dependent [40]; this raises the possibility that pH could be a contributing factor in determining
galectin function in diﬀerent locations including the cellular
microenvironments. This is a property exploited in cellular
sorting of galectin-3 in polarized Madin-Darby canine
kidney cells [41].
Regulation of galectin-3 binding to its ligands is modulated by the phosphorylation state of serine in the Nterminal of the protein, where phosphorylation decreases
binding and dephosphorylation increases binding [42].
Phosphorylation of tyrosine 107 can give the cleavage of
galectin-3, and the ratio of phosphorylated/dephosphorylated galectin-3 can be used for the prognosis of prostate cancer as well as be a target for potential treatment [43].
Galectin-3 can be endocytosed by macrophages. Uptake
of galectin-3 in classically activated M1 macrophages is
carbohydrate-independent and mediated by N-terminal end
binding, whilst uptake in alternatively activated M2 macrophages, as well as nonmacrophages, is carbohydratedependent and involves the C-terminal CRD [44]. In T-cells,
galectin-3 is present at the cell surface associated with the
TCR complex; it seems to inhibit uncontrolled T-cell activation and potentiates downregulation of TCR in T-cells [45].
Galectin-3 is observed in among others ﬁbroblasts, chondrocytes, osteoblasts, osteoclasts, keratinocytes, Schwann cells
and gastric mucosa. It is also found in endothelial cells in a
number of tissues, and in immune cells such as neutrophils,
eosinophils, basophils, mast cells, Langerhans cells and dendritic cells (cell types reviewed in [46]). It has a role in adipocyte proliferation, and obese mice have more galectin-3 in
adipocytes than lean subjects have [47].
Interestingly, whilst galectin-1 can inhibit autoimmune
diseases, the research focus on galectin-3’s potential therapeutic use is in large focusing on inhibiting galectin-3. This
is because galectin-3 promotes cancer and metastasis [1],
and inhibition would hence have a great potential for therapeutic anticancer treatment.
Galectin-3 is however beneﬁcial in other situations. It
binds AGEs, glycated proteins, and lipids formed, among
others, in diabetic patients, and galectin-3 knockout mice
have accelerated glomerulopathy and higher renal/glomerular AGEs levels, suggesting that galectin-3 is involved in
receptor pathways needed for AGE removal in kidneys
[25]. AGEs are interesting as their receptor-mediated uptake
led to cytokine production [48]. Galectin-3 can also be a
receptor for lipoxidation end products (ALEs) [49]. Even
if galectin-3 is beneﬁcial to the kidney as AGE and ALE
binders and thus inhibits inﬂammation, its proinﬂammatory eﬀect can contribute to inﬂammation-produced kidney damage [50, 51]. The proinﬂammatory galectin-3
property has been linked to cardiac inﬂammation in obese
patients [52] and to cardiac lipotoxicity (lipid deposits in
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the heart) and subsequent mitochondrial dysfunction
aﬀecting heart metabolism [53].
2.4. Galectin-4. Galectin-4 is a tandem-repeat galectin with
two CRDs joined by a linker. Its main expression is in the
gastrointestinal tract of healthy individuals where it has a role
in control of intestinal inﬂammation [54]. In the intestine,
galectin-4 interacts with activated T-cells through CD3 binding and promotes calpain-mediated T-cell apoptosis [54].
Importantly, it reduces proinﬂammatory cytokine production in the intestine mucosa in a colitis model [54]. However,
it can also promote inﬂammation in the intestine by stimulating CD4+ T-cells to produce IL-6 [55].
Taken together, this suggests that galectin-4 could be
important not only for ulcerative colitis but also for other
inﬂammatory bowel diseases such as Crohn’s disease.
Galectin-4 has anticancer properties and has been shown to
suppress colorectal cancer [56]; knockdown of it promotes
tumorigenesis, and lower levels of galectin-4 expression were
observed in inﬂamed precursor lesions of colorectal cancer
[57]. Since T-cell response can help remove cancer cells, the
fact that galectin-4 can promote mucosal T-cell apoptosis
and also suppress colorectal cancer seems counterintuitive
and suggests that there are mechanisms in colorectal inﬂammation and cancer prevention that warrant further studies.
In addition, it is interesting that galectin-4 modulates inﬂammation, but there seem to be no studies focused on diabetes
or other inﬂammation-dependent obesity diseases associated
with galectin-4, suggesting that galectin-4 is not involved in
modulation of metabolic diseases since it is mainly expressed
in the intestine.
2.5. Galectin-7. Galectin-7 is a homodimeric prototype galectin with one CRD. It is mainly present in the epidermis [58]
and can induce apoptosis of stimulated T-cells in a manner
dependent upon caspase-1, -3, and -8, but not caspase-9
[16]. Galectin-7-deﬁcient mice appear normal; however,
when exposed to UVB irradiation, apoptosis is induced
earlier and lasts longer than in wild-type mice [58]. This is
surprising, since galectin-7 is proapoptotic [16]; however,
the galectin-7-negative mice also show hyperproliferation of
cells after UVB irradiation and after wounding [58], more
in line with what one would expect when inhibiting the
expression of a proapoptotic protein. Overexpression of
galectin-7 in mice compromises the skin by leading to loss
of cell junctions and defective skin repair [59]. Galectin-7’s
predominant expression in the skin suggests that it would
not inﬂuence diabetes or obesity-related inﬂammation; however, one would suspect that it could play a role in skin
diseases related to ﬂawed control of the immune system.
Hence, it is not surprising that, in the stratum corneum,
galectin-7 is highly expressed in atopic dermatitis patients
[60] and possible treatment of this and other skin diseases
could target galectin-7.
2.6. Galectin-8. Galectin-8 is a tandem-repeat galectin with
two CRDs joined by a linker [61]; it can exist in two splice
variants with diﬀerent linker lengths [62]. Altogether, six
possible isoforms exist, three with two CRDs and three with
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one CRD [63]. Galectin-8 is expressed in the liver, kidney,
cardiac muscle, lung, and brain [61] as well as in a number
of diﬀerent tumoral cells [63]. Galectin-8 induces apoptosis
in T-cells through the expression of the death factor
Fas ligand and gives caspase-mediated apoptosis [64].
Dimeric galectin-8 resulted in phosphatidylserine exposure
in the outer bilayer of cells, something which normally
happens during apoptosis activation; however, in the case
of galectin-stimulated phospholipid redistribution, this
occurred independently of apoptosis [65]. Galectin-8 is
secreted under basal conditions from human microvascular
endothelial cells and has an autocrine function in that
extracellular galectin-8 stimulates the secretion of
proinﬂammatory molecules, CXCL1 (GRO-α), GM-CSF,
IL-6, and CCL5 (RANTES), from the endothelial cells [66].
Platelets can also express galectin-8 and be activated by the
lectin in an N-terminal CRD-dependent manner [62].
Hence, both endothelial cells and platelets contribute to
inﬂammation stimulated by galectin-8. Galectin-8 can also
act proinﬂammatory by stimulating dendritic cells that
secrete proinﬂammatory cytokines and stimulate antigenspeciﬁc T-cells [67]. Activation of neutrophils to produce
superoxide is also stimulated by galectin-8 [68]. Galectin-8
is clearly involved in regulation of the immune system;
however, we failed to ﬁnd involvement of galectin-8 in diabetes or other inﬂammation processes induced by obesity.
2.7. Galectin-9. Galectin-9 is a tandem-repeat galectin with
two CRDs joined by a linker sequence. It is expressed in the
liver, small intestine, and thymus and in a lesser amount in
the kidney, spleen, lung, and cardiac and skeletal muscle
and in a low amount in reticulocytes and brain [69].
Galectin-9 is involved in T-cell selection in the thymus
where it will induce apoptosis of CD4/CD8 double-negative
or double-positive thymocytes and further in promoting
naïve T-cell diﬀerentiation into Treg and by inhibiting naïve
T-cell diﬀerentiation into T-helper 17 cells. Finally, it is
involved through interaction with TIM3 (T-cell immunoglobulin domain and mucin domain protein 3) in apoptosis
induction of CD4+ T-helper 1 (Th1) cells, Th17, cells and
CD8+ cytotoxic T-cells. TIM3-negative Th2 cells do not go
into apoptosis upon exposure to galectin-9, neither do
TIM3-positive Treg cells (T-cells and galectin-9 reviewed in
[70]). Taken together, this points to galectin-9 as an important molecule in the regulation of the immune system; in
particular, the induction of apoptosis in Th1 and Th17 cells
is interesting as activation of these cells is key in regulation
of inﬂammation in, for example, autoimmune diseases. It
also suggests that there is a need for research to investigate
whether diﬀerential glycosylation of the cells can explain
why not all TIM3-positive cells enter apoptosis when
exposed to galectin-9, whether galectin-9 can act via other
receptors [70], or whether there are diﬀerences in comolecules, costimulators, or cosuppressors yet to be described.
The induction of apoptosis by galectin-9 is through the calcium-calpain-caspase-1 pathway; that is, cytochrome c is
released from mitochondria and caspase-activated [71].
Galectin-9 expression in intestine epithelial cells is upregulated in the intestine in patients with food allergy. Mast cells
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stimulate galectin-9 expression by secreting tryptase, which
in turn activate the proteinase-activated receptor 2 on the
epithelial cells. Secreted galectin-9 will in turn activate
dendritic cells [72]. In another mucosal surface, the airways,
administered galectin-9 inhibited airway hyperresponsiveness and by binding to CD44 and inhibited hyaluronan
attachment; galectin-9 inhibited Th2-associated inﬂammation in the airways [73].
As explained above, galectin-9 binds TIM3, a marker
present on many immune cells. In early preeclampsia,
peripheral lymphocytes, T-cells, cytotoxic T-cells, NK cells,
and CD56dim NK cells have reduced TIM3 levels, and an
increased frequency of lymphocytic cells with positive
galectin-9 expression is found. The lowered TIM3 levels
could mean that the normal role of TIM3/galectin-9 in
suppressing Th1 cells and secretion of IFN-γ and inducing
apoptosis is compromised. One possible explanation is that
galectin-9 cannot inhibit inﬂammation in a situation where
TIM3 is downregulated [74]. In the maternal fetal interface,
natural killer cells are involved in maternal tolerance of the
fetus; the TIM-3/galectin-9 pathway is key to upholding the
local tolerance by suppressing a unique NK cell subset’s cytotoxicity toward trophoblasts [75]. These decidual NK cells
are CD56-positive and CD16-negative cells that are important in immunomodulation in implantation and pregnancy
[76]. The cytotoxic activity of decidual NK cells can be
switched on; however, this is suppressed in normal pregnancies. Women with recurrent spontaneous abortion have an
increased number of cytotoxic NK cells in the endometrium
[77]. Interestingly, TIM3 inhibits degranulation of NK cells,
and hence cytotoxicity toward trophoblasts, in a galectin-9dependent way [75].
Galectin-9 is present in intestinal epithelial cells in low
amount; however, the levels increase in patients with food
allergy. Blocking galectin-9 in a mouse food allergy model
inhibited the allergenic hypersensitivity status and Th2
polarization [72].
Galectin-9 is also expressed in adipose tissues, and in
diet-induced obesity in mice, subcutaneous adipose tissue
showed increased galectin-9 expression. Increased galectin9 expression was also observed in both CD11c− and
CD11c+ macrophages in visceral adipose tissue compared
to lean mice [13]. Galectin-9 is suggested to downregulate
inﬂammation by modulating the interaction of macrophages
with T lymphocytes via TIM3.
During obesity, fat can build up in the liver with nonalcoholic fatty liver disease as a result. The disease development is
depending upon natural killer cells positive for TIM3; these
cells will go into apoptosis when stimulated by galectin-9.
Even if galectin-9 can also stimulate natural killer cell proliferation by increasing TIM3+ Kupﬀer cells’ secretion of IL-15,
exogenous administration of galectin-9 decreases the development of nonalcoholic fatty liver disease [78]. Similar
results are also found in obesity-induced diabetes where a
Th1 inﬂammation response is involved in development of
diabetes. In mice, galectin-9, upregulated by injection of plasmid encoding galectin-9, inhibits the development of diabetes. This probably takes place through binding to TIM3,
and galectin-9/TIM3 interacting reduced Th1 cell numbers
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in the spleen, pancreatic lymph node, and pancreas [79].
Galectin-9 could thus be a possible target for therapeutic
strategies to reduce inﬂammation in obese atients to reduce
diseases such as diabetes and fatty liver.
2.8. Galectin-10/Charcot-Leyden Crystal Protein. Galectin-10
is a prototype galectin present as dimers. When eosinophils
are recruited to an inﬂamed site, they are observed to contain
autocrystallizing Charcot-Leyden crystal protein, also named
galectin-10. When eosinophils degranulate, the galectin-10
crystal deposited can stay in the tissues, in among others
asthmatic patients, for extended periods of time. These
crystals can induce inﬂammation in acute peritonitis and
bronchitis [80]. Galectin-10 is present in large amounts in
eosinophils and basophils, making up 7–10% of the total
protein of eosinophils [81]. Galectin-10 is also expressed in
CD4+CD25+ regulatory T-cells [82]; these T-cells are important in downregulation of antiself responses. Interestingly,
inhibiting galectin-10 in activated CD25+ Treg cells restored
Treg cell proliferative capacity and also overrode their suppressive function [82]. A subpopulation of eosinophils are
regulatory eosinophils that can suppress T-cells, through a
mechanism that are partly dependent upon galectin-10
[83]. Extracellular recombinant galectin-10 can also suppress
T-cell proliferation [83]. Galectin-10 could be a humanspeciﬁc galectin as it has not been found in other mammals
[84]. For galectin-10, there is a need for more information
on its molecular role in immunology. A recent study showed
induction of IL-1β release upon Charcot-Leyden crystals/
galectin-10 uptake by primary human macrophages. The
IL-1β release was dependent upon activation of the NLRP3
inﬂammasome [80]. This indicates a key role for galectin10 in inﬂammation, and further studies in this ﬁeld hold a
potential for novel new treatments of inﬂammationdependent diseases.
2.9. Galectin-12. Galectin-12 is a tandem galectin with two
CRDs where the C-terminal CRD has less homology with
classic CRDs than the N-terminal CRD has; the latter has
the classical lectin fold with two beta-sheets [85]. Galectin12 is predominantly expressed in adipose tissue [86].
Diﬀerentiation of 3T3-L1 cells into adipocytes is inhibited by downregulation of galectin-12, and upregulation of
galectin-12 induces G1 cell cycle arrest and apoptosis [87].
This suggests that galectin-12 has a central role in adipocyte
turnover. Allyl isothiocyanate (AITC) reduced the expression
of galectin-12 and could reduce the body weight of high-fatdiet-fed mice, further reducing the accumulation of lipid
droplets in the liver, and white adipocyte size [88]. On the
other hand, a restriction in calories fed increased galectin12 mRNA levels and treatment of obese animals with troglitazone, a thiazolidinedione, increased galectin-12 expression
and decreased adipose tissue size [86]. Hence, both reduced
and increased expressions of galectin-12 decrease adipocyte
size. The adipose tissues are key in the balance between
triglyceride synthesis during energy surplus and lipolysis
during energy needs. Interestingly, galectin-12 has a role in
upholding this balance, and ablation of galectin-12 in mice
shows that galectin-12 has a profound eﬀect on lipid turnover
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and its removal induces lipolysis and decreases adiposity
[89]. Galectin-12 is localised to lipid droplets where it
inhibits lipolysis. The binding of galectin-12 to other
molecules is probably not through the classical N-terminal
CRD, as lactose does not inﬂuence the binding; however,
the C-terminal nonclassical CRD is postulated to have less
aﬃnity for lactose [85] and could be involved in still-to-becharacterised ligand binding. An increase in lipolysis was
not found in the liver and muscle in galectin-12-negative
mice. This is not surprising as the main localisation of
galectin-12 is in the adipose tissues [89]. Galectin-12 is inhibiting phosphorylation-dependent recruitment of hormonesensitive lipase to lipid droplets probably by restricting the
amount of the second messenger cAMP, and galectin-12negative mice show increased phosphorylation of hormonesensitive lipase by protein kinase A activated by cAMP.
Galectin-12-deﬁcient obese mice also show less insulin
resistance/glucose intolerance than do wild-type obese mice
so the insulin sensitivity and the glucose tolerance are
increased [89]. Hence, galectin-12 is a possible target for
therapies to reduce obesity and diabetes mellitus (type 2).
Galectin-12 in the adipose tissues is also important for the
inﬂammation state of the tissue as galectin-12 promotes
inﬂammation [90].
Galectin-12 is expressed in macrophages, in addition to
adipose tissues [90]. Interestingly, macrophages are inﬁltrating adipose tissues in obesity [11]. In adipose tissues of mice
with diet-induced obesity, there is an increase in macrophages observed in adipose tissues before there is a substantial increase in insulin levels characteristic for systematic
insulin resistance [12]. This increase in macrophages is not
observed in the muscle, liver, lung, and spleen until very late
(after 26 weeks on a high-fat diet) where macrophage gene
CD68 was expressed in the liver [12]. It is suggested that
the abnormal fat metabolism caused by the increasing adiposity is causing the macrophage accumulation [12]. The
macrophages in the adipose tissues could release cytokines
that lessen macrophage insulin sensitivity, which again
would stimulate recruitment of more macrophages due to
the metabolic changes [12]. The macrophages in adipose
tissues are heterogenic. Classical M1 macrophages are proinﬂammatory, and the alternatively activated, M2 macrophages
are anti-inﬂammatory. The proinﬂammatory macrophages
are associated with insulin resistance [11]. In the liver,
activation of Kupﬀer cells by the alternative activation pathway via the peroxisome proliferator-activated receptor delta
counteracts obesity-induced insulin resistance [91]. Galectin-12−/− macrophages showed lower phagocytosis of E. coli
than did galectin-12+/+ macrophages, and galectin-12−/− also
promoted a M2 macrophage proﬁle during macrophage
activation [90] suggesting reduced inﬂammation when
galectin-12 is not present. This is supported by the fact that
galectin-12-negative mice fed a high-fat diet had less macrophage inﬁltrations into adipose tissue than control mice had,
as well as lower cholesterol and triglyceride in serum [90].
Galectin-12 expression is linked to galectin-3 expression,
and knockout of galectin-3 reduces adipose tissue expression of galectin-12 [92]. This suggests that galectin-3
inhibitors could not only target galectin-3 but also lead
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to reduced galectin-12 levels and hence decreased adipose
inﬂammation. However, inhibition of galectin-12 will not
change galectin-3 levels [90]; hence, targeting galectin-12
will not clinically help reduce galectin-3 eﬀects.
2.10. Galectin-13, Galectin-14, and Galectin-16. Galectin-13,
-14, and -16 were suggested to have placenta-speciﬁc expression predominantly in the syncytiotrophoblast, a primary site
of metabolic exchange [93], and they are suggested to be
important for pregnancy tolerance development. Galectin13 is special in that the monomers in the homodimer are
covalently linked by disulphide bonds [94] whilst other galectins interact noncovalently. Low galectin-13 levels in the
third trimester are strongly correlated with preeclampsia
[95], and low levels of galectin-13 expression in week 11 were
observed in trophoblasts from residual samples of chorionic
villus in women who later developed preeclampsia [96].
Galectin-13 can, as galectin-1, -3, and -9, induce apoptosis
of activated T-cells, and it is suggested that this could be
important to hinder maternal immune cells in attacking
the fetus [93].
The extravillous trophoblast from the cervix of early
pregnancy loss patients had a reduced level of galectin-14
[97, 98]; also, downregulation of galectin-14 has been found
in preterm severe preeclampsia [15].
Galectin-13, -14, and -16 can induce apoptosis of T-cells
important in the placenta [93].
The placental localisation of these galectins suggests they
are not important for obesity-developed inﬂammation problems in the adult.
2.11. Clinical Potential of Galectins. Galectins have major
roles in processes as diverse as cancer, obesity, diabetes, preeclampsia, and cardiovascular disease. Human galectin-1, -2,
-3, -4, -7, -8, -9, and -12 are all interesting in an immunological perspective as they can induce T-cell apoptosis and modulate inﬂammation. This review has focused on the role of
galectins in inﬂammation and metabolism, and in this perspective, the current knowledge points to galectin-1, -2, -3,
-9, and -12 as especially interesting. For galectin-1 and galectin-9, an increase in the levels of the proteins could protect
against diabetes, whilst for galectin-12 inhibition of the protein could be protective. In the case of galectin-3, the data
are not as straightforward. In the case of galectin-2, we did
not ﬁnd diabetes or obesity-related studies, but galectin-2
modulates inﬂammation and its presence in the pancreas is
interesting and its role in inﬂammation in the pancreas could
be further studied.
In principle, there is hence a potential to treat diseases
and disorders by inhibiting some galectins; for others, direct
administration of galectin on surfaces or by injections could
be beneﬁcial, and for both groups, targeted decrease or
increase, respectively, of the expression of the proteins could
be therapeutic. The fact that galectins are involved in numerous cellular and intracellular processes, and the fact that there
is conserved sequence homology between the galectins, could
complicate treatment strategies. However, increased knowledge on galectins’ site-speciﬁc functions, posttranslational
modiﬁcations, and binding partners could make it possible
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to construct modiﬁed recombinant galectins as well as speciﬁc inhibitors [99]. To increase inhibitor speciﬁcity, work
on designing new inhibitors and studying the inhibitors’
interactions with diﬀerent galectins [100] is important
and promising.
Proof of concept of galectin inhibition and the use
of administered galectin as treatments come from animal experiments described for the individual galectins
above and in this section, and in a limited amount from
clinical trials.
Intraperitoneal injection of galectin-1 prevents onset of
hyperglycemia and reverse pancreatic beta cell autoimmunity
in the pancreas in mice [101]. In addition, healing of pathological wounds in diabetic mice was accelerated by subcutaneous injection of galectin-1 [102]. Galectin-1 is implicated
in tumor development [3] and in obesity [22, 23], and the
galectin-1 inhibitor thiodigalactoside reduced the body
weight gain in mice [23].
We did not ﬁnd clinical studies in human targeting
galectin-1 by the use of inhibitors or injections of the protein.
However, a study using bevacizumab (antibody against vascular endothelial growth factor) and ipilimumab (antibody
against cytotoxic T-lymphocyte-associated antigen 4) on
patients with metastatic melanoma found that patients with
therapeutic responses made antibodies against galectin-1,
whilst a group of patients with reduced survival had
increased circulating galectin-1 protein levels [103]. There
is a wide interest in galectin-1 as a possible therapeutic target,
and inhibitors of galectin-1, modiﬁed galectin-1, antibodies
against galectin-1, and strategies for targeted delivery are currently investigated, and several companies, universities, and
institutes hold patents for the use of these potential treatment
strategies (thoroughly reviewed in [99]). Since both administration of galectin-1 and inhibition of it can be beneﬁcial,
studies need to be holistic and body weight, diabetes, and
cancer should be monitored in further work.
Galectin-3 is a complex therapeutic target as it is involved
in both inhibition and stimulation of inﬂammation. Treatment targeting galectin-3 must also take into consideration
the fact that galectin-3 promotes cancer and metastasis [1]
and that there is not a causal necessity between a protein
being upregulated in a disease and the possibility to treat
the disease by inhibiting the protein. This is clearly shown
in a transgenic ﬁbrotic cardiomyopathy model in mice,
where galectin-3 was upregulated both at mRNA and protein
levels; however, neither galectin-3 inhibitors nor galectin-3
knockout were eﬀective in reversing cardiac ﬁbrosis or
inﬂammation [104]. This suggests that in ﬁbrotic cardiomyopathy, at least in this mouse model, galectin-3 increase is a
symptom, not an inducer of the disease. In a heart failure
model in mice, however, proposed inhibition of galectin-3
with modiﬁed citrus pectin reduced myocardial inﬂammation, and reversed isoproterenol induced ﬁbrogenesis that,
untreated, led to left ventricular dysfunction [105]. It should
be noted that even though pectins inhibit galectin-3-induced
hemagglutination and cell interaction [106], a thorough
in vitro study of plant-derived polysaccharides, including
pectin, showed low inhibition or no inhibition at all of
galectin-3 [107]. Therefore, the reduced myocardial
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inﬂammation eﬀects of citrus pectin could be through other
mechanisms than direct galectin-3 inhibition.
There are several inhibitors targeting galectin-3 (reviewed
with a focus on patents in [108]). In humans, there are a few
studies targeting galectin-3. The galectin-3 inhibitor GRMD-02 (galactoarabino-rhamnogalacturonate; it also binds
galectin-1 but with lower aﬃnity) was used in a doubleblinded study on subjects with nonalcoholic steatohepatitis
with advanced ﬁbrosis. The highest dose tested reduced
ﬁbrosis [109]. The same drug was used to study potential
inhibition of inﬂammation in psoriasis subjects (only ﬁve
subjects and no control group). Interestingly, patients infused
with GR-MD-02 biweekly 13 times showed an average of
>50% reduction in the Psoriasis Area Severity Index [110].
However, the lack of control subjects, the few subjects
included, and the short time frame studied suggest that further studies must be conducted before one can conclude that
the galectin-3 inhibitor has potential for treating psoriasis.
Galectin-9 promotes apoptosis of several cell types,
including T-cells, in a TIM3-dependent manner [70] and
hence modulates inﬂammation. In development of type 1
diabetes, insulin-producing beta cells in the pancreas are
destroyed; this autoimmune destruction is dependent on
Th1 cells. Interestingly, upregulation of galectin-9 by injection of a galectin-9 plasmid in mice signiﬁcantly protected
them from diabetes [79]. In another mouse study, injection
of galectin-9 inhibited development of diabetes, and an antibody against TIM3 was at least as eﬀective as galectin-9 injections in protecting against development of diabetes [111].
This strongly suggests that galectin-9 and molecules interacting with it such as TIM3 have key roles in diabetes and have a
therapeutic potential. A study using prebiotic galactooligosaccharides and fructooligosaccharides in combination
with Biﬁdobacterium breve M-16V increased serum and
intestinal epithelial cell levels of galectin-9 in mice [112].
Infants with atopic dermatitis in a double-blind, placebocontrolled study fed a hydrolysed formula without (control)
or with galactooligosaccharides and fructooligosaccharides
in combination with Biﬁdobacterium breve for twelve weeks
had reduced allergic symptoms [113]. This correlated with
increased galectin-9 levels in serum [112]. This indicates that
it is possible to increase galectin-9 by dietary administration
of pre- and probiotica. However, in a human study, it was not
possible to conclude whether galectin-9 levels were protective
or promoting for the progression of diabetic nephropathy
[114]. Hence, additional studies on galectin-9 and diabetes
are needed to see if injection of galectin-9 can prevent diabetes also in human and if the side eﬀects are acceptable.
Galectin-12 was identiﬁed in 2001 and is interesting
since it is expressed in adipocytes [85, 86]. There are few
galectin-12 studies, but importantly galectin-12-negative
mice (Lgals12−/−) [89] have increased lipolysis, adipocyte
mitochondrial respiration, reduced whole body lipid content, increased insulin sensitivity compared to wild-type
(Lgals12+/+) mice. Targeting galectin-12 is interesting as
it is fat tissue speciﬁc and therefore targeting it could help
in the prevention/treatment of obesity and diabetes in a
targeted manner where other processes, such as cancer,
maybe are not aﬀected.
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3. Conclusions
This review shows that several galectins are key regulators of
inﬂammation in general and that some galectins are involved
in the regulation of inﬂammation processes in obesity leading
to, among others, diabetes. Given their important regulatory
roles, they are appealing targets for treatment of human
diseases. However, limited human studies targeting galectins
are available. It is therefore clear that more research is needed
to target individual galectins with speciﬁcity, in a timely
manner and in speciﬁc tissues and cells.
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