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Abstract

Purpose To verify whether the treatment with linagliptin induces the browning of the subcutaneous WAT (sWAT) and
thermogenesis in murine diet-induced obesity (DIO) model.

Methods Forty animals were randomly assigned to receive a control diet (C, 10% lipids as energy) or a high-fat diet (HF,
50% lipids as energy) for 10 weeks. Each group was re-divided to begin the 5-week treatment, totalizing four experimental
groups: C, C-L (C plus linagliptin, 30 mg/kg body mass; BM), HF, and HF-L (HF plus linagliptin, 30 mg/kg BM). The drug
was mixed with diet.

Results HF animals showed overweight, glucose intolerance, and a greater cross-sectional area of adipocytes. The treatment
with linagliptin was able to normalize the BM, restore the glucose tolerance and the cross-sectional area of adipocytes. These
observations comply with the observation of UCP1-positive multilocular adipocytes in the SWAT of treated animals. Both
treated groups (C-L and HF-L) showed high expression of thermogenic and type 2 cytokines genes, which agree with the
enhanced body temperature and the lower respiratory exchange ratio, implying enhanced thermogenesis with the use of
lipids as fuel.

Conclusions The reduced BM, the enhanced body temperature, and the presence of positive UCP1 beige cells in the sWAT
point to the activation of the browning cascade on the SWAT of linagliptin-treated mice, and hence, linagliptin could induce
the thermogenic pathway as a pleiotropic effect that can have translational potential.
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Introduction

Obesity has reached epidemic proportions owing to greater
availability of high energy-density foods coupled with
physical inactivity [1]. The white adipose tissue (WAT)
undergoes hypertrophy and hyperplasia during a chronic
positive energy balance (EB), which favors the establish-
ment of insulin resistance and inflammation [2]. These
changes make obese individuals more prone to non-
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communicable diseases such as type 2 diabetes in the
long run [3].

Recently, the concept of the WAT as a lipid reservoir has
changed drastically [4]. Nowadays, the WAT is regarded as
an endocrine organ, able to secrete adipokines involved
with many metabolic pathways in an autocrine, paracrine, or
endocrine fashion [5]. Moreover, the WAT plasticity
towards a third type of adipocyte, the beige adipocyte,
turned the WAT a viable target to obesity management
through enhanced thermogenesis [6].

Beige adipocytes exhibit an abundant cytoplasm filled
with mitochondria, where thermogenesis occurs and pro-
duces heat instead of generating adenosine triphosphate
(ATP), resulting in a negative EB [7]. The browning phe-
nomenon (beige adipocytes induction) is more frequent in
the subcutaneous WAT (sWAT) and has gathered pace as it
was recently estimated that the presence of 63 g of beige
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adipose tissue could avoid the storage of 4 kg of fat per year
in humans [8].

Some browning agents include medicines that activate
the peroxisome proliferator-activated receptor alpha
(PPAR-a) [9, 10], and the angiotensin-receptor blocker
losartan [11], besides some nutraceuticals that stimulate the
thermogenic pathway such as cinnamon [12] or chrysin
[13]. Lately, the dipeptidyl peptidase-4 (DPP-4) enzyme has
been described as an adipokine, with excessive secretion in
obesity, leading to insulin-resistant large adipocytes
[14, 15]. Thus, the frequent use of DPP-4 inhibitors (DPP-
4i) as an oral hypoglycemic agent can result in beneficial
pleiotropic effects when it comes to the metabolic impair-
ments of obesity.

In obese mice, the use of sitagliptin (DPP-4i) reduced
hepatic steatosis, resulted in better preservation of the
endocrine pancreas and predominance of small and insulin-
sensitive white adipocytes [16]. Furthermore, linagliptin
(DPP-4i) has recently been linked to enhanced PGCla
expression owing to macrophage polarization toward M2
phenotype [17]. Considering that the PGCla is pivotal to
the mitochondrial biogenesis, an essential step to the
browning phenomenon [18], we carried out this study to
verify whether the treatment with linagliptin induces the
browning of the SWAT and thermogenesis in murine diet-
induced obesity (DIO) model.

Materials and methods
Experimental design: animals and diet

Three-months-old male C57BL/6 mice were kept in
pathogen-free cages, under controlled conditions of light
(12/12h dark/light cycle), temperature (21+2°C) and
humidity (60 + 10%), with free access to food and water.
All procedures are in accordance with the conventional
guidelines for experimentation with animals (National
Institutes of Health Publication: no. 85-23, revised in 1996)
and approved by the Animal Ethics Committee of State
University of Rio de Janeiro (protocol CEUA 022/2018).

During 10 weeks, 40 animals were randomly assigned
into two groups: 20 mice were fed a control diet (14% of
energy as protein; 10% as fat and 76% as carbohydrates;
total energy 15 KJ/g—C group) and the other half were
submitted to a high-fat diet (14% of energy as protein; 50%
as fat and 36% as carbohydrates; total energy 21 KJ/g—HF
group).

After the obesity induction period, C and HF groups
were re-divided, resulting in four experimental groups:
Control (C, n=10), Control treated with linagliptin (C-L,
n = 10), High-fat (HF, n = 10), and HF treated with lina-
gliptin (HF-L, n = 10). C and HF groups remained on the

previous dietary scheme, whereas the treated groups had
Linagliptin (Trayenta, Boehringer Ingelheim) added to the
diet (manufactured by PragSolucoes—Jau, Sao Paulo, Brazil)
at the dose of 30 mg/kg of BM [19]. The treatment lasted
5 weeks. All diets followed the recommendations by the
AIN-93M for rodents [20].

Food intake was measured daily, and BM was measured
weekly during 15 weeks of the experimental protocol.

Oral glucose tolerance test (OGTT)

In the last week of the experimental protocol, animals were
submitted to the OGTT. After 6 h of food deprivation, the
animals received glucose (1.0 g/kg) administrated by oro-
gastric gavage. Blood was collected from the tail vein at 0
(baseline), 15, 30, 60, and 120 min after glucose adminis-
tration and the glycemia was measured by a glucometer
(Accu-Chek Performa, Roche, Sao Paulo, Brazil). The area
under the curve (AUC) was calculated using the trapezoid
rule (GraphPad Prism v7.03 for Windows (GraphPad
Software, La Jolla CA, USA)).

Indirect calorimetry and thermography

One week before euthanasia, animals followed a 72 h pro-
tocol in the Oxylet System (Panlab/ Harvard, Barcelona,
Spain), discarding the first 24 h (acclimatization time) [21].
The respiratory exchange ratio (RER) was obtained by the
ratio of carbon dioxide production (VCO,) and oxygen
uptake (VO,).

An infrared camera (FLIR C2, FLIR Systems, Wilson-
ville, Oregon, USA) was used for thermographic analysis—
body temperature of conscious mice at room temperature
were measured.

Euthanasia

After 15 weeks of protocol and 6 h of food deprivation, the
animals were killed. Anesthetics ketamine (240 mg/kg) and
xylazine (30 mg/kg) were injected via intraperitoneal and
blood samples were obtained by cardiac puncture. The
plasma was separated by centrifugation (3500 rpm, 15 min)
at room temperature and stored (—80 °C).

All white fat pads (inguinal, epididymal, and retro-
peritoneal) were carefully dissected and weighed for cal-
culating the adiposity index (ratio between the sum of fat
pads masses and total BM) and fat distribution (intra-
abdominal or subcutaneous). The interscapular brown adi-
pose tissue (iBAT) was also harvested for histological
evaluation. The subcutaneous inguinal fat pad was con-
sidered the sWAT and was stored for future analysis (in
formalin to histological and immunohistochemical assays or
frozen to RT-qPCR).
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Plasma insulin

Plasma insulin levels were evaluated in duplicate using an
ELISA Kit for rodents (Rat/Mouse Insulin ELISA kit
#EZRMI-13K, Millipore, Missouri, USA).

Light microscopy and adipocyte stereology

Formalin-fixed sWAT and iBAT samples were embedded
in Paraplast Plus (Sigma-Aldrich, St. Louis, MO, USA), cut
with five micrometers of thickness and stained with hema-
toxylin and eosin for evaluation. Non-consecutive random
microscopic fields were analyzed on a light microscope
(Olympus BX51) using a camera (Infinity 1-5c, Lumenera
Co., Ottawa, ON, Canada) and the software Image-Pro Plus
(version 7.0-Media Cybernetics, Silver Spring, MD, USA).

The volume density of adipocytes in the sWAT was
determined using a 16-point test frame generated by the
software STEPanizer [22], as the ratio between points that
hit the adipocytes (except the ones that hit the prohibited
lines) and the total number of points. The numerical density
of adipocyte per area was calculated by counting the adi-
pocytes within the test frame, except the ones that cross the
“forbidden lines”. The average cross-sectional area of the
adipocytes was estimated by stereology as the ratio between
the volume density of adipocytes and twice the numerical
density of adipocytes per area [23].

UCP1 immunofluorescence

After the steps of deparaffinization, antigen retrieval (per-
formed with citrate buffer ph 6.0), nonspecific blockade and
binding (ammonium chloride and glycine 2% and 5%
bovine serum albumin in phosphate-buffered saline), sSWAT
samples (Sum-thick) were incubated with anti-UCP1 (anti-
goat, SC-6529, Santa Cruz Biotechnology; 1:50 dilution) as
primary antibody. Anti-goat Alexa Fluor 488 conjugate was
used as the secondary antibody. Slow fade (Invitrogen,
Molecular Probes, Carlsbad, CA, USA) was used to mount
the slides and to maintain fluorescence. A fluorescence
microscope (Nikon  Confocal = Laser  Scanning
Microscopy—Model C2; Nikon Instruments, Inc., New
York, EUA) was used to assess the slides.

qPCR

Levels of mRNA in the sWAT were measured through
gPCR as previously described [9], using a StepOne plus
Cycler and the SYBR Green mix (Invitrogen). Primers were
designed using Primer3online software (version 4.0.0):
Peroxisome proliferator-activated receptor alpha (Ppar-a—
FW: CAAGGCCTCAGGGTACCACTAC; RV: GCCGA
ATAGTTCGCCGAAA); Peroxisome proliferator-activated
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receptor Gamma Coactivator 1 alpha (Pgcla—FW: AAC-
CACACCCACAGGATCAGA; RV: TCTTCGCTTTATT
GCTCCATGA); PR Domain-containing protein 16
(Prdml16—FW: AGGGCAAGAACCATTACACG; RV:
GGAGGGTTTTGTCTTGTCCA); Beta3-Adrenoreceptor
(f3-ar—FW: ACAGGAATGCCACTCCAATC; RV: AAG
GAGACGGAGGAGGAGAG); Uncoupling Protein 1
(Ucpl—FW:  TCTCAGCCGGCTTAATGACT; RV:
TGCATTCTGACCTTCACGAC); Cluster of differentia-
tion 68 (Cd68—FW: CCAATTCAGGGTGGAAGAAA;
RV: ATGGGTACCGTCACAACCTC); Interleukin-5 (1I-5
—FWwW: CACCAGCTATGCATTGGAGA; RV:
TCCTCGCCACACTTCTCTTT); Interleukin-9 (/I-9—FW:
CCTTGCCTCTGTTTTGCTCT; RV: CCTTGCCTCTGT
TTTGCTCT); Interleukin-13  (/I-13—FW: CTGGA
TTCCCTGACCAACAT; RV: GGTTACAGAGGCCAT
GCAAT); and Beta-actin.

The beta-actin gene was used as an endogenous control
to normalize selected gene expression. Efficiencies of qPCR
for the target gene and the endogenous control were
approximately equal and were calculated from a cDNA
dilution series. The relative mRNA expression ratio (RQ)
was calculated using the equation 2-22C,, in which —AAC,
refers to the difference between the number of cycles (Cy) of
the target genes and the endogenous control. Gene and
protein symbols were standardized [24]. The gene symbols
are italicized, with the first letter capitalized. Protein sym-
bols are the same as the gene symbol, but in uppercase.

Data analysis

Values are expressed as the means and standard deviation.
Normal distribution and homoscedasticity of variances were
confirmed, we used the ¢ test (during the period of two
experimental groups) and analysis of variance (ANOVA)
followed by Holm—Sidak post hoc test (treatment phase).
Also, the two-way ANOVA was used to evaluate the con-
tribution of each variable (diet and treatment), as well as
possible interactions regarding the endpoints being assessed
(GraphPad Prism v7.03 for Windows (GraphPad Software,
La Jolla CA, USA). In all cases, P value <0.05 was
accepted as statistically significant.

Results
Food behavior and body mass

The higher energetic density of the HF diet reflected in the
BM and adiposity index of the animals. C (means =
25.42 g) and HF (means = 25.56 g) groups started the pro-
tocol with no difference regarding the BM. After 2 weeks of
ingestion of their diet, the HF group showed a higher BM
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than the C group (+7%, P =0.0396). This difference
regarding BM lasted until the end of the experiment (15th
week, +17%, P =0.0037). The treatment began to affect
the BM on the 13th week (third week of Linagliptin
administration): HF-L group had a BM reduction in

A =

o C

Body Mass Evolution (g)

comparison with HF (—9%, P =0.0356) and it also lasted
until the end of the experiment (Fig. la). There was no
difference regarding the average weekly food intake, in
grams, between the groups throughout the 15-week-
protocol (Table 1), despite the highest energy intake in

o

-
o

=3 Subcutaneous fat
mm ntra-abdominal fat

-
=}

Fat pad distribution (g)
o
o

Fig. 1 Weekly body mass evolution a, fat pad distribution b, sub-
cutaneous white adipose tissue histology ¢, and brown adipose tissue
morphology d. Photomicrographs of subcutaneous white adipose tis-
sue and interscapular brown adipose tissue stained with hematoxylin-
eosin (same magnification to all images, bar=50pum). One-way

o
o

ANOVA and Holm-Sidak post hoc test (mean+SD, n=10). Sig-
nificant differences (P < 0.05) are indicated: a=C; b=C-L; c=HF.
Group abbreviations: C (control), C-L (control diet plus linagliptin),
HF (high-fat), HF-L (high-fat diet plus linagliptin)

Table 1 Food behavior, adiposity, insulinemia, and energy metabolism

Data C C-L HF HF-L

Initial body mass (g) n =10 26.71 +0.861 - 29.58 +0.296* -

Final body mass (g) n =5 26.68 +£0.420 24.13+0.233 31.11£3.283%° 27.82 +0.543%¢
Adiposity index (%) n=>5 3.454+0.270 3.297+£0.495 4.528 +0.810*° 3.403 £0.144°¢
BAT mass (g) n=5 0.079 £ 0.008 0.112+0.007* 0.110+0.029* 0.102 +0.003
Body temperature (°C) n= 10 33.81+0.716 35.04+0.503* 34.32+0.522° 35.04 £0.455%¢
SWAT adipocytes area (um?) n =22 60.6 £22.22 48.06 +£12.02 97,39 + 28.15*° 46.26 +7.33%¢
Energy intake (KJ/day/animal) n =10 39.450+0.711 39.650 +0.196 51.470 £ 0.705*° 51.740 = 0.807*°
Food intake (g/day/animal) n =10 2.484 £0.045 2.493 £ 0.020 2.447 £ 0.050 2.443 £0.064
Plasma Insulin (pg/mL) n =5 1409.00 =290.50 1155.00 +243.40 2210.00  385.10*° 1922.00 + 464.30°
O, consumption (VO2) n=>5 22.10+1.928 24.36 £ 1.964 24.24+2.091 25.10+1.479
CO, production (VCO2) n=5 21.66 +1.854 21.88+1.223 21.76 £2.022 17.06 = 2.004*0¢
Respiratory exchange ratio (RER) n =5 0.981 +0.001 0.900 +0.040° 0.898 +0.030° 0.678 0.040*¢

Data presented as the means + SD. Significant differences (P < 0.05) are indicated: a= C; b = C-L; ¢ 2 HF as determined by one-way ANOVA and
Holm-Sidak post hoc test for all parameters, except for initial body mass that was tested with Student’s ¢ test
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Fig. 2 Oral glucose tolerance
test curve a and area under the
curve b. One-way ANOVA and
Holm-Sidak post hoc test
(mean + SD, n=15). Significant
differences (P < 0.05) are
shown: a#C; b= C-L; c#HF.
Group abbreviations: C
(control), C-L (control diet plus
linagliptin), HF (high-fat), HF-L
(high-fat diet plus linagliptin)

Oral glucose tolerance test
(Blood glucose mmol/L)

12004
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the groups fed the HF diet in comparison with the ones fed
the C diet.

Adiposity index and fat distribution

Adiposity index revealed that the HF group had a significant
increase on adiposity percentage relative to BM when
compared with other groups (4+33%, +31%, and +37%
than HF-L, C e C-L, respectively; P < 0.05, Table 1). It is
essential to highlight that the HF-L group exhibited a
marked decrease in the adiposity index in comparison with
the HF group (—25%, P =0.0128, Table 1).

The fat distribution between the different compartments
showed that the HF group had a higher mass of sub-
cutaneous fat than C (+30%, P =0.0194), C-L (+69%,
P <0.0001) e HF-L (+30%, P =0.0194, Fig. 1b) groups.
Concerning the intra-abdominal fat, C and C-L had smaller
depots than HF group (—27% to C group, P = 0.0006 and
—39% to C-L group, P<0.0001). Interestingly, HF-L
group had a similar intra-abdominal fat mass to C group
(Fig. 1b).

Regarding the iBAT mass, HF and C-L groups showed
higher masses than the C group (+39%, P =0.0294 and
42%, P =0.0239, respectively), whereas the HF-L group
showed no difference in comparison with the C group
(Table 1).

sWAT morphology and stereology

Histological images and stereological analysis reinforce the
previous results. Photomicrographs of the C group showed
normal-sized unilocular white adipocytes, while the HF
group shows enlarged unilocular adipocytes (Fig. 1c). Both
treated groups showed unilocular white adipocytes com-
parable to the C group, besides browning depots char-
acterized by multilocular adipocytes. The cross-sectional
area of SWAT adipocytes was significantly higher in the HF
group when compared to C and C-L groups (+38% and
+51%, respectively; P <0.0001), confirming the hyper-
trophy of adipocytes and, therefore, the correct induction of
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obesity. HF-L group presented with a significant decrease of
this parameter when compared with HF (—52.5%, P <
0.0001) and C groups (—24%, P =0.038), indicating a
considerable reduction on fat accumulation within the adi-
pocytes, which may be related to its thermogenic capacity
(Table 1).

OGTT and plasmatic insulin

After glucose administration, all groups showed a glycemic
peak at 15 min. Both treated groups reestablish initial glyce-
mia (TO) after 30 min; C group reached the TO-glycemia near
60 min after the glucose overload, whereas HF group could
not grasp the former parameter during the experiment time
(Fig. 2a). The AUC analysis (Fig. 2b) showed the HF group
with the highest AUC when compared with all other groups
(+27%, +23%, and +30% than HF-L, C e C-L groups,
respectively; P <0.001). There was no difference regarding
AUC among C, C-L and HF-L group. This fact suggests that
linagliptin tackled the oral glucose intolerance in HF-L group.
Plasma insulin levels agree with the oral glucose intolerance
in HF group: +57%, P =0.0139 in comparison with C group
and 4+91% in comparison with the C-L group, P = 0.0016,
respectively; Table 1; HL-F had a lower level of plasma
insulin than HF but was not significant.

iBAT morphology, indirect calorimetry,
thermography, and immunofluorescence

iBAT photomicrographs showed that HF animals had
multilocular brown adipocytes with larger lipid droplets
than the other groups, suggesting the whitening phenom-
enon (Fig. 1d). Importantly, the HF-L iBAT resembled the
cytoarchitecture of C and C-L groups, implying that a
higher metabolism through thermogenesis was induced by
the linagliptin treatment (Fig. 1d). Accordingly, the indirect
calorimetry showed that the O, consumption did not differ
among the groups, but the CO, production was lower in the
HF-L group than in all the other groups (HF-L was 21%
lower than C group, P = 0.0039, and 22% lower than C-L
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Fig. 3 Dorsal view of infrared thermography at the end of the treat-
ment a and immunofluorescence for UCP1 in the subcutaneous white
adipose tissue b. a The Infrared thermography shows body tempera-
ture of animals at the top left of each photograph, being the white and

Fig. 4 Subcutaneous white A
adipose tissue thermogenic
markers. One-way ANOVA and
Holm-Sidak post hoc test
(mean + SD, n=5). Significant
differences (P < 0.05) are
indicated: a=C; b= C-L; c # HF.
Group abbreviations: C
(control), C-L (control diet plus
linagliptin), HF (high-fat), HF-L
(high-fat diet plus linagliptin)

red areas the warmest ones. b A fluorescent dye was conjugated to the

secondary antibody for UCP1 immunostaining in the sSWAT, calibra-

tion bar = 50 um. Group abbreviations: C (control), C-L (control diet
plus linagliptin), HF (high-fat), HF-L (high-fat diet plus linagliptin)

and HF groups, P = 0.0041, Table 1), resulting in a reduced
RER. The C group reached a higher RER than all the other
groups; HF-L had the lowest RER. Meanwhile, C-L and HF
had intermediate results (HF-L was 31% lower than
C group, 25% lower than C-L and 24% lower than HF;
P <0.0001; Table 1).

The average body temperature of treated animals was
higher than their respective non-treated counterparts: C-L
increased in comparison with C group (+4%; P <0.0001)
and HF-L increased in contrast to HF group (+2%; P =
0.221; Table 1 and Fig. 3a). Inmunofluorescence for UCP1,
the critical protein for thermogenetic activity, revealed
positive protein expression in both treated groups, corro-
borating the initial findings (Fig. 3b).

Gene expression—thermogenic markers

gPCR results (Fig. 4) showed that mRNA relative expression
of Ppar-a (Fig. 4a), a transcription factor that has thermogenic

C s
a
© 2 T ac
T ~ afi
5 :
EGE ) e 1
- ) i
o
c c-L HF HF-L c c-L HF HF-L
E s
a,c
2,0
a
~—
T
b.c % T
D 10
N 0.5
i 0.0
cL HF HF-L c cL HF HF-L

markers as target genes, was higher in HF-L group than in all
other groups (+45% than HF, P =0.0451, +133% than C-L,
P =0.0004 and +155% than C, P=0.0002).

The thermogenic marker and master regulator of mito-
chondrial biogenesis Pgcla (Fig. 4b) has significantly
enhanced expression in HF-L. when compared with the HF
group: +51% on HF-L (P = 0.0331). C and C-L groups did
not show significant differences between them. Prdmli6
(Fig. 4c), a pivotal gene to the maintenance of the beige
phenotype in the adipose tissue, showed higher expression
in both treated groups: C-L was 68% higher than C (P =
0.0212), and HF-L was 118% higher than HF (P = 0.0034).
Of note, HF-L had a 63% increase in the expression of
Prdmli6 when compared with the C group (P = 0.0249).

Similarly, the relative expression of p3-ar mRNA
showed higher levels in treated groups, indicating that the
thermogenic pathway must be activated (Fig. 4d). HF-L had
117% more expression than HF (P = 0.0198), and C-L had
85% more expression than C (P = 0.0050).
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Fig. 5 Subcutaneous white A 15- B 3
adipose tissue inflammatory 5
markers. One-way ANOVA and ab T
Holm-Sidak post hoc test 104 T 24
(mean + SD, n=15). Significant % O
differences (P < 0.05) are S - b
indicated: a= C; b= C-L; c # HF. QO 54 | T
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C & D,
3] ac
4- iR - T
b 1
2 T I° 1
= 2 b S~ b
0- 0-
C C-L HF HF-L C C-L HF HF-L

The relative expression of Ucpl (Fig. 4e) corroborates
the previous data: treated groups had elevated expression in
comparison to their non-treated counterparts, but only HF-L
had significantly higher levels than HF (480%, P =
0.0032). HF-L also showed a significant difference to the C
group (+112%, P < 0.0008).

Gene expression—inflammatory markers

The gene expression of Cd68 (M1 macrophage marker),
showed that the HF group presented with higher gene
expression than C and C-L groups (+675%; P < 0.0001 and
+263%; P < 0.0001, respectively). In contrast, the HF-L
group had its expression markedly reduced when compared
with the HF group (—86%, P < 0.0001), indicating that pro-
inflammatory pathways were probably less activated in this
treated group (Fig. 5a).

These observations regarding the Cd68 expression
complies with the II-5, IL-9, and IL-13 gene expression,
cytokines related to anti-inflammatory characteristics. The
lowest II-5 gene levels were found in the HF group, with
statistically significant differences in comparison to C and
C-L groups (—64%; P =0.0068 and — 84%; P <0.0001).
Conversely, linagliptin seemed to restore the II-5 gene
expression in the HF-L group, which did not show the
difference when compared with the C group (Fig. 5b).
Regarding [I-9 expression, both treated groups presented
raised values concerning non-treated counterparts, but only
the C-L group showed a significant difference in compar-
ison with the C group (4+282%, P=0.001, Fig. 5c). A
similar pattern was observed on [I-13 expression: both
treated groups presented with enhanced levels of the mar-
ker, but only the HF-L had a significantly higher /-3
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expression than the HF group (4+208%, P =0.0052,
Fig. 5d).

Two-way ANOVA

The diet, as a single factor, exerted the most potent effect on
BM (P < 0.0001, accounting for 47% of the total variance),
energy intake (P <0.0001, accounting for 98% of total
variance), abdominal fat pad (P <0.0001, accounting for
62% of total variance), insulin levels (P =0.0002,
accounting for 56% of total variance), Ppar-a and Pgcla
expression (P < 0.0001, accounting for 62% of the total
variance for both genes), and /I-5 expression (P < 0.0001,
accounting for 55% of the total variance).

The linagliptin treatment, as a single factor, exerted the
most potent effect on adiposity index (P =0.0110,
accounting for 23% of the total variance), average adipocyte
cross-sectional area (P = 0.0016, accounting for 36% of the
total variance), AUC of the OGTT (P = 0.0001, accounting
for 37% of the total variance), body temperature (P <
0.0001, accounting for 43% of the total variance), Prdml6
expression (P < 0.0001, accounting for 61% of the total
variance), f3-ar expression (P <0.0001, accounting for
49% of the total variance), Ucpl expression (P < 0.0001,
accounting for 50% of the total variance), /-9 gene
expression (P < 0.0001, accounting for 55% of the total
variance), and /-13 expression (P = 0.0002, accounting for
56% of the total variance).

The diet and the treatment, as single factors, influenced
equally the subcutaneous fat pad values (P = 0.0007, 34%
of the total variance attributed to each factor).

Diet and treatment interacted significantly regarding
adiposity index (P =0.0453), iBAT mass (P =0.0079),
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average adipocyte cross-sectional area (P = 0.0348), AUC
of the OGTT (P =0.0036), CO, production (P =0.0021),
RER (P =0.0002), and Cd68 expression (P <0.0001).

Discussion

Linagliptin at the dose used and in this DIO mouse model
was able to restore BM, adiposity index, and insulin resis-
tance to values similar to the control group. These sig-
nificant metabolic outcomes can be accounted for by an
apparent tackling of the iBAT whitening parallel to the
browning of the sSWAT after the treatment with linagliptin.
The browning phenomenon is supported by the augmented
expression of Ppar-a and anti-inflammatory type 2 cyto-
kines, leading to favored expression of thermogenic mar-
kers, positive UCP1 immunostaining and enhanced body
temperature in DIO mice treated with linagliptin.

Reduction of BM started after 3 weeks of the drug
administration and can be confirmed by the decrease in
adiposity index and change in the morphology of the sSWAT
—a drop on the cross-sectional area of sSWAT adipocytes
implies diminished lipid depots. As there was no difference
in food intake and there was a similarity in energy intake
between HF-L and HF groups, the BM reduction observed
herein can be accounted for by the treatment. The food
behavior was compatible with a previous study using the
same dose [19].

Linagliptin acts in carbohydrate metabolism, is indicated
for patients with type 2 diabetes mellitus. The mechanism of
action goes through the inhibition of the enzyme and adi-
pokine DPP-4, which inactivates intestinal incretin hor-
mones (as GIP and GLP-1). DDP-4 inhibition promotes an
increased pancreatic secretion of postprandial insulin owing
to prolonged action of the incretins [25]. Hence, glucose
control of insulin-resistant patients could be improved [26].
Linagliptin action is glucose-dependent, and, therefore, it
presents a low risk of hypoglycemia events [25-27].

Analysis of OGTT and its respective AUC showed that the
animals exposed to the insult of the HF diet had difficulty in
re-establishing the initial glycemia throughout the test. This
result agrees to the hyperinsulinemia found in the HF group.
Linagliptin restored the glucose tolerance in HF-L group,
which did not present difference in comparison with the C
group. On the contrary, the insulin levels did not change
significantly in the HF-L group and this can be explained by
the augmented half-life of incretins promoted by DDP-4
inhibition, which yields a higher release of insulin, and
accordingly, higher plasma insulin levels - the drug can keep
>80% of inhibition of DDP-4 during 24 h in humans [19].

Light microscopy images revealed browning depots on
SWAT of treated animals. The photomicrographs show
multilocular adipocytes dispersed within the unilocular

white adipocytes and these depots are more visible in the C-
L group. Though the drug effect on carbohydrate home-
ostasis is glucose-dependent, it is probable that its pleio-
tropic effects are not as lean animals benefited from the
treatment as well. Both treated groups presented structural
changes in sWAT morphology, in different intensities, in
this study. These observations comply with the reduced BM
observed in treating animals once excessive fat intake might
be used as fuel to the enhanced thermogenesis instead of
being stored [6].

Evidence for enhanced thermogenesis also came from
the analysis of the iBAT photomicrographs. The HF group
showed large lipid droplets within the brown adipocytes,
which is not usual. This observation is suggestive of the
whitening phenomenon, which is triggered by reduced
vascularization and pro-inflammatory signals that turn the
brown adipocyte into a white-like adipocyte, compromising
its thermogenic capacity [28, 29]. Conversely, the HF-L
group showed multilocular adipocytes in the iBAT resem-
bling the cytoarchitecture of the C group, being suggestive
of a standard thermogenesis capacity, which indeed helped
to the BM reduction and the amelioration of the glucose
homeostasis found after the treatment.

As for the fuel to the thermogenesis, the RER indicates
the preferred energy source to maintain the basal metabo-
lism of animals. HF-L had the lowest ratio between carbon
dioxide production and oxygen consumption (close to 0.7)
and that indicates that lipids were the primary energy source
to maintain the body reactions of those animals; C group, on
the other hand, presented a ratio that means carbohydrate
consumption (close to 1.0) [30]. Increased body temperature
on both treated groups suggests that the reduction of BM
could have happened by the loss of energy as heat (ther-
mogenesis), using lipids as substrate.

Immunofluorescence images and qPCR confirmed the
previous findings. Immunostaining for UCPI1, located on
the inner mitochondrial membrane, showed positive
immunoreactions to the protein, which is the thermogenesis
effector. The thermogenic cascade starts through adrenergic
stimulation [31], which triggers the elevation of the cyclic
AMP and the activation of protein kinase A, which induces
lipolysis. The free fatty acids activate UCP1, which allows
H" protons to return from the intermembrane space,
avoiding the ATP formation, its consequent accumulation,
and enabling energy to be released as heat [32-34]. At the
temperature that this study was carried out, the increased
expression of UCP1 in the sWAT indicates browning
because only low temperatures (4°C) could induce
browning in the SWAT. Herein, the evidence of UCPI-
positive cells in the SWAT confirms these cells as beige
adipocytes [35]. Also, the expression of f3-ar was influ-
enced only by treatment and showed the trigger to start the
thermogenic pathway in both treated groups [36].
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PPAR-a, a critical transcription factor that has thermo-
genic markers as targets, presents basal levels in rodents
[37]. PPAR-« agonists can be used as anti-obesogenic drugs
[38], with potential effects on thermogenesis and browning
phenomenon [10]. HF-L group presented the highest
expression of this marker among all groups, which was
influenced mainly by the treatment. Hence, we propose a
possible interaction between DPP-4 inhibition and PPAR-«
activation, which paves the way for a more detailed
exploration of this interaction in further studies.

One of the PPAR-«a target gene is PGCla, considered a
pivotal marker to mitochondrial biogenesis [34] and an
activator of UCP1 transcription [31]. HF-L group showed
higher expression of Pgcla than the HF group, which can
be considered as a restoration of its levels considering that
HF-L values were like C group. The higher level of Ppar-a
can explain this observation owing to a possible pleiotropic
action of linagliptin as a PPAR-a agonist. Moreover, it is
established that the DPP-4 inhibition promotes macrophage
polarization on WAT to the M2 status [17] that are related
to anti-inflammatory signaling, transcription of B-oxidation
factors and an increase of PGCla through the NF-kB
inhibition [39]. In agreement to this, the sSWAT of HF
animals showed higher Cd68 expression, a surface marker
of macrophage [40]. Positive CD68 macrophage is a com-
mon finding in the adipose tissue of obese and diabetic
subjects [41], which is linked to the obesity lipotoxicity. It
can be argued that linagliptin rescued the macrophage
infiltration in the SWAT as the HF-L group showed a Cd68
expression similar to the C group.

Adaptive thermogenesis, characterized by the extra heat
production, can be induced by cold, food intake, or exercise
[33, 34], and white adipocytes are more sensitive to this
phenomenon. Under stimulation, the white adipocyte
acquires the phenotype of brown adipocytes linked with a
high mitochondrial density (and therefore a higher ther-
mogenic capacity) and morphological change in the lipid
droplet (that becomes multilocular) occur [31]. The result-
ing beige phenotype cannot be maintained without
enhanced PRDM16 levels [31, 42], whose ablation makes
the beige cells return to its white phenotype, with a single
lipid droplet, low mitochondrial density and low UCP1
[34]. The augmented levels of Prdm16 expression found in
treating animals reinforces that beige phenotype the
linagliptin-induced beige cells were being sustained.

The browning phenomenon relies on adequate sympa-
thetic stimulation. In this context, there is growing evidence
that the sWAT maintains its adrenergic tone through a
hematopoietic circuit that consists of eosinophils and
alternatively activated macrophages (M2) [43]. A recent
study showed that the activation of group 2 innate lymphoid
cells (ILC2s) by IL-33 administration led to beige adipocyte
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recruitment in the SWAT of mice on the basis that the high
secretion of IL-5 and IL-13 (type 2 cytokines) stimulates the
proliferation of PDGFRa + adipocyte precursor cells,
which are committed to differentiate into a beige adipocyte
[44]. Herein, we showed that both treated groups presented
high expression of Il-5 and [I-13 coupled with high sym-
pathetic tone through enhanced f3-ar expression. These
observations comply with the beige adipocyte recruitment
observed in both groups and suggest a possible role of
linagliptin on the IL-33/ILC2s axis and the following
favored type 2 cytokines release (IL-5 and IL-13), as a new
and promising target to obesity control in both human and
mice through UCP1 induction in beige adipocytes and
energy homeostasis [45].

It is noteworthy to say that the HF-L group showed
higher Ucpl expression than C and HF groups, implying a
higher content of active mitochondria. This result, coupled
with the high Prdml6 expression, the highest Ppar-a
expression among all the groups, increased body tempera-
ture and the observation of the histological images led us to
believe that the browning phenomenon must have occurred
at different times in the treated groups. C-L must have had
the thermogenic pathway activated earlier, whereas the HF-
L group had to deal with the HF diet insult in the first place,
and at the end of the experiment was expressing the markers
of thermogenesis more actively.

The main findings of this study are depicted in Fig. 6. In
brief, linagliptin-induced type 2 cytokines secretion (IL-5 and
IL-13) in the sWAT of treated animals, which sustain the
sympathetic tone that is crucial to the browning phenomenon
(enhanced f3-ar expression). Also, linagliptin seems to acti-
vate PPAR-o as a pleiotropic effect. Following PPAR-a
activation, PGCla induces mitochondrial biogenesis, and
PRDM16 orchestrates the unilocular adipocyte fashion
towards a multilocular conformation (beige adipocyte) and
maintains this new phenotype. All these critical thermogenic
and browning mediators were induced by linagliptin more
thoroughly in the HF-L group that continued to be exposed to
excessive lipid intake during the treatment. Also, PPAR-a has
Ucpl as a target gene, implying enhanced thermogenesis as
UCP1 is its main effector, which was proved by the higher
temperature and positive UCPl immunostaining in
linagliptin-treated animals.

The findings on sWAT of DIO mice after chronic
administration of 30 mg/kg of linagliptin indicate that its
benefits go beyond the glycemic homeostasis and the pre-
viously suggested effect in reducing hepatic steatosis [19].
Linagliptin has a predominant excretion through feces,
allowing the administration to renal impaired patients
without dose adjustment, differing from other gliptins
[26, 27]. This property reassures the translational potential
of the present findings as linagliptin is currently used as
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Fig. 6 Graphical abstract. Linagliptin yielded /-5 and /I-13 expression,
which correlates to a sustained sympathetic stimulation; and Ppar-a,
which is linked to Prdml6 and Pgcla induction and the following
mitochondrial biogenesis and favored Ucpl expression. This scenario

monotherapy or combined with other drugs in humans
aiming at glycemic homeostasis, with potential cardio-renal
benefits [46, 47]. However, it is essential to mention that
more information about inflammatory pathways and even-
tual damage or injury to any organ might be investigated.

In conclusion, the proposed linagliptin treatment was
able to reduce the adiposity index and ameliorate the SWAT
structure in obese mice, parallel to the normalization of BM
and high expression of thermogenic markers coupled with
evidence of ILC2s activation in the sSWAT and the alle-
viation of iBAT whitening. Treated animals had restoration
of glucose tolerance and higher body temperature than their
untreated counterparts. These results coupled with the pre-
sence of positive UCP1 beige cells in the SWAT of treated
animals point to the activation of the browning cascade in
the sSWAT, and hence, linagliptin could induce the ther-
mogenic pathway of the treated animals as a pleiotropic
effect that can have translational potential.
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induces the browning of the subcutaneous white adipose after the
treatment, verified by positive UCP1 cells and high body temperature
in diet-induced obese animals. These observations collaborated to the
normalization of body mass
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