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ARTICLE INFO ABSTRACT
Keywords: Aims: We studied the effect of metformin on the brown adipose tissue (BAT) in a fructose-rich-fed model, fo-
Brown adipose tissue cusing on BAT proliferation, differentiation, and thermogenic markers.
Thermogenesis Main methods: C57Bl/6 mice received isoenergetic diets for ten weeks: control (C) or high-fructose (F). For
Metformin additional eight weeks, animals received metformin hydrochloride (M, 250 mg/kg/day) or saline. After sacrifice,
Fructose BAT and white fat pads were prepared for light microscopy and molecular analyses.
Mouse . 1. . . . PR .
Key findings: Body mass gain, white fat pads, and adiposity index were not different among the groups. There
was a reduction in energy intake in the F group and energy expenditure in the F and FM groups. Metformin led to
a more massive BAT in both groups CM and FM, associated with a higher adipocyte proliferation ($1-adrenergic
receptor, proliferating cell nuclear antigen, and vascular endothelial growth factor), and differentiation (PR
domain containing 16, bone morphogenetic protein 7), in part by activating 5" adenosine monophosphate-ac-
tivated protein kinase. Metformin also enhanced thermogenic markers in the BAT (uncoupling protein type 1,
peroxisome proliferator-activated receptor gamma coactivator-1 alpha) through adrenergic stimuli and fibro-
blast growth factor 21. Metformin might improve mitochondrial biogenesis in the BAT (nuclear respiratory
factor 1, mitochondrial transcription factor A), lipolysis (perilipin, adipose triglyceride lipase, hormone-sensitive
lipase), and fatty acid uptake (lipoprotein lipase, cluster of differentiation 36, adipocyte protein 2).
Significance: Metformin effects are not linked to body mass changes, but affect BAT thermogenesis, mitochon-
drial biogenesis, and fatty acid uptake. Therefore, BAT may be a metformin adjuvant target for the treatment of
metabolic disorders.
1. Introduction humans [2-4], as seen in cases of loss of body mass (BM) [5]. Also, cold-
exposure might enhance BAT activity [6,7]. Brown adipocytes can
The brown adipose tissue (BAT) dissipates energy in heat form, proliferate and start brown adipogenesis when BAT is recruited, in a
promoting thermogenesis through the presence of uncoupling protein process under adrenergic control involving two key mediators: per-
(UCP) 1 [1]. Studies demonstrated that BAT could be activated in adult oxisome proliferator-activated receptor gamma coactivator (PGC) 1-

Abbreviations: AMPK, adenosine monophosphate-activated protein kinase; AP2, adipocyte protein 2; BAT, brown adipose tissue; BM, body mass; B1AR, beta-1
adrenergic receptor; B3AR, beta-3 adrenergic receptor; BMP, bone morphogenetic protein; CD36, cluster of differentiation 36; cDNA, complementary DNA; CPT,
carnitine palmitoyltransferase; FGF21, fibroblast growth factor 21; HSL, hormone sensitive lipase; LPL, lipoprotein lipase; mRNA, messenger RNA; NRF1, nuclear
respiratory factor 1; pAMPK, human phosphorylated adenosine monophosphate activated protein kinase; PCNA, proliferating cell nuclear antigen; PGC1, peroxisome
proliferator-activated receptor gamma coactivator 1; pHSL*"%°, phosphorylated hormone sensitive lipase on serine 660; PLIN1, perilipin; ATGL, adipose triglyceride
lipase; PRDM, PR domain containing; SIRT, sirtuin; TFAM, mitochondrial transcription factor A; UCP, uncoupling protein; VEGF, vascular endothelial growth factor;
WAT, white adipose tissue
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alpha, and PR domain containing (PRDM) 16. Differentiated brown
adipocytes augment the expression of genes linked to lipid metabolism
and mitochondrial function and ultimately of UCP1 [1,8]. Thus, dif-
ferent factors can induce and activate BAT, including cold [9], beta-
adrenergic agonists [4], and drugs and nutritional compounds [8,10].

Fructose is becoming more and more a part of modern food in the
Western world, being used in processed foods and sweetened soft
drinks. Fructose is associated with insulin resistance, dyslipidemia and
other metabolic diseases [11], and might promote white adipocyte
hypertrophy, with local insulin resistance and inflammation [12,13],
and dysregulated lipolysis [14]. Although the high fructose consump-
tion in an isoenergetic diet does not cause obesity [15], the carbohy-
drate and lipid metabolisms are profoundly altered, influencing the
liver and adipose tissue function [12,13,15].

Metformin, from the biguanides family, is a first-line drug in the
treatment of diabetic patients [16] but has also been used to tackle
inflammatory conditions [17], and some types of cancer [18]. Met-
formin had increased VLDL-triglycerides clearance in BAT, conse-
quently lowering plasma triglycerides in mice [19], and led to BAT
differentiation in diet-induced obese mice [20].

Significant uptake of metformin has been reported in the inter-
scapular BAT depot of mouse [21]. However, the metformin effects on
BAT, especially considering the association with a high-fructose diet are
not known. Therefore, the current study aimed to investigate the pos-
sible action of metformin on BAT proliferation, differentiation, and
thermogenic markers in a model with altered metabolism due to a high-
fructose diet.

2. Material and methods
2.1. Ethical approval

The State University of Rio de Janeiro Ethics Committee for the Care
and Use of Experimental Animals approved the study (protocol number
CEUA/ 022/2015). The protocol followed the recommendations of the
Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health (NIH Publication number 85-23, revised in 1996)
and ARRIVE guidelines [22]. The animals were maintained in venti-
lated cages under controlled conditions (NexGen system, Allentown
Inc., PA, USA, 20 = 2°C and 12h/12h dark/light cycle), with free
access to food and water. The terminology of genes and proteins were
standardized [23]: gene symbols are italicized, with the first letter in
uppercase; protein symbols are the same as the gene symbol but are not
italicized, and all are uppercase.

2.2. Animals and diet

Three-months old nonconsanguineous male mice (C57BL/6) aver-
aged with 24 = 3 g were randomly divided into two groups (n = 20/
group, totaling 40 mice): control diet (C) or fructose diet (F, 47% of
fructose), during ten weeks. The diets were isoenergetic (manufactured
by PragSolucoes, Jau, SP, Brazil) according to the recommendations of
the American Institute of Nutrition for rodents (AIN93M) [24]
(Table 1). The high-fructose diet contained 47.37 g of fructose per 100 g
of food, representing 50% of the total energy content of the food, al-
ready used by us [12,13,15] and others [25] to induce metabolic al-
terations.

After ten weeks, two new groups, including metformin hydro-
chloride (Pharmanostra, GO, Brazil), or vehicle (saline), were separated
from each original group and studied for an additional eight weeks.
Metformin was diluted in saline and orally given (250 mg/kg/day [26])
through orogastric gavage. The groups were formed (n = 10/group) as
described: C group (control diet for ten weeks, and control diet plus
vehicle for eight additional weeks); CM group (control diet for ten
weeks, and control diet plus metformin for eight additional weeks); F
group (fructose diet for ten weeks, and fructose diet plus vehicle for
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Table 1

Composition and energy content of the diets (control, C, and fructose, F).
Content (g) Diets

C F

Casein 140 140
Corn starch 620.7 146.4
Sucrose 100 100
Fructose - 474.3
Soybean oil 40 40
Fibers 50 50
Vitamin mix" 10 10
Mineral mix" 35 35
Cystine 1.8 1.8
Choline 2.5 2.5
Antioxidant 0.008 0.008
Total 1000 1000
Energy (kJ) 15916 15916
Carbohydrates (% energy) 76 76
Proteins (% energy) 14 14
Lipids (% energy) 10 10

2 Mineral and vitamin mixtures follows the formulation of the American
Institute of Nutrition (AIN93 M).

eight additional weeks); FM group (fructose diet for ten weeks, and
fructose diet plus metformin for eight additional weeks).

The food intake was daily measured (the difference between the
food supplied and the amount of food left in the cage), and energy
intake was estimated (the product of food intake and the energy content
of the diet).

2.3. Body mass, respiratory exchange ratio, and adiposity index

BM was measured weekly, and BM gain was determined as the BM
difference between the 10™-week (the moment the groups were es-
tablished) and the last week. The ratio between the sum of the fat
masses divided by the BM was defined as the adiposity index.

The energy expenditure and respiratory exchange ratio (CO, pro-
duction / O, uptake) were evaluated at the end of the experiment
through indirect calorimetry (Apparatus Oxylet system, Panlab/
Harvard, Barcelona, Spain). The monitoring system assessed respiratory
metabolism by measuring the oxygen consumption (VO5) and carbon
dioxide production (VCO,). Data were collected during 72h after an
acclimation period of 24h (excluded from the analysis) and be an
average over the entire testing period [27].

2.4. Sacrifice

Fasting mice for 6h were anesthetized (150 mg/kg sodium pento-
barbital i.p.), and then the interscapular BAT and white fat pads were
dissected and weighed: epididymal (in the lower part of the abdomen,
connected to the epididymis), retroperitoneal (in the posterior ab-
dominal wall near the kidneys), and inguinal (subcutaneous fat be-
tween the lower part of the rib cage and the mid-thigh). Samples of the
BAT were rapidly frozen and stored at —80 °C or were kept in freshly
prepared fixative solution (4% formaldehyde w/v, 0.1 M phosphate
buffer, pH 7.2) for microscopy together with samples of inguinal adi-
pose tissue. After embedding in Paraplast plus (Sigma-Aldrich, St. Louis,
USA) and sectioning at 5-um of thickness, sections were stained with
hematoxylin and eosin. The observations and digital photomicrographs
were obtained in a Nikon microscope (model 80i, and DS-Ril digital
camera, Nikon Instruments, Inc., New York, USA).

2.5. Gene expression (qPCR)

Total RNA of BAT was extracted using Trizol reagent (Invitrogen,
CA, USA). Nanovue spectroscopy (GE Life Sciences) was used to
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Table 2

Data at sacrifice time.
Data C CcM FM
Body mass gain (g) 6.43 + 0.67 5.78 + 0.76 6.28 + 0.48 5.95 + 0.78
Food intake (g/day) 2.83 = 0.33 2.86 = 0.66 2.66 + 0.48 2.74 = 0.37
Energy intake (kJ/day) 45.04 + 5.25 45.52 + 10,50 42.34 + 7.64 43.61 + 5.89
EE (kJ/day) 12.62 = 0.24 12.90 + 0.05 11.02 * 0.28* 11.56 + 0.58%
RER 0.995 + 0.038 1.053 = 0.039 1.015 = 0.015 1.07 = 0.032
Epididymal FPM (g) 0.233 + 0.006 0.235 + 0.006 0.234 + 0.004 0.231 + 0.008
Inguinal FPM (g) 0.194 + 0.013 0.193 =+ 0.007 0.191 + 0.013 0.195 = 0.015
Adiposity index (%) 1.716 = 0.039 1.764 = 0.093 1.760 = 0.092 1.741 = 0.076

Legend: EE, Energy expenditure; FPM, fat pad mass; RER, Respiratory exchange ratio. Groups: Control (C), fructose (F), metformin (M). Values are the means = SD,
n = 10/group. Significant differences are indicated (P < 0.05, one-way ANOVA and post-hoc test of Holm Sidak): F vs. C, ¥; FM vs. CM, §.
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Fig. 1. Inguinal (subcutaneous) pad white
adipocytes. Groups: C, control; CM, control
plus metformin; F, fructose; FM, fructose plus
metformin. Sections were stained with hema-
toxylin and eosin (same magnification to all
photomicrographs). The overall unilocular ap-
pearance of white adipocytes was present in
both C and CM groups. In the FM group, some
adipocytes developed a ‘brown-fat’ presenta-
tion with multilocular adipocytes (arrows).

Fig. 2. Brown adipocytes and brown adipose
tissue mass. Groups: C, control; CM, control
plus metformin; F, fructose; FM, fructose plus
metformin. Sections were stained with hema-
toxylin and eosin (same magnification to all
photomicrographs). Mean + SD (one-way
ANOVA and posthoc test of Holm Sidak,
***P < 0.001). The overall multilocular ap-
pearance of brown adipocytes was present in
both C and CM groups. In the F group, the
adipocytes had more significant lipid droplets,
a phenotype approaching ‘white adipocytes'
(arrows). The FM group showed brown adipo-
cytes like the groups C and CM.
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Fig. 3. Brown adipose tissue proliferation and differentiation markers. Groups: C, control; CM, control plus metformin; F, fructose; FM, fructose plus metformin

(mean * SD, n = 5-6/group, one-way ANOVA and posthoc test of Holm Sidak, *P < 0.05, **

determine RNA amount. Then, RNA (1 pg) was treated with DNAse I
(Invitrogen, CA, USA). Afterward, oligo (dT) primers for mRNA and
superscript III reverse — transcriptase (both Invitrogen, CA, USA) were
applied to the synthesis of first strand cDNA. The Biorad CFX96 cycler
and the SYBR Green mix (Invitrogen, CA, USA) were used for qPCR
(primers were detailed in supplemental Table S1). The endogenous f-
actin was used to standardize the expression of the selected genes. After
the pre-denaturation and polymerase-activation program (4min at
95°C), 44 cycles of 95°C (10s) and 60°C (15s) were tracked by a
melting curve program (60-95 °C, a heating rate of 0.1 °C/s). Negative
controls consisted of wells in which the cDNA was substituted for
deionized water. The relative expression ratio of the mRNA was cal-
culated using the equation 2-AACt, in which -ACT represents the ratio
between the number of cycles (CT) of the target genes with the en-
dogenous control.

2.6. Protein level (Western blot)

The BAT total protein was extracted in homogenizing buffer con-
taining protease inhibitors, and equivalent quantities of total protein
were resuspended in SDS-containing sample buffer and heated for 5 min
at 100 °C and separated by SDS-PAGE. After electrophoresis, the pro-
teins were electroblotted onto polyvinyl difluoride transfer membranes
(Amersham Biosciences, Piscataway, NJ, USA) — the blockade of the
membrane used nonfat dry milk. The homogenates were incubated with
the primary antibodies (Santa Cruz Biotechnology, CA, USA): AMPK
alpha 1/2 (SC-25792) and pAMPKalpha 1/2%72 (SC-33524); HSL (SC-
25843) and UCP1 (33kDa; SC-6529). Also, pHSL™%° was used
(orb335694; Biorbyt, Cambridge, UK). B-actin (SC81178; Santa Cruz
Biotechnology, CA, USA) served as a loading control. Afterward,
membranes were incubated with the corresponding secondary anti-
bodies (anti-rabbit: SC2357; anti-goat: SC2354; and anti-mouse:
SC2005; Santa Cruz Biotechnology, CA, USA). We used ECL for protein
level detection system and the Molecular Imaging ChemiDoc XRS
Systems (Bio-Rad, Hercules, CA, USA). The chemiluminescence in-
tensity of the bands was quantified using the ImageJ software, version
1.51 (NIH, imagej.nih.gov/ij, USA). Endogenous control beta-actin was
used to normalize the expression of the selected proteins. The absor-
bance values were measured.
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**P < 0.001).

2.7. Statistical analysis

The data were normally distributed (D'Agostino-Pearson “omnibus
K2” test), and the variances of the groups were homogeneous (Browne-
Forsythe test). Therefore, the values were shown as the mean, and the
standard deviation (differences were analyzed with one-way analysis of
variance, ANOVA, and the post hoc test of Holm — Sidak). The fol-
lowing comparisons were studied: CM vs. C; F vs. C; FM vs. CM; FM vs.
F, and we reported the statistical differences (the P-value < 0.05 was
considered significant, GraphPad Prism version 7.05 for Windows,
GraphPad Software, La Jolla, CA, USA).

3. Results
3.1. Body mass gain, and food and energy intake

There was no difference in the BM gain among the groups. Food
intake was not different before the treatment and after metformin ad-
ministration (Table 2).

3.2. Energy expenditure and adiposity

The energy expenditure was lower in the F group compared to the C
group (-13%, P < 0.0001), and in the FM group compared to the CM
group (-10%, P < 0.0001). However, no differences were observed in
the respiratory exchange ratio, epididymal fat pad, inguinal fat pad,
and adiposity index (Table 2).

3.3. Inguinal (subcutaneous) WAT structure

White adipocytes were a unilocular cell containing a single huge
droplet of lipid filling almost the entire cell in the inguinal fatty pad of
the groups C, CM and F. Though, in the FM animals, clusters of brown-
like adipocytes presenting smaller and multiple lipid droplets in the
cytoplasm were observed (Fig. 1).

3.4. Metformin increased BAT mass

BAT was more massive in the CM group (+36%) than the C group,
and the FM group (+21%) than the F group (Fig. 2A). The brown
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Fig. 4. Brown adipose tissue thermogenic markers. Groups: C, control; CM, control plus metformin; F, fructose; FM, fructose plus metformin (mean *+ SD,n = 5-6/
group, one-way ANOVA and posthoc test of Holm Sidak, *P < 0.05, **P < 0.01, ***P < 0.001).

adipocytes in the groups C and CM were multilocular cells, but in the F
group there was a fat infiltrates and more significant lipid droplets in
the adipocytes, corresponding to the ‘white adipocyte-like’ phenotype.
However, the multilocular structure of the brown adipocytes was re-
stored in the FM group (Fig. 2B).

3.5. Metformin increased proliferation and differentiation markers in the
BAT

The Blar expression decreased in the F group (-72%) compared to
the C group and raised in the FM group (+118% than the CM group,
+869% than the F group). Also, Bmp7 increased in the FM group

1160

compared to the CM group (+140%), and the F group (+2065%). Vegf
diminished in the F group compared to C group (-79%) but augmented
in the FM group compared to the CM group (+ 523%) and the F group
(+1100%) (Fig. 3A-C). Prdm16 was lower in the F group compared to
the C group (-49%) but higher in the FM group compared to the F group
(+167%). Pcna diminished in the F group compared to the C group
(-68%) but increased in the FM group compared to the CM group
(+56%), and the F group (+523%) (Fig. 3D-E).

3.6. Metformin increased thermogenic markers in the BAT

The pAMPK/tAMPK ratio diminished in the F group compared to
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Fig. 5. Brown adipose tissue adrenergic-dependent and independent markers. Groups: C, control; CM, control plus metformin; F, fructose; FM, fructose plus met-
formin (mean *= SD, n = 5-6/group, one-way ANOVA and posthoc test of Holm Sidak, *P < 0.05, **P < 0.01, ***P < 0.001).

the C group (-38%), and in the FM group compared to the CM group
(-34%). However, pAMPK/tAMPK ratio was higher in the CM group
than the C group (+60%), and in the FM group than the F group
(+69%) (Fig. 4A).

Pgc1 alpha and Ucpl augmented in the CM group compared to the C
group (+517% for both). Pgcl alpha was also higher in the FM group
than in the F group (+158%), while UCPI was lower in the FM group
compared to the CM group (-76%). UCP1 increased +47% in the CM
group than the C group, and +43% in the FM group than the F group
(Fig. 4B-D).

B3ar was higher in the FM group, +144% than the CM group,
+734% than the F group. The CM group compared to C group showed
augmented Bmp8 (+90%), Sirtl (+117%), and Fgf21 (+200%). The
FM group compared to the F group showed increased Bmp8 (+ 620%),
Sirtl (+1226%) and Fgf21 (+107%). Sirtl was also higher in the FM
group than the CM group (+205%) (Fig. 5A-D).

3.7. Metformin enhanced mitochondrial biogenesis markers in the BAT

Nrfl1 increased in the CM group compared to the C group (+212%),
in the F group compared to the C group (+482%), and in the FM group
compared to the CM group (+92%). Tfam was higher in the CM group
than the C group (+136%) and in the FM group than the F group
(+830%), but lower in the F group than the C group (-80%), and in the
FM group compared to the CM group (-20%). Cptl was elevated in the
CM group compared to the C group (+254%) and in the F group than
the C group (+145%) (Fig. 6A-C).
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3.8. Metformin reduced substrate utilization markers in the BAT

Plinl (Perilipin) was decreased in the F group than the C group
(-68%) and in the FM group compared to the CM group (-63%). Atgl
(+172%) and Hsl (+518%) were higher in the F group than the C
group, and in the FM group compared to the CM group (Atgl, +72%;
Hsl, + 294%), but lower in the FM group than the F group (Atgl, -36%;
Hsl, -48%) (Fig. 7A-C). The pHSL/tHSL ratio was higher in the CM
group than the C group (+47%) and in the F group than the C group
(+81%) (Fig. 7D). Also, Lpl was higher in the F group than the C group
(+200%), and in the FM group compared to the CM group (+ 118%).
Cd36 was elevated in the CM group compared to the C group (+80%),
and in the F group than the C group (+64%), but it was lower in the FM
group than the CM group (-23%). Ap2 was higher in the F group
compared to the C group (+117%), and in the FM group than the CM
group (+107%), but it was lower in the FM group than the F group
(-35%) (Fig. 8A-C).

4. Discussion

The study demonstrated that metformin has an action promoting
the proliferation and differentiation of brown adipocytes and then an
increase in BAT mass. Metformin also improves BAT thermogenic
markers, mitochondrial biogenesis mediators, and markers of fatty acid
utilization (metformin reduces Atgl and Hsl, which are known enzymes
that hydrolyze triacylglycerol mobilizing the stored fats).

We chose to use a fructose model because data indicated that the
high-fructose intake could alter the carbohydrate metabolism and liver
both in mice and humans [28,29], and, therefore, we wanted to
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Fig. 6. Brown adipose tissue mitochondrial biogenesis markers. Groups: C, control; CM, control plus metformin; F, fructose; FM, fructose plus metformin
(mean = SD, n = 5-6/group, one-way ANOVA and posthoc test of Holm Sidak, *P < 0.05, **P < 0.01, ***P < 0.001).

evaluate metformin effects under these adverse conditions. Im-
portantly, the metabolic effects of the fructose intake were seen without
a relevant BM gain, because the high-fructose diet was isoenergetic
with the control diet and the food intake was not different among the
groups. Consequently, the effects of metformin might be considered
independent of alterations on BM [15,30]. Our previous studies with
high-fructose consumption have demonstrated the induction of insulin
resistance, increased plasma lipids and hepatic steatosis in this model,
thus confirming that fructose can negatively affect metabolism in mice
[15,31,32]. Herein, fructose reduced energy expenditure without ef-
fects on BM gain or fat pad masses.

Only recently BAT was perceived to be a metformin target [21].
Other studies have indicated that the lipid-lowering effect of metformin
was due to increased VLDL-triglyceride clearance by BAT, which was
accompanied by elevated lipolytic machinery and mitochondrial con-
tent [19]. The current study, to our knowledge, is the first attempting to
associate BAT as a metformin target in a model of a high-fructose diet,
and we have seen that metformin leads to an increase in Pgc1-alpha and
UCP1. Thus, metformin enhanced BAT-related markers in WAT of mice
fed a high-fat diet and increased Ucpl in 3T3-L1 adipocytes [33].
Metformin had also increased Ucpl in rat BAT [34], corroborating our
results.

Metformin is recognized as a potent AMPK inducer [35] and on
intracellular pathways that go beyond AMPK activation [36]. Met-
formin had increased AMPK activity in BAT of mouse leading to mi-
tochondrial fatty acid transport and oxidation [19]. In cultured 3T3L1
adipocytes, metformin had reduced the endoplasmic reticulum stress in
an AMPK-dependent manner [37] and, using compound C (an AMPK
inhibitor), there was a reduction of IL-6 and TNF-alpha usually in-
creased by metformin [38]. AMPK activation in BAT also enhanced
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brown adipocyte formation in vitro [39]. Therefore, although the cur-
rent study has a limitation because of the AMPK-dependent metformin
effect was not measured directly by using an AMPK inhibitor, it is
reasonable to hypothesize that the action of metformin on BAT uses the
AMPK way, but it deserves further investigation.

Here, we observed an increase in the proliferation and differentia-
tion markers leading to a greater BAT mass. Brown cell proliferation is
mediated by B1-AR [40] with the participation of PCNA [41] and VEGF
[42]. Also, PRDM16 is a master regulator of adipocyte differentiation,
and BMP7 is an essential inducer of this process [43], enhancing mi-
tochondrial activity via increased fatty acid uptake and oxidation [44].
BAT hyperplasia may also occur in adipocytes under B3-adrenergic
stimuli [41]. Metformin had increased adrenergic signaling, especially
in the FM group, including 33-AR, BMP8, and SIRT1. BMPS8B is in-
volved in the thermogenic signaling and in expanding the BAT sym-
pathetic tone [45], and SIRT1 may potentiate the response to f-adre-
nergic stimuli in the BAT [46].

Metformin had increased AMPK activity in WAT linked with the
increased SIRT1 expression [47], which corroborates our results in the
BAT. Furthermore, we suggest that metformin also increased FGF21 as
another pathway of inducing BAT thermogenesis. Metformin is re-
sponsible for increasing FGF21 expression in white adipocytes [33] and
in obese mice [20]. In BAT, FGF21 could elevate UCP1 expression [48].

Metformin effects elevating mitochondrial biogenesis markers in
BAT were already reported [19]. NRF1 is the primary target of PGC1
alpha and regulates several genes involved in mitochondrial function
and biogenesis, while TFAM is responsible for mitochondrial DNA re-
plication and maintenance [49]. Also, the activation of the AMPK/
PGC1 alpha-NRF axis was associated with the improvement of reg-
ulators of mitochondrial biogenesis [50], one of the possible
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Fig. 7. Brown adipose tissue lipid uptake markers. Groups: C, control; CM, control plus metformin; F, fructose; FM, fructose plus metformin (mean * SD, n = 5-6/
group, one-way ANOVA and posthoc test of Holm Sidak, *P < 0.05, **P < 0.01, ***P < 0.001).

mechanisms seen in the current study. Metformin enhanced CPT-1, an
essential mitochondrial protein associated with fatty acid utilization
and oxidation capacity. The inhibition of CPT-1 promotes impaired
mitochondrial activity in brown adipocytes [44].

Thermogenesis uses fatty acids as a substrate, and the intracellular
stocks should suffer lipolysis with the participation of perilipin, ATGL,
and HSL [51]. The bloodstream is a source of fatty acids for usage or,
more frequently, for replacement of the depots [52]. BAT activation
also involves increased LPL and CD36, which are critical for fatty acid
uptake [53]. We found an increased expression of CD36, indicating
elevated fatty acid uptake. Since lipolytic genes continued to be higher
in the FM group, we suggest that it contributed to reduced fat deposi-
tion in BAT in this group.

We housed mice at a temperature of 20 = 2°C, a condition in
which mice have to increase metabolic heat production to maintain
body temperature. This question is particularly important because of
the translation to possible effects in humans [54]. A recent study con-
firmed that BAT has been already fully differentiated and therefore
cannot be tested with cold, drugs, and nutrients in studies at around
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21 °C. However, BAT expands and reduces the relative proportion of
tissue lipids, and increases protein proportions, then forming more
adipocytes [55]. These events are in agreement with our study, and
thus reinforces that metformin can be considered a browning agent
even in mice that were not at thermoneutrality.

Gene expression does not guarantee that the gene will be translated
into a protein since gene and protein expressions do not always present
similar results [56]. In mice, BAT is a small tissue, and adipose tissue
has low protein content because of the high lipid content. We chose
here to privilege the gene expression rather than the protein expression
when it was not possible to perform both, and this is a limitation of the
study.

5. Conclusion

The current study demonstrated that metformin stimulates BAT in
mice metabolically stressed by a high-fructose diet, cellular prolifera-
tion (B1AR, PCNA, and VEGF) and differentiation (PRDM16 and
BMP7), possibly mediated by activating AMPK. Also, metformin
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enhances thermogenic markers (UCP1 and PGClalpha) and increases
mediators of adrenergic stimuli and FGF21 expression, linked with
enhanced mitochondrial biogenesis (NRF1 and TFAM) markers, and
altered lipolysis (perilipin, ATGL, and HSL), and fatty acid uptake (LPL,
CD36, and aP2) markers. Therefore, BAT may be an adjuvant met-
formin target for the treatment of a disorder of the metabolism, in-
dependent of alterations in BM.
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