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A B S T R A C T

Aims: The aim of the presente study was to examine the effects of oral gallic acid (GA) administration on the
brown adipose tissue of obese mice fed with high-fat diet. New mechanisms and interactions pathways in
thermogenesis were accessed through bioinformatics analyses.
Main methods: Swiss male mice were divided into four groups and fed during 60 days with: standard diet,
standard diet combined with gallic acid, high-fat diet and high-fat diet combined with gallic acid. Body weight,
food intake, and blood parameters (glucose tolerance test, total-cholesterol, high-density low-c, triglyceride and
glucose levels) were evaluated. Brown and subcutaneous white adipose tissue histological analysis were per-
formed. SIRT1 and PGC1−α mRNA expression in the brown adipose tissue were assessed.
Key findings: Our main findings showed that the gallic acid improved glucose tolerance and metabolic para-
meters. These results were accompanied by bioinformatics analyses that evidenced SIRT1 as main target in the
thermogenesis process, confirmed as increased SIRT1 mRNA expression was evidenced in the brown adipose
tissue.
Significance: Together, the data suggest that the gallic acid effect in brown adipose tissue may improve body
metabolism, glucose homeostasis and increase thermogenesis.

1. Introduction

The brown adipose tissue is characterized by multilocular lipid
structures and high mitochondria content which is mainly found in the
interscapular region of rodents, being responsible for energy transfer-
ence via UCP1 thermogenic activity, which is localized in the inner
mitochondria membrane [1–3]. The brown adipocytes and beige cells
(derived from the subcutaneous adipose tissue), are metabolically
beneficial due to their unique thermogenic properties [4] (Fig. 1).

Thermogenesis is essential for body temperature maintenance in

rodents, as it is a natural biological process of heat generation and
energetic homeostasis control, via balance between energy expenditure
and intake [4].

Studies have demonstrated gallic acid anti-obesity role in metabolic
disorders [5]. Gallic acid, a polyphenol found in red wine and grapes,
has a number of therapeutic properties, including anti-inflammatory,
anti-oxidant and anti-viral effects contributing in cardioprotection
[6,7]. In addition, an animal study showed an anti-obesity effect, im-
proving dyslipidemia in hypercholesterolemic animals [5].

In addition to molecular and mechanistic experiments, the
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bioinformatics approach, a cluster of computational techniques, aimed
to organize and clarify the interactions associated to biological mac-
romolecules is a valuable tool to confirm or guide biomolecular in-
vestigations. Bioinformatic analysis were already performed to in-
vestigate several pathological process such as oral lichen planus, skin
carcinoma, pressure ulcer, radicular cyst and periapical granuloma
[8–11], and thus might be an useful tool to explore the gallic acid
pathways interactions and new action mechanisms involved between
this natural compound and thermogenesis and obesity.

The gallic acid molecular mechanisms and effects are still poorly
elucidated. Therefore, the present study aimed to evaluate the gallic
acid effects on thermogenesis in the brown adipose tissue of high-fat fed
mice. Additionally, we propose to investigate the differential involve-
ment of protein-coding genes in thermogenesis, through bioinformatics
analyses.

2. Material and methods

2.1. Diets

Obesity was induced in male Swiss mice by high-fat diet (24.55% of
carbohydrate, 14.47% of protein, and 60.98% of fat, presenting a total
of 5.28 kcal/g of diet) (Rhoster® LTDA, São Paulo, Brazil). The control
group was fed the standard diet (ST) (50.30% of carbohydrate, 22.0%
of protein, and 7.80% of fat with a total of 2.18 kcal/g of diet), as
previously described [10].

2.2. Experimental design

Male Swiss mice (two months old) were obtained from Universidade
Estadual de Montes Claros (UNIMONTES). The animals were housed
under a 12 h light-dark cycle, and the temperature was maintained at
23.0 ± 2.0 °C. Mice had free access to food and water for the sixty day
treatment period. The mice were randomly divided into four groups
(n=8each) and respectively fed with a standard diet (ST) (Purina
-Labina®), standard diet plus gallic acid, high-fat diet (HFD), and high-
fat diet plus gallic acid (GA) (100mg/kg/body weight) (Sigma Aldrich)
[12]. The study was approved by the ethics committee for animal ex-
perimentation of the Universidade Estadual de Montes Claros, Minas
Gerais, Brazil, by the process nº092 /2015.

2.3. Measurements of body weight, food intake and biochemical
investigation

Food intake and body weight gain (BW) were measured twice per
week during treatment. At the end of the experimental period, the mice
were subjected to a glucose-tolerance test, where D-glucose (2 g/kg of
body weight) was intraperitoneally injected into overnight fasted mice.
Glucose levels from tail blood samples were obtained at 0, 15, 30, 60
and 120min after injection. The insulin sensitivity test was performed
on overnight-fed mice, after insulin intraperitoneal injection (0.75
units/kg body weight; Sigma–Aldrich®, St. Louis, USA). Tail blood
samples were taken at 0, 15, 30, and 60min after injection. Blood
glucose levels were determined using an Accu-Check glucometer
(Roche Diagnostics Corp.®, Indianapolis, Indiana, USA) [10].

Fig. 1. Gallic acid oral administration effects on insulin sensitivity, glucose tolerance and fasting glucose levels in mice fed standard or high-fat diet. (A)
Intraperitoneal Insulin Sensitivity Test (IPIST) and IPIST insulin area under the curve (mg/dL) (B) Intraperitoneal glucose tolerance test (IPGTT) and IPGTT glucose
area under the curve. (C). Fasting Glucose (mg/dL). Abreviations: Standard diet (ST), standard diet plus gallic acid, (ST + GA), high-fat diet (HFD), HFD plus gallic
acid (HFD + GA). Values represent an average ± SD (n=5). Significance was assessed using test Two-Way Anova p < 0.05 (*), p < 0.01 (**) or p < 0.001 (***)
levels of probability.
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Blood samples were centrifuged 3200 rpm for 10min, at 4 °C,
(Centrifuge Excelsa II, Mod. 206 BL) and the plasma separated for de-
termination of total cholesterol, High Density Lipoprotein (HDL) cho-
lesterol, triglycerides and glucose levels, using enzymatic tests (Wiener
Lab., Argentina) and Wiener lab BT3000 analyzer [10,13].

2.4. Histological analyses

The brown and subcutaneous adipose tissue were excised and fixed
in 4% buffered-formalin solution and embedded in paraffin. Sections
were deparaffinized, rehydrated, and stained with hematoxylin and
eosin. The slides were evaluated under a conventional light microscope
(Axioskop40). Images of tissues areas (× 10 ocular and×40 objective
lenses) were captured with an Axio Cam MRcZeis camera. The re-
presentative images from mice per group were shown.

2.5. Bioinformatics analysis procedures

Initially, we performed a bioinformatic analysis of human genes
related to “thermogenesis”, “gallic acid”, “sirtuin” and “obesity” on the
GeneCards database and NCBI (https: //www.ncbi. Nlm.nih.gov/mesh/
) [14]. The initial gene list was then expanded using the Web-available
software STRING(version 10.0) and STITCH (version 5.0) [15,16] and
predicted associations with a higher level of confidence (results with a
score ≥0.9) between each gene and all the other genes involved in the
analyzed process were obtained. The network obtained was expanded
only once, revealing new possible genes associated with the searched
mechanisms. The combined score for each gene was adjusted by mul-
tiplying by 1000 to obtain a single score, called the Weighted Number
of Links (WNL) [9,17,18].The Total Interaction Score (TIS) represents
all gene interactions in the entire STRING database.

2.6. Topological and ontological analysis

Topological and closeness analyzes were carried out with
Cytoscape. Ontological analysis, and BinGO was applied (Shannon
et al., 2003). All two structures (molecular functions and cellular
components) controlled vocabularies were used to describe the gene
products. The results suggest the molecular pathways involved in the
process.

2.7. Reverse transcription and RT-PCR

To confirm the in silico analysis of genes from the bioinformatics
findings, we performed a real time PCR of the leader genes associated
with the thermogenesis process in the adipose tissue. After a 12-h-
fasting period, the mice were decapitated and brown and subcutaneous
adipose tissue samples (BAT) were collected, weighed and immediately
stored at −80 °C.The BATs mRNA were prepared in Trizol reagent
(Invitrogen Corp. ®, San Diego, California, USA) and treated with
DNAse (Promega). Reverse transcription was carried out with M-MLV
(Invitrogen Corp. ®) using random hexamer primers.

Gene expression was normalized to the endogenous glyceraldehyde

3-phosphate dehydrogenase (GAPDH). The SIRT-1 and PGC1-α mRNA
levels were determined by qRT-PCR and amplified using specific pri-
mers and SYBR green reagent (Appllied Biosystems®, USA) in Quant
Studio 6 flex, 96 wells equipment (Applied Biosystems®). The expres-
sion analyzes were performed using the 2ΔΔCTmethod [19].

2.8. Statistical analysis

All data was transferred to Graph Pad Prism software (Version 5.0®,
San Diego, USA) and submitted to specific tests with a statistical con-
fidence of 95% (p < 0.05). Data are expressed as the mean ± SEM.
The statistical significance of the differences in mean values between
mice groups were assessed by one-way ANOVA or two-way ANOVA
(glucose tolerance and insulin sensitivity tests) and the Tukey post-test.

Bioinformatics analyzes were performance using SPSS (Version
18.0,1BM, New York, NY, USA). Genes were ranked according to this
parameter in clusters, by the clustering method K-means [10,11,20].
The differences between the various classes in WNL terms were assessed
using Kruskal-Wallis tests (p < 0.001). WNL and TIS values are used
for different purposes [10,11,18,20,21]. The TIS is associatedwithgreat
interactionswhile WNL is relatedto specific network interactions [11].
The categories with higher both WNL and TIS were chosento identify
the genes that have more interactions.

3. Results

3.1. Gallic acid treatment improved metabolic parameters in HFD fed mice

Body weight was significantly decreased in ST + GA
(54.8 ± 5.972) and HFD + GA (49.0 ± 1.834) when compared with
the control group (p < 0.01). Adiposity was significantly increased in
ST (0.040 ± 0.014) as compared with ST + GA (0.022 ± 0.011) and
HFD (0.075 ± 0.009) as compared with HFD + GA (0.039 ± 0.010).
The energy intake per body weight were similar between treatments
submitted to the same diet type (Table 1).

The serum high-density lipoprotein levels were not different among
groups. Although there were no significant differences, the HFD + GA
group showed an increase in HDL when compared to the control group.
We observed a significant decrease in cholesterol showing a statistical
association with ST + GA (101.5 ± 9.29) as compared to HFD
(157 ± 18.29) and HFD + GA (154 ± 33.74) groups (p < 0.0042).
However there were no statistical differences between groups HFD and
HFD + GA. The triglycerides were reduced in animals fed standard diet
plus gallic acid (147 ± 7.57) and HFD + GA (144 ± 8.71) as com-
pared to HFD (183 ± 5.03) (p < 0, 02).

The glucose levels in fasting assessed during the insulin sensitivity
test (Fig. 1B) were markedly increased in the experimental group fed
high-fat diet (170.6 ± 6.45) as compared to the HFD + GA group
(130.9 ± 10.4) (p < 0,05). There was also a decrease in glucose
levels in the ST + GA group when compared to the control group. In
the glucose tolerance test, the area under the curve was larger in the
HFD group compared to the HFD + GA and ST + GA treated groups
(Fig. 1D).

Table 1
Gallic acid effects on metabolic parameters.

Groups ST ST + GA HFD HFD + GA

Energy Intake 0,27 ± 0,11 0,2856 ± 0,11 0,36 ± 0,19 0,38 ± 0,16
Initial Body Weight 23,30 ± 1,57 22,9 ± 0,77 22,20 ± 2,32 22,30 ± 1,20
Final Body Weight 63,20 ± 6,06 54,8 ± 5,97∗ 76,20 ± 5,34 49,00 ± 1,83*
High-Density Lipoprotein 65,95 ± 11,06 75,95 ± 24,63 88,05 ± 15,06 112,6 ± 20,13
Total Cholesterol 117,0 ± 6,000 101,5 ± 9,292 157,0 ± 18,29 154,0 ± 33,74
Triglycerides 160,7 ± 22,30 147,3 ± 7,572* 183,3 ± 5,033 144,0 ± 8,718*
Glucose 90,00 ± 20,4 85,50 ± 13,10 79,50 ± 13,80 92,00 ± 7,211

ST, standard diet; ST + GA, standard diet plus gallic acid; HFD, high-fat diet; HFD + GA, high-fat diet plus gallic acid. p< 0.05
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The glucose area under the curve (AUC) graphs based on the IPIST
(Fig. 1B) and IPGTT (Fig. 1D), evidenced that an eight week drug
treatment decreased the glucose AUC in treated mice. The glucose le-
vels were higher in HFD animals as compared to HFD + GA. Gallic acid
treatment in both control and HFD groups improved insulin sensitivity
and glucose tolerance in mice.

3.2. Brown and subcutaneous adipose tissue morphologic analyzes

Histological adipose tissue analysis were performed to examine the
gallic acid effects on thermogenesis. The histological analysis were
based on the adipocyte size (Fig. 2A–B). Brown and subcutaneous
adipose tissue analysis did not showed statistically differences between
groups of treatment and control. However, a numerical decrease in
adipocyte area (WAT) can be observed in the obese group after treat-
ment with GA (Fig. 2B).

Bioinformatics analyses reveal the leader genes potentially modu-
lated by Gallic acid during thermogenesis in brown adipose tissue.

With the aim at investigating the mechanisms associated with
“thermogenesis”, “gallic acid”, “sirtuin” and “obesity”, an in silico
analysis were performed using the software platform cytoscape for vi-
sualization of molecular interaction networks. All topological analyses
were carried out with Cytoscape and Biological Networks Gene
Ontology (BINGO) tool. The protein interaction map obtained in the
STRING software is displayed in Fig. 3A–C. Regarding the keywords
used”, the preliminary query in gene cards suggested 5 genes (UCP1,
LEP, PPARGC1A, NAMPT, NR1H2). One expansion was performed in
order to expand to 5 more interactions (Fig. 3A). Analyzes obtained

from STITCH also guided our actions in choosing the genes to be
evaluated in this gallic acid study (Fig. 3B).

The network exhibited the following power law behavior: correla-
tion: 0.960; R2:0.964 (Fig. 4A) in agreement with the scale-free theory
of network. In this context, closeness analysis, which measures the
grade of proximity of a node to the rest of nodes, was performed.The
larger the value, the faster the information spreads through this node
(correlation: 0.886; R2:0.765) (Fig. 4B). Considering genes that pre-
sented a combination of higher WNL and lower TIS, sirtuin 1 (SIRT1)
was considered the main target for the thermogenesis process (Fig. 4C
and D). The heat map was built based on WNL and TIS values (Fig. 4E).

The ontological analysis demonstrated that regulation of molecular
function (transcription regulator activity) and cellular component
(nucleoplasm) (Fig. 5A and Fig. 5B), are the main biological processes
involved. The protein interaction network and the leader gene are
presented in Fig. 5C.

The mice group treated with gallic acid displayed increased SIRT1
and PGC1-α mRNA expression in the brown adipose tissue of high-fat
fed mic treated with as compared to the control group (Fig. 6A–B).
Additionally, PGC1-α expression was increased in the HFD + GA group
as compared to the group ST + GA (Fig. 6A).

4. Discussion

In the present study, we evaluated for the first time the thermogenic
effects produced by oral gallic acid in a model of metabolic stress in-
duced by high-fat diet. We observed a reduction in body weight, and
triglycerides serum levels in animals treated with gallic acid

Fig. 2. Gallic acid oral administration effects on adipocity area subcutaneous and brown adipose tissue in mice fed standard or high-fat diet. (A) Subcutaneous
adipocity area (bar graph). (B) Brown adipocity area (bar graph). (C) Histological section of adipose tissue stained with Hematoxylin/eosin staining. Scale bar,
100 μm. Abreviations: Standard diet (ST), standard diet plus gallic acid, (ST + GA), high-fat diet (HFD), HFD plus gallic acid (HFD + GA). Values represent an
average ± SD (n=5). Significance was assessed using test Two-Way Anova p < 0.05 (*), p < 0.01 (**) or p < 0.001 (***) levels of probability. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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accompanied along with increased glucose tolerance, insulin sensibility
and thermogenic process. More importantly, we showed for the first
time, through bioinformatics analyzes, new possible mechanisms by
which the gallic acid modulated thermogenesis, where sirtuin 1 (SIRT1)
was considered the main target.

Corroborating our data, Hsu & Yen also demonstrated the reduction
in liver TAG and cholesterol levels in the HFD + GA animals [28]. The
treated animals exhibited a significantly decreased body weight gain
with steady food intake. Doan et al. corroborates these findings by
showing that gallic acid was able to induce a body weight reduction and
prevent metabolic disorders without changing the food intake [12].
New studies have shown the high-fat diet prejudicial effects on meta-
bolic performance. A study performed by Latha and Daisy corroborates
our data by evidencing a beneficial metabolic role of this compound
and its anti-obesity effects such as decreased visceral fat, demonstrating
the gallic acid potential modulate body composition [5].

Latha & Daisy also showed that gallic acid lowers blood glucose
with a simultaneous increase in plasma insulin [5]. A study have re-
ported that this chemical compound has antidiabetic or anti-
hyperglycemic activity. Prasad and collaborators, through in vitro
studies showed that gallic acid induces GLUT4 translocation with sub-
sequent stimulation of glucose uptake, thus exerting antidiabetic effects
[22]. We have also reported that the improved glucose tolerance ob-
served in our treatment model indicated a greater insulin release during
hyperglycemia.

Our study proposed to explore through bioinformatics analyzes, the
molecular mechanisms to explain the gallic acid signal effectors and its
potential role in thermogenesis. Based on our findings we have outlined
a proposed molecular pathway whereby SIRT1 (Fig. 3A) has emerged as
critical for the molecular basis of thermogenesis. Employed by browsing
networks for genes of interest, inspecting interaction evidence and
performing interactive clustering, the SIRT1 gene was obtained as
leader.

Our study is the first study that associated bioinformatics analyses
with the gallic acid on obesity and thermogenesis. Bioinformatic ana-
lysis are performed using public databases, scientific publishing data-
bases and gene database, to add knowledge about genes and molecular
mechanisms involved in disease pathogenesis and to point to possible

therapeutic targets. In this study, SIRT1 was identified as the main gene
involved in the gallic acid effects in the thermogenesis process, based in
the literature search and laboratory experiments.

Some metabolic benefits described for different models and drug
tests were previously attributed to increased SIRT1 expression, which is
an important regulator of metabolic disorders. Initially described in
yeasts, the sirtuins comprise a 7 component enzymes group (each type
with specific functions and locations) that deacetylates histones in
mammals. The SIRT1 is located in the nuclei and is associated to epi-
genetics regulation, especially of histones and transcription factors
[23].

Corroborating these findings, Doan and cols showed that gallic acid
regulates mitochondrial gene expression via SIRT1-PGC1-α through the
AMPK in brown adipose tissue in animals in dietary stress conditions
and in vitro experiments. This was the only study that reported the
gallic acid effects on thermogenesis. Interestingly, and correlating with
our findings, PGC1-α is considered a central inducer of mitochondrial
biogenesis necessary for the thermogenic process, thus being con-
sidered an important marker [12].

Ramadori et al. reported that SIRT1 gene deletion affects leptin
signaling by reducing energy expenditure. These observations suggest a
pivotal role of the sirtuins in fat mass control and adipokine regulation
[24]. The SIRT1 increased expression in white adipose tissue and
pancreatic β cells improves glucose tolerance and increases insulin se-
cretion in response to glucose, while the SIRT1 deletion impairs insulin
secretion and glucose uptake [25]. Several studies reported that SIRT1
is involved in different metabolic processes. In mammals, SIRT1 is an
important regulator of energy homeostasis, playing a role in glucose
and lipid metabolism [26].

Other studies demonstrated the SIRT1 involvement in protecting
against metabolic damage induced by high-fat diet and inflammation in
adipose tissue [27,28]. Our results showed an association between
gallic acid and increased SIRT1 expression in brown adipose tissue.

Moreover once again, the present study is the first to show inter-
action networks between protein-coding genes, leader genes and mo-
lecular pathways using bioinformatics analyzes, associating gallic acid
treatment, thermogenesis and obesity. The TIS is associated with ex-
tensive interactions while WNL is related to specific network

Fig. 3. Data was derived from STRING and STITCH (confidence level> 0.9). Down-regulation is a red bar and up-regulation is a green arrow. Yellow circle
represents the interaction direction, although it is not possible to assure if it is down or up regulated (e.g., if it is up- or down-regulated). Black circle at both ends
means interaction between two proteins, but we do not know whether it is down or upregulated. In deep blue:binding; in blue: phenotype; in indigo blue: catalysis; in
violet: post translation; in black: reaction; and in yellow: expression. (A) Gene interaction map and up- and down-regulated genes involved in the following
conditions: “thermogenesis”, “gallic acid”, “sirtuin” and “obesity” (B) Gallic acid protein interaction network for Stitch. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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interactions [11]. Considering only WNL values for gene clustering
might be a confusion factor. Since genes with higher TIS a value acts in
manifoldness biological process. The WNL and TIS values combined for
the gene clustering is critical to identify targets genes [11].

Bioinformatics analyses for a specific phenomenon can potentially
disclose knowledge about protein-protein, direct or indirect, interac-
tions, cellular processes and molecular mechanisms. Our data shows a
gene interaction map considering both direct and indirect physical
functional protein linkages. For this reason further experimental tests
and target therapies may be planned.

Previous studys reported the involvement of AMPK in the

therapeutic effects of GA [12] and also resveratrol/Sirtuins modulation
oh thermogenesis [29]. In the current case AMPK is known as an im-
portant metabolic second messenger despite it is not specific (which
made association between TIS and WNL suggested not to include
AMPK).

5. Conclusion

In conclusion, the present study contributes to elucidate the gallic
acid metabolic role by inducing SIRT1 and PGC1-α high expression in
group treated with high-fat diet, which is a leader gene demonstrated

Fig. 5. Network ontological analyzes showing the most important pathways over-represented in the graph versus whole set annotation, carried out with BinGO
software (p-value< 0.0001, Benjamini-Hochberg correction, hypergeometric clustering). (A) Molecular function and (B) Cellular component. (C) Pathway network
leader gene Mcode.

Fig. 6. 8-week gallic acid effects on SIRT1 and PGC1-α expression in the brown adipose tissue of high fat fed mice. (A) SIRT1. (B) PGC1-α

A.F. Paraíso, et al. Life Sciences 237 (2019) 116914

7



by the bioinformatic analyzes and might be responsible for thermo-
genesis activation under a high-fat diet. Furthermore, these results
support the hypothesis that the gallic acid might be used as a potential
therapeutic agent for the prevention of obesity-related disorders.
However, more studies are necessary to elucidate the pathways and
mechanisms by which this acid modulates the metabolism.
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