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Galectin-3, a B-galactoside-binding lectin, is elevated in obesity and type 2 diabetes mellitus, and
metformin treatment reduces these galectin-3 levels. However, the role of galectin-3 in adipo-
genesis remains controversial. We found that 17-month-old galectin-3-deficient (Igals3~/~) mice
had decreased body size and epididymal white adipose tissue (€WAT) without related inflamma-
tory diseases when fed normal chow. Galectin-3 knockdown significantly reduced adipocyte dif-
ferentiation in 3T3-L1 cells and also decreased the expression of peroxisome proliferator-activated
receptor (PPAR)-v, ccaat-enhancer-binding protein «, and ccaat-enhancer-binding protein B. En-
dogenous galectin-3 directly interacted with PPARY, and galectin-3 ablation reduced the nuclear
accumulation and transcriptional activation of PPARy. After a 12-week high-fat diet (60% fat),
Igals3~/~ mice had lower body weight and eWAT mass than Igals3*/* mice. Moreover, the expres-
sion of PPARy and other lipogenic genes was drastically decreased in the eWAT and liver of
Igals3~/~ mice. We suggest that galectin-3 directly activates PPARy and leads to adipocyte differ-
entiation in vitro and in vivo. Furthermore, galectin-3 might be a potential therapeutic target in
metabolic syndromes as a PPARy regulator. (Endocrinology 156: 147-156, 2015)

major role of white adipose tissue (WAT) is the main-

tenance of energy homeostasis through energy stor-
age (1). When excessive food energy is taken in, the re-
maining energy is stored as triglycerides in WAT,
increasing WAT mass. Too much WAT contributes to
obesity, which is a metabolic disease that is associated with
type 2 diabetes mellitus, hypertension, arteriosclerosis,
and hyperlipidemia (2, 3). Peroxisome proliferator-acti-
vated receptor (PPAR)-vy is a nuclear receptor that plays a
key role in lipid metabolism. PPARY is activated by li-
gands, binds to the PPARy response element (PPRE), and
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increases expression of target genes (4). PPARYy is a major
transcription factor for adipocyte differentiation, and
many studies have reported that PPARy expression and
activity regulate adipocyte differentiation (3, 6).
Galectin-3, a member of the animal lectin family, is a
protein that contains a carbohydrate-recognition binding
domain that binds to B-galactosides (7). Galectin-3 is
ubiquitously localized in the nucleus, cytoplasm, and ex-
tracellular membrane and is involved in cell adhesion, cell
cycle, apoptosis, inflammation, cell proliferation, and dif-
ferentiation (8, 9). Because most studies on galectin-3 fo-
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Abbreviations: Acaca, acetyl-CoA carboxylase 1; acyl, acyltransferase; ATGL, adipose tri-
glyceride lipase; C/EBP, ccaat-enhancer-binding protein; DMI, dexamethasone, 3-isobutyl-
1-methylxanthine, and insulin; e WAT, epididymal white adipose tissue; FABP4, fatty acid
binding protein 4; FAS, fatty acid synthase; FBS, fetal bovine serum; HA, hemagglutinin;
HEK293, human embryonic kidney 293; IFN, interferon; KO, knockout; Igals3~~, galectin-
3-deficient; Me1, NADP-dependent malic enzyme; MEF, mouse embryonic fibroblast;
ORO, Oil-Red-0; PPAR, peroxisome proliferator-activated receptor; PPRE, PPARy response
element; SAT, sc adipose tissue; shRNA, small hairpin RNA; TG, triglyceride; VAT, visceral
adipose tissue; WAT, white adipose tissue.
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cus on cancer and inflammatory diseases, the role of ga-
lectin-3 in obesity is poorly understood. Galectin-3 is up-
regulated in growing adipose tissue and stimulates
preadipocyte proliferation (10). Serum galectin-3 is ele-
vated in obesity and is negatively correlated with glycated
hemoglobin in type 2 diabetes (11). In mice with high-fat
diet-induced obesity, expression of galectin-3 is increased
in visceral adipose tissue (VAT) and sc adipose tissue
(SAT) (12). Therefore, galectin-3 might be positively as-
sociated with obesity. However, contradictory results ex-
ist; adiposity, systemic inflammation, and abnormal glu-
cose metabolism were increased in galectin-3 knockout
(Igals3~'7) mice (13). Lgals3~'~ mice fed a high-fat diet
have increased body weight, VAT mass, blood glucose,
and insulin levels (14). This study suggests that accelerated
high-fat diet-induced obesity in galectin-3 knockout (KO)
mice is associated with amplified systemic inflammation.
Body weight was significantly correlated with proin-
flammatory macrophages in the adipose tissue of
Igals3™/~ mice. However, these studies did not focus
the regulation of adipocyte differentiation and fat
accumulation.

We have elucidated the molecular mechanism of galec-
tin-3 in vitro and in vivo during preadipocyte differenti-
ation and in mice with high-fat diet-induced obesity. We
have demonstrated that galectin-3 depletion down-regu-
lates PPARYy expression and transcriptional activity.
Lgals3 ™/~ mice with high-fat diet-induced obesity had de-
creased body weight and adiposity without amplified in-
flammation, suggesting that galectin-3 might promote
obesity through regulation of PPARY.

Materials and Methods

Mice and diets

Male and female C57BL/6 mice with either a galectin-3 wild-
type allele (homozygous ™) or a galectin-3-knockout allele (ho-
mozygous ') were kindly provided by Dr F. T. Liu (University
of California, Davis) (15). Wild-type and galectin-3-deficient
mice were bred as heterozygotes in house and maintained on a
CS57BL/6 genetic background. Six-week-old male wild-type
(Igals3™/*) and galectin-3-deficient (Igals3~/'~) mice were fed a
high-fat diet containing 60% fat for 12 weeks in the same room
(12 hlight, 12 h dark cycle). This experiment was independently
performed with female Igals3™/* and Igals3~/~ C57BL/6 mice.
All mice used for studies were age matched but were not litter-
mates. Body weight and food intake were measured once a week.
All tissues were frozen in liquid nitrogen and stored at —80°C
before analysis.

Cell culture and adipocyte differentiation assay
Human embryonic kidney 293 (HEK293) cells purchased
from the Korea Cell Line Bank were cultured as described pre-
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viously (16). The Korea Cell Line Bank authenticates the phe-
notypes of these cell lines. Heterozygous (Igals3™/~) female and
male N6 mice were crossed to produce Igals3*/* and Igals3 ™/~
mouse embryonic fibroblasts (MEFs), as described previously
(17). 3T3-L1 cells were grown to confluence, and differentiation
was induced after 2 days with high glucose DMEM containing
10% fetal bovine serum (FBS), insulin (5 pg/mL), isobutylmeth-
ylxanthine (520 uM), and dexamethasone (1 uM). The media
were replaced every 2 days with high-glucose DMEM con-
taining 10% FBS and insulin (10 pg/mL) until day 8. MEF
differentiation was induced with high-glucose DMEM con-
taining 10% FBS, insulin (10 pg/mL), isobutylmethylxanthine
(520 uM), dexamethasone (1 uM), and rosiglitazone (1 uM).
MEF media were replaced every 2 days with high-glucose
DMEM containing 10% FBS, insulin (10 wg/ml), and rosigli-
tazone (1 wM) until day 14 (18). Lipid accumulation was
detected using Oil-Red-O staining (00625; Sigma-Aldrich).

Generation of galectin-3 stable knockdown 3T3-L1
cells

Galectin-3 small hairpin RNA (shRNA)-lentiviral vectors
were purchased from Sigma-Aldrich. Galectin-3 shRNA-lenti-
viruses were prepared as described previously (19). Briefly,
HEK293FT cells were cotransfected with lentiviral and packag-
ing vectors using Lipofectamine 2000 (Invitrogen). After 48
hours, media containing lentiviruses were harvested and filtered
through 0.45-um syringe filters. Lentiviruses were transduced in
50% confluent preadipocyte 3T3-L1 cells. Lentivirus-infected
3T3-L1 cells were selected by puromycin (2 ug/mL).

Western blot analysis

Cell lysate extractions were prepared with radioimmunopre-
cipitation assay buffer (1% Triton X-100; 1% sodium deoxy-
cholate; 0.1% sodium dodecyl sulfate; 150 mM NaCl; 50 mM
Tris-HCI, pH 7.5; and 2 mM EDTA, pH 8.0) and protease in-
hibitor cocktail (Genedepot). Cell lysates were incubated at 4°C
for 20 minutes and centrifuged at 4°C for 25 minutes at 13 200
rpm. The supernatant concentration was measured with a Quibit
2.0 fluorometer (Invitrogen). Protein was loaded in SDS-PAGE
gels, transferred to polyvinyl difluoride membrane (GE Health-
care), and blocked in 5% skim milk. Membranes were incu-
bated with primary antibodies [galectin-3, ccaat-enhancer-
binding protein (C/EBP)-a, C/EBPB, PPARvy, fatty acid
binding protein 4 (FABP4), hemagglutinin (HA; Santa Cruz
Biotechnology), and Flag (Sigma-Aldrich)] at4°C overnightin
arotor. Membranes were washed with PBS and Tween 20 and
incubated with horseradish peroxidase-conjugated secondary
antibodies (Santa Cruz Biotechnology). The LAS-3000 detec-
tor (Fujifilm) was used for image detection according to the
manufacturer’s directions. The normalization control was an-
ti-B-actin (Santa Cruz Biotechnology).

Immunoprecipitation

Cell lysate extractions were performed with immunoprecipi-
tation buffer and protease inhibitor cocktail (Genedepot). After
centrifugation (13 200 rpm at 4°C for 25 min), the supernatants
were added to protein A/G agarose beads (Santa Cruz Biotech-
nology) and incubated at 4°C for 30 minutes in a rotor for pre-
clearing. After centrifugation (13 200 rpm at 4°C for 2 min),
anti-Flag beads (Sigma-Aldrich), anti-galectin-3, anti-PPARY,
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and normal IgG (negative control) were independently added to
supernatants and were then incubated at 4°C for overnight in a
rotor. Immunoprecipitates were washed twice in immunopre-
cipitation buffer, added to 2X sodium dodecyl sulfate sample
buffer, and boiled at 95°C for 5 minutes. After centrifugation
(13 200 rpm at 4°C for 2 min), supernatants were analyzed by
Western blot, as described previously (20).

Luciferase reporter assay

PPRE-TK-Luc, small hairpin galectin-3, and B-galactoside
were cotransfected in HEK293 cells using Lipofectamine 2000
(Invitrogen). After 48 hours, cells were harvested and luciferase
activities were measured using the luciferase assay system (Pro-
mega) as described previously (21). Luciferase activities were
normalized by a B-galactoside enzyme assay system (Promega).

Immunocytochemistry

Immunocytochemistry was performed as described previ-
ously (22). Briefly, cells in chamber slides were fixed with 4%
formaldehyde at 4°C for 30 minutes, washed with 1X PBS, and
permeabilized in 0.5% Triton X-100 for 10 minutes. Cells were
incubated with primary antibodies (galectin-3 and PPARY) at
4°C and then were incubated with fluorescein isothiocyanate
antimouse and Cy$5 antirabbit secondary antibodies (Invitrogen)
as well as 4’,6’-diamino-2-phenylindole staining solution (Vec-
tor Laboratories). Images were analyzed by confocal microscopy
(LSM 700, Carl Zeiss).

RNA isolation and real-time RT-PCR analysis

Total tissue RNA was prepared using RNA-lysis reagent
(SPRIME) as described previously (23). cDNA (1 pg) was syn-
thesized from RNA by quantitative RT-PCR master mix
(TOYOBO). The following primers were used: galectin-3, for-
ward, 5'-cagtgctcctggaggetate-3', reverse, 5'-attgaagegggggtta-
aagt-3'; PPARY, forward, 5'-agggcgatcttgacaggaaa-3’, reverse,
5'-cgaaactggcacccttgaaa-3'; C/EBPa, forward, 5'-gtgactttgactac-
ccggga-3', reverse, 5'-ggggctettgtttgatcacc-3'; FABP4, forward, 5'-
catcagcgtaaatggggatt-3', reverse, 5'-tcgactttccatcccacttc-3'; fatty
acid synthase (FAS), forward, 5'-tgggttctagccagcagagt-3', reverse,
5'-accaccagagaccgttatge-3'; adipose triglyceride lipase (ATGL),
forward, 5'-caacgccactcacatctacg-3’, reverse, 5'-atgcagaggacccag-
gaa-3'; IL-10, forward, 5'-atcgatttctceectgtgaa-3', reverse, 5'-ttcg-
gagagaggtacaaacga-3'; interferon (IFN)-v, forward, 5'-gagcca-
gattatctctttctacc-3', reverse, 5'-gttgttgacctcaaacttgg-3'; TNFa,
forward, 5'-cgtcagccgatttgctatet-3', reverse, S'-cggactccg-
caaagtctaag-3'; and B-actin, forward, 5'-ggctgtattcecctecateg-
3', reverse, 5’'-ccagttggtaacaatgccatgt-3’. Real-time RT-PCR
was performed using SYBR Green master mix (TOYOBO) with
an ABI instrument (Applied Biosystems Inc). The normalization
control was B-actin. Results were expressed compared with the
average expression in wild-type (Igals3™/*) mice.

Microarray analysis

Total liver RNA was prepared in RNA-lysis reagent
(SPRIME). The gene expression was analyzed in cell lines using
high-density oligonucleotide microarrays containing 20 889
transcripts (HG-U133 Plus 2.0; Affymetrix). Target preparation
and microarray processing procedures were performed as de-
scribed in the Affymetrix GeneChip expression analysis manual
(Affymetrix). GeneChip analysis was carried out using the Af-
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fymetrix GeneChip manual with Microarray Analysis Suite 5.0,
Data Mining Tool 2.0, and Microarray Database software. Mi-
croarray data analysis was performed as described previously
(24).

Morphology analysis of epididymal white adipose
tissue (eWAT)

eWAT samples were fixed in 4% paraformaldehyde and em-
bedded in paraffin. eWAT paraffin sections were stained with
hematoxylin and eosin. Images were analyzed using Image] soft-
ware (National Institutes of Health, Bethesda, Maryland).

Triglyceride assay of eWAT

eWAT samples were homogenized in chloroform/methanol
[2:1 (vol/vol)] as described previously (25). Briefly, 50 mM NaCl
was added to tissue lysates, which were then vortexed for 10
minutes and centrifuged at 4°C for 10 minutes. The supernatant
and interface were completely removed from the organic phase.
Triton X-100/chloroform [7.5:17.5 (vol/vol)] were added, and
the organic solvent was completely evaporated. Triglyceride
(TG) levels were measured using a TG assay reagent (Thermo
Scientific).

Statistical analysis

We used unpaired ¢ tests to analyze comparisons between 2
groups. Statistical analysis was performed using GraphPad
Prism 5.01. Values of P < .05 were considered significant.

Results

Seventeen-month-old Igals3~/~ mice have reduced
WAT

Seventeen-month-old male Igals3 ™/~ mice (n = §) were
significantly smaller than wild-type (Igals3™/*) mice (Fig-
ure 1A). The eWAT was also drastically lessened in
Igals3~/~ mice (Figure 1B). Moreover, Igals3 ™'~ mice ex-
hibited a lower eWAT weight to body weight ratio than
wild-type (Igals3*/") mice (Figure 1C). However, there
was no significant difference in the size of brown adipose
tissues or the liver between groups (Figure 1, D and E).
Therefore, we measured the expression of genes related to
adipogenesis or lipogenesis in the eWAT and in the liver.
Interestingly, the mRNA expression of PPARyand FABP4
was reduced in eWAT in Igals3™'~ mice (Figure 1F). Even
though the liver size was unchanged, the mRNA expres-
sion of PPARy and FAS was reduced in the liver of
Igals3™/~ mice, indicating that galectin-3 deficiency
down-regulates the expression of adipogenic and lipo-
genic genes in both eWAT and liver (Figure 1H). Inter-
estingly, the expression levels of IL-10, IFNvy, and TNF«
were unchanged in both eWAT and the liver of Igals3 ™/~
mice, suggesting that the amplified inflammation did
not occur in lgals3™/~ mice (Figure 1, G and I).
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Figure 1. Seventeen-month-old Igals3™~ mice have reduced WAT. A, Decreased body size and weight of Igals3™~ mice fed chow.
Representative picture of wild-type and Igals3™~ mice fed chow for 17 months. B, Size and weight of eWAT. C, eWAT weight per body weight.
D, Weight of brown adipose tissue. E, Weight of liver. F, Real-time RT-PCR analysis of genes in eWAT. G, Real-time RT-PCR analysis of IL-10, IFNy,
and TNFa in eWAT. H, Real-time RT-PCR analysis of liver genes including galectin-3, PPARy, C/EBPa, FABP4, and FAS. |, Real-time RT-PCR analysis
of IL-10, IFN+y, and TNFe in the liver. mRNA expression was normalized to B-actin. Data are presented as mean + SEM (n = 5 for wild-type and
lgals3~/~ mice fed chow). *, P < .05, **, P < .01, and ***, P < .001 for wild-type vs Igals3~/~ mice. BAT, brown adipose tissue.

Igals3~/~ MEFs exhibit retardation of adipocyte
differentiation

Because the expression of adipogenic and lipogenic genes
was reduced in Igals3~/~ mice, we hypothesized that galec-
tin-3 might play an important role in adipogenesis. The
lgals3™/* and Igals3 ™'~ MEFs were treated with dexameth-
asone, 3-isobutyl-1-methylxanthine, and insulin (DMI) and
rosiglitazone, which induced adipocyte differentiation. The
intensity of adipocyte differentiation was measured with Oil-
Red-O (ORO) staining of lipid droplets. For up to 14 days,
adipocyte differentiation in lgals3™'~ MEFs was retarded

compared with control Igals3™"* MEFs (Figure 2, A and B).
Adipocyte-differentiated Igals3 '~ MEFs had fewer total lip-
ids than adipocyte-differentiated Igals3*/" MEFs (Figure
2C). The expression of PPARy, C/EBPa, C/EBPB, and
FABP4 was reduced in adipocyte-differentiated Igals3 ™/~
MEFs (Figure 2D).

Galectin-3-depleted 3T3-L1 cells exhibit retardation
of adipocyte differentiation

We determined the effect of galectin-3 on the differen-
tiation of preadipocyte 3T3-L1 cells. The levels of galec-
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between exogenously expressed
Flag-galectin-3 and HA-PPARYy in
HEK293 cells by Western blot with
anti-Flag and anti-HA antibodies
(Figure 4A). Furthermore, interac-
tion between endogenous galectin-3
and PPARy was confirmed in
3T3-L1 cells (Figure 4B). To deter-
mine the effect of galectin-3 on
PPARYy transcriptional activity, ga-
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each lane). *** P < .001 for wild-type vs Igals3™~ MEFs.

tin-3 mRNA and protein increased during adipocyte dif-
ferentiation (Figure 3, A and B). To identify the role of
galectin-3 in adipocyte differentiation, we stably silenced
galectin-3 expression in 3T3-L1 cells. The 3T3-L1 cells
were infected with galectin-3 shRNA lentiviruses, and ga-
lectin-3 depletion was confirmed in shRNAs 2 and 5 (Fig-
ure 3C). The 3T3-L1 cells were induced with DMI and
differentiated for 8 days. Galectin-3-depleted 3T3-L1 cells
showed significantly delayed adipocyte differentiation
and lipid accumulation, compared with control 3T3-L1
cells (Figure 3, D and E). Consequently, they had a low
expression of PPAR~y, C/EBPa, C/EBP3, and FABP4 (Fig-
ure 3F). These data suggest that galectin-3 might be a
positive regulator of adipocyte differentiation.

Galectin-3 interacts with PPARy and increases its
transcriptional activity

We investigated the interaction between galectin-3 and
PPARYy. HEK293 cells were cotransfected with FLAG-
tagged galectin-3 and HA-tagged PPARYy. After 48 hours,
cells were harvested and cell lysates were immunoprecipi-
tated using anti-FLAG beads. We confirmed interactions

Figure 2. Igals3™/~ MEFs exhibit retardation of adipocyte differentiation. A and B, Adipocyte
differentiation of wild-type and Igals3~/~ MEFs. MEFs were treated with DMI and rosiglitazone
for 14 days. We performed ORO staining on adipocytes. C, Measurement of lipid accumulation.
Stained ORO dye was eluted by 100% isopropanol and measured using the ODgq,. D, Western
blot analysis of adipogenic factors in wild-type and Igals3~/~ MEFs. Protein expression of
adipogenic factors was normalized to B-actin. Data are presented as mean + SEM (n = 3 for

of PPARy were decreased by galec-
tin-3 silencing in 3T3-L1 cells (Fig-
ure 4D). These data suggest that ga-
lectin-3 might positively regulate
PPARYy expression and transcrip-
tional activity by direct interaction.

Igals3~/~ mice are resistant to
high-fat diet-induced obesity
We fed a high-fat diet containing 60% fat to male
Igals3*/* and lgals3~/~ mice (n = §) for 12 weeks and
characterized the phenotypes. Male lgals3~'~ mice had a
lower body weight than Igals3™/* mice (Figure 5, A and B,
Supplemental Figure 1), even though food intake did not
differ between these 2 groups (Figure 5C). Moreover,
Igals3 ™'~ mice exhibited less eWAT and a lower eWAT
weight to body weight ratio than Igals3 ™" mice (Figure 5,
D and E), suggesting that high-fat diet-induced obesity
was induced less in Igals3 ™/~ mice. However, brown ad-
ipose tissues and liver weight were not statistically differ-
ent between these 2 groups (Figure 5, F and G). We inde-
pendently experimented with high-fat diet-induced
obesity in female Igals3 ™'~ mice (Supplemental Figure 2).
Although body weight was not statistically different be-

3** and lgals3™'~ mice, we obtained

tween female lgals
similar results regarding body weight, eWAT weight, and
the ratio of eWAT to body weight.

Many reports indicate that obesity is related to the risk

of type 2 diabetes mellitus and hyperlipidemia (2, 3). We
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Figure 3. Galectin-3-depleted 3T3-L1 cells exhibit retardation of adipocyte differentiation. A, Level of galectin-3 mRNA during adipocyte
differentiation. B, Level of galectin-3 protein during adipocyte differentiation. C, Galectin-3 stably silenced 3T3-L1 cells. The 3T3-L1 cells were
infected with galectin-3 shRNA lentiviruses (pLKO.1-puro vector) and selected by puromycin. D, Adipocyte differentiation of galectin-3 stably
silenced 3T3-L1 cells. Cells were treated with DMI for 8 days, and we performed ORO staining on adipocytes. E, Measurement of lipid
accumulation. Stained ORO dye was eluted with 100% isopropanol and measured using the ODsgqo. F, Western blot analysis of adipogenic factors
in galectin-3 stably silenced 3T3-L1 cells and relative density as quantified by ImageJ software (National Institutes of Health). Protein expression of
adipogenic factors was normalized to B-actin. Data are presented as mean + SEM (n = 3 for each lane). *, P < .05, **, P < .01, and ***, P <
.001 for small hairpin LacZ vs small hairpin galectin-3, -2, and -5. sh, small hairpin.

examined the regulation of blood glucose and plasma free
fatty acids in lgals3™/~ mice (Figure 5, H and I). Despite
increased body weight and adiposity in Igals3™" mice,

mice.

fasting blood glucose and plasma free fatty acids were not
statistically different between Igals3*/* and lgals3™/~
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Figure 4. Galectin-3 interacts with PPARy and increases its transcriptional activity. A, Coimmunoprecipitation of exogenous galectin-3 (Flag
tagged) and PPARy (HA tagged) in HEK293 cells. Cell lysates were immunoprecipitated using anti-Flag beads. B, Coimmunoprecipitation of
endogenous galectin-3 and PPAR+y in 3T3-L1 cells. C, Luciferase activities of PPRE in HEK293 cells. HEK293 cells were cotransfected with small
hairpin galectin-3, PPRE, and B-galactoside and then treated with 20 uM rosiglitazone. Luciferase activities were normalized to B-galactoside
activity. D, Immunocytochemistry of galectin-3 and PPARYy in galectin-3 stably silenced 3T3-L1 cells. Data are presented as mean + SEM (n = 3 for
each lane). *, P < .05 and **, P < .01 for small hairpin LacZ vs small hairpin galectin-3. DAPI, 4’,6'-diamino-2-phenylindole; sh, small hairpin.

Igals3~/~ mice exhibit decreased adiposity and
altered ATGL expression in eWAT

We detected a reduced adipocyte size in eWAT of
Igals3™' mice fed a high-fat diet (Figure 6A), indicating
that reduced adiposity in eWAT was not due to a decrease
in adipocyte number. High-fat diet-induced TG levels
were also lower in the eWAT of Igals3™'~ mice (Figure
6B). Interestingly, the expression of ATGL was signif-
icantly increased in the eWAT of Igals3™/~ mice fed a
high-fat diet (Figure 6C). Taken together, we found that
a reduced adipocyte size in the eWAT of Igals3 ™/~ mice
fed a high-fat diet was caused by increased ATGL levels.
Further study is required to confirm the regulation of
ATGL by galectin-3.

Igals3~/~ mice have altered hepatic lipogenic gene
expression

Fatty liver diseases are often exhibited in obesity, but a
histological analysis of the livers showed no difference
between the Igals3*/" and lgals3™'~ mice in this study.
Therefore, we measured expression of lipogenic genes in
liver tissues by a DNA microarray analysis. The mRNA
expression of PPARYy, C/EBP«a, FABP4, FAS, NADP-de-

pendent malic enzyme (Mel), acetyl-CoA carboxylase 1
(Acaca), acyltransferase (Acyl), and Slc25a1 was reduced
in the liver tissues of Igals3 ™~ mice (Figure 6D). We also
used a real-time RT-PCR analysis to confirm that
mRNA expression of PPARy, C/EBPa, FABP4, and FAS
was relatively low in liver tissues of Igals3 ™'~ mice (Fig-
ure 6E). This suggests that galectin-3 might influence
lipogenic genes in the liver, stimulating systemic
obesity.

Discussion

We suggest that galectin-3 might be a positive regulator of
high-fat diet-induced obesity. This is in agreement with
previous reports demonstrating that galectin-3 is up-reg-
ulated during adipocyte differentiation and in obesity
(10). Serum galectin-3 was elevated in obese patients and
was negatively correlated with glycated hemoglobin in
type 2 diabetes (11). In mice with high-fat diet-induced
obesity, galectin-3 levels increased in VAT and SAT (12).
However, other groups reported that galectin-3 KO mice
have increased adiposity. Young galectin-3 KO mice de-
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Figure 5. Igals3™/~ mice are resistant to high-fat diet-induced obesity. A and B, Body weight of wild-type and Igals3™~ mice fed a high-fat diet
(60% fat) for 12 weeks. C, Grams of food pellets consumed per day. D, Weight of eWAT. E, eWAT weight per body weight. F, Weight of brown
adipose tissue. G, Weight of liver. H, Blood glucose levels, measured after 5 hours of fasting. I, Level of plasma free fatty acids. Data are presented
as mean = SEM (n = 5 for wild-type and Igals3~~ mice fed a high fat diet). *, P < .05 for wild-type vs Igals3™/~ mice. BAT, brown adipose tissue.

veloped mild hyperglycemia followed by increased adi-
posity and systemic inflammation (13). Fasting blood glu-
cose levels were normalized by antibiotic treatment in
Igals3™/~ mice. This study pointed to a potential role of
microbiota as the cause of hyperglycemia in lgals3™/~
mice. Galectin-3 deficiency induced systemic inflamma-
tion, increasing proinflammatory macrophages, type 1 T
cells, and NKT cells while decreasing regulatory T cells
and M2 macrophages (14). Body weight was correlated
with proinflammatory macrophages and inversely corre-
lated with regulatory T cells in the adipose tissue of
Igals3 ™'~ mice. They described that increased high-fat di-
et-induced obesity of lgals3™/~ mice is associated with
systemic inflammation. The change in the balance be-
tween Ty1 and Tp,2 cells in adipose tissues affects recruit-
ment of activated macrophages, inflammatory response,
and regulation of body weight (26). However, these stud-
ies did not focus on whether galectin-3 deficiency regulates
the expression and activity of genes regulating adipocyte
differentiation and fat accumulation. We examined the
regulation of adipogenic factors by galectin-3. We did not
observe symptoms of amplified inflammation in our ga-
lectin-3-deficient mice, possibly due to their different liv-
ing environment.

Seventeen-month-old Igals3™/~ mice are lean com-
pared with wild-type (Igals3*/*) mice fed with normal
chow. These lgals3~'~ mice had decreased eWAT size as
well as decreased expression of adipogenic and lipogenic
genes in the eWAT and liver. We therefore explored

whether galectin-3 regulates the expression and/or activity
of PPARy, a known master regulator of adipocyte differ-
entiation and lipid metabolism (4, 16). Galectin-3-de-
pleted preadipocyte 3T3-L1 cells exhibited delayed adi-
pocyte differentiation and decreased expression of
adipogenic genes, such as PPARYy, C/EBPqa, and C/EBPS.
Moreover, the adipocyte differentiation of lgals3 ™/~
MEFs was delayed compared with the wild-type
(Igals3*'*) cells. Interestingly, galectin-3 directly inter-
acted with PPARy and regulated its expression and tran-
scriptional activation. This suggests that galectin-3 plays
a direct role in adipogenesis through PPARy regulation.

Furthermore, we demonstrated that galectin-3 might
be a positive regulator of high-fat diet-induced obesity.
This is in agreement with reports demonstrating that ga-
lectin-3 is up-regulated during adipocyte differentiation
and in obesity (10). We fed 6-week-old lgals3™/* and
Igals3™~/~ mice high-fat chow (60% fat) for 12 weeks. The
Igals3 ™' mice had reduced body weight and eWAT mass
compared with wild-type (Igals3*/*) mice, suggesting that
galectin-3 deficiency increases resistance to high-fat diet-
induced obesity. Interestingly, fat accumulation in the
liver as measured by histological analysis and TG content
did not differ between lgals3*/* and Igals3™'~ mice. A
DNA microarray analysis revealed that adipogenic and
lipogenic genes, such as PPARvy, C/EBP«, FABP4, FAS,
Mel, Acaca, Acyl, and Slc25a1 were reduced in liver tis-
sues of lgals3 ™/~ mice. These genes uptake free fatty acids
and synthesize lipids in the liver (27). Up-regulation of
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Figure 6. |gals3~/~ mice exhibit decreased adiposity and altered ATGL expression in e WAT. A, Adipocyte size of eWAT sections stained with
hematoxylin and eosin (H&E). Size measurement was performed using ImageJ software (National Institutes of Health). B, TG content in e WAT. TG
accumulation was measured with a TG assay kit. C, Real-time RT-PCR analysis of galectin-3 and ATGL in eWAT. D, Microarray analysis of liver

tissue showed decreased expression of PPARy, C/EBPa, FABP4, FAS, Me1,

Acaca, Acyl, and Slc25a1. E, Real-time RT-PCR analysis of genes in the

liver, including galectin-3, PPARy, C/EBPa, FABP4, and FAS. mRNA expression of lipogenic factors was normalized to B-actin. Data are presented
as mean = SEM (n = 5 for wild type and Igals3™'~ mice fed a high fat diet). *, P < .05, **, P < .01, and ***, P < .001 for wild-type vs Igals3~/~

mice.

lipogenic genes contributes to excessive TG accumulation
in the liver as well as fatty liver diseases. Previous reports
demonstrated that galectin-3 deficiency inhibited hepatic
fibrosis (28, 29) and protected against nonalcoholic ste-
atohepatitis (30, 31), suggesting that galectin-3 might be
a therapeutic target in liver diseases, such as fatty liver,
steatosis, and cirrhosis, through the regulation of lipid
accumulation and fibrosis. However, the disruption of ga-
lectin-3 can cause nonalcoholic fatty liver disease (32).
Although we could not detect any serious liver abnormal-
ities in Igals3 ™" mice, the change observed in lipogenic
genes is sufficient evidence indicating that overexpression
of galectin-3 in liver may induce liver disease.

Inlgals3 ™'~ mice fed a high-fat diet, adipocyte size and
lipid accumulation were decreased in the eWAT of galec-
tin-3 KO mice. PPARYy and lipogenic genes were also
down-regulated in the eWAT of Igals3 ™/~ mice. Interest-
ingly, ATGL was significantly increased in the eWAT of
lgals3™'~ mice. ATGL is an enzyme that catalyzes the
rate-limiting hydrolysis step of TGs in the triacylglyc-
erol lipolysis cascade (33). In the absence of ATGL, mice
increase WAT mass and TG deposition in multiple tis-
sues. The ATGL KO mice had increased adiposity and

TG storage in WAT (34). This suggests that decreased
adiposity in the Igals3™/~ mice might be due to an in-
creased expression of ATGL. Future research will in-
vestigate the mechanism by which galectin-3 regulates
ATGL expression.

Taken together, our data suggest that galectin-3 plays
an important role in adipogenesis and high-fat diet-in-
duced obesity. Therefore, targeting galectin-3 might im-
prove therapies for metabolic diseases.
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