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Abstract: Obesity is the epidemic of the 21st century. In developing countries, the prevalence
of obesity continues to rise, and obesity is occurring at younger ages. Obesity and associated
metabolic stress disrupt the whole-body physiology. Adipocytes are critical components of the
systemic metabolic control, functioning as an endocrine organ. The enlarged adipocytes during
obesity recruit macrophages promoting chronic inflammation and insulin resistance. Together with
the genetic susceptibility (single nucleotide polymorphisms, SNP) and metabolic alterations at the
molecular level, it has been highlighted that key modifiable risk factors, such as those related to
lifestyle, contribute to the development of obesity. In this scenario, urgent therapeutic options are
needed, including not only pharmacotherapy but also nutrients, bioactive compounds, and natural
extracts to reverse the metabolic alterations associated with obesity. Herein, we first summarize the
main targetable processes to tackle obesity, including activation of thermogenesis in brown adipose
tissue (BAT) and in white adipose tissue (WAT-browning), and the promotion of energy expenditure
and/or fatty acid oxidation (FAO) in muscles. Then, we perform a screening of 20 natural extracts
(EFSA approved) to determine their potential in the activation of FAO and/or thermogenesis, as
well as the increase in respiratory capacity. By means of innovative technologies, such as the study
of their effects on cell bioenergetics (Seahorse bioanalyzer), we end up with the selection of four
extracts with potential application to ameliorate the deleterious effects of obesity and the chronic
associated inflammation.

Keywords: precision nutrition; metabolic stress; inflammation; natural extracts; energy expenditure;
thermogenesis; chronic diseases

1. Introduction

The World Health Organization (WHO) has alerted the world about the increase of
chronic diseases, such as obesity, diabetes, cardiovascular diseases, cancer, and chronic
respiratory diseases, which have been linked as the main causes of death in the 21st century
(WHO 2019 https://apps.who.int/iris/handle/10665/311696). Nowadays, obesity is an
epidemic of western countries that has complex and multifactorial causes, some being
associated with lifestyle and imbalanced diets, but others with the genetic background of
each person [1].

Obesity, and more specifically visceral obesity, leads to the development of numerous
diseases such as type 2 diabetes, insulin resistance, liver steatosis, cardiovascular disease,
and even cancer. In the course of obesity, atrophy in adipocytes promotes massive produc-
tion of pro-inflammatory mediators, which recruit inflammatory macrophages, leading to
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the ectopic fatty acid accumulation in other metabolic organs such as liver, pancreas, and
muscles [2–4]. In addition, obesity aggravates the infection of some pathogens, as is, for
instance, the case of SARS-CoV-2, associated with the worst pandemic regarding humanity
in the current century [5].

Regular practice of physical exercise and compliance with healthy nutritional patterns
are included in all recommendations for the maintenance of optimal health conditions [6–8].
However, it has been proven that exercise and healthy nutrient recommendations do not
affect individuals in the same way, as these recommendations do not take into considera-
tion the genetic heterogenicity between individuals [9–11], such as genetic variants (single
nucleotide polymorphisms, SNPs), nor the nutritional and metabolic status of individu-
als, such as obesity, dyslipidemia, insulin resistance metabolic syndrome, cardiovascular
disease, and cancer. All these factors will shape the final metabolic effects of diet-derived
ingredients. Precision Nutrition integrates by one hand the knowledge of the diversity
in the genomes, which influences nutrient bioavailability and their metabolism [1,12–14],
and by the other hand, the knowledge of how nutrients may affect the expression of genes
in critical metabolic pathways. In addition, Precision Nutrition takes into account factors
related to lifestyle such as diet, exercise, alcohol consumption, as well as the nutritional and
metabolic status of the individuals [15,16]. In this regard, for example, several SNPs have
been associated with obesity and muscle performance [17,18], and nutritional strategies
based on the knowledge of the effect of bioactive compounds from natural sources such
as plants, at the molecular level may contribute to restore the metabolic balance within
individuals susceptible to develop chronic diseases [19,20].

Plant-derived bioactive compounds have been extensively studied for their antioxi-
dant effect [21]. For instance, γ-oryzanol from rice has been proved to reduce the low grade
of inflammation that comes with LPS-induced cognitive and memory impairments [22].
Another example widely studied is resveratrol, which has been shown to reduce obesity
inflammation in skeletal muscle [23]. These anti-inflammatory and antioxidant capacities
are crucial to control the levels of reactive oxygen species (ROS) and inflammation gen-
erated during obesity, T2DM, cardiovascular diseases, dyslipidemias, and cancer [24–26].
Although the identification of the bioactive compounds responsible for the beneficial effects
is important, in the last years, it has been shown that natural bioactive extracts are potent
mixtures of bioactive compounds which may act synergistically by targeting different
molecular pathways. Therefore, the study of the capacity of natural extracts to control
inflammatory signaling pathways, nutrient catabolism, or cellular oxidative capacity, is
necessary for their successful application against chronic metabolic disorders.

In this sense, obesity, and the associated low grade of chronic inflammation could be a
good target for the study of natural extracts. The discovery of the existence of metabolically
active brown adipocyte tissue (BAT) in humans [27], opens novel possibilities to control
obesity-related metabolic alterations, and therefore, to reduce the low grade of chronic
inflammation at the systemic level, by mean of the enhancement of thermogenesis. In addi-
tion, browning of the white adipose tissue (WAT), with BAT characteristics, may increase
the general thermogenic capacity within the body [28,29]. The upregulation of Sirtuin
1 (SIRT1)/Protein Kinase AMP-Activated Catalytic (AMPK) pathways, and overexpres-
sion of Peroxisome Proliferator Activated Receptor Gamma coactivator 1 Alpha (PGC1a)
and Uncoupling Protein 1 (UCP1), have been demonstrated to promote thermogenesis in
BAT as well as to increase the browning of WAT, which contributes to reduce fatty acids
accumulation in preclinical mouse models [30].

On the other hand, muscles also play a key role in the overall energy expenditure, as
it is the major energy consumer within the body, during physical exercise. Interestingly,
muscles also have specific calcium-dependent thermogenesis [31,32].

Thus, as there are no successful remedies for obesity except surgeries or drugs with
many side effects, the understanding of chronic inflammation associated with obesity
and the regulation of thermogenesis at the molecular level, will allow the development
of nutritional intervention strategies based on the application of nutritional genomics.
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Herein, we aim to provide molecular targets of bioactive natural extracts, EFSA approved,
to ameliorate the low grade of chronic inflammation and metabolic and oxidative stress
associated with obesity. Therefore, we perform the screening of 20 natural extracts derived
from different plants to activate thermogenesis in BAT and/or browning of WAT. Addition-
ally, we also investigate their effects on the enhancement of mitochondrial respiration in
muscles as a complementary approach to augment the energy expenditure at the systemic
level (Figure 1). For the achievement of this goal, and in the frame of Precision Nutrition,
we first select genes with well-known SNPs associated with the increased susceptibility to
develop metabolic alterations (nutrigenetics). Then, we investigate the potential of natural
extracts to modulate their expression (nutrigenomics).

Figure 1. Precision Nutrition approach as a complementary approach in the treatment of metabolic diseases.

As indicated previously, we pay special attention to natural extracts with the ability
to augment thermogenesis and energy expenditure to alleviate the inflammation and
metabolic stress associated with obesity. Through the analysis of cell bioenergetics, we
functionally demonstrate their effect on the activation of thermogenesis, by means of
the quantification of the H+ leak levels, and the enhanced oxidative phosphorylation at
mitochondria, in two in vitro models: human differentiated adipocytes and myocytes.

2. Materials and Methods
2.1. Cell Lines and Reagents

Human Skeletal Muscle Myoblast cell line (HSMM), Skeletal Muscle Cell Growth
Basal Medium (SKBM) were purchased from Lonza Iberica (Madrid, Spain). The human
Simpson-Golabi-Behmel syndrome (SGBS) pre-adipocyte cell strain was obtained from
the ATCC.

Dulbecco’s Modified Eagle’s Medium (DMEM) and Dulbecco’s Modified Eagle’s
Medium/Nutrient F-12 Ham (DMEM-F12) were purchased from Gibco. Penicillin/ strep-
tomycin, L-glutamine, Biotin, pantothenic acid, rosiglitazone, human apo-transferrin, hu-
man insulin, dexamethasone, 3-Isobutyl-1-methylxanthine (IBMX), cortisol, 3,3′,5-Triiodo-
L-thyronine (T3), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), rotenone, antimycin A,
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forskolin, paraformaldehyde, and qiazol were purchased from Sigma–Aldrich (Merck,
Madrid, Spain).

Fetal bovine serum (FBS) and horse serum (HS) were purchased from Gibco (Ther-
mofisher Scientific, Madrid, Spain).

XFe DMEM (pH7.4) assay medium, and 96-well XF96 cell culture microplates and
cartridges were purchased from Seahorse Bioscience-Agilent Technologies (Madrid, Spain).

TaqMan reverse transcription reagents kit, Taqman gene expression master mix, and
Sybr green were purchased from Thermofisher Scientific (Applied Biosystems, Madrid,
Spain). Primers were designed using NCBI tools and were purchased from Isogen. TaqMan
Gene Expression Array Cards were designed and purchased from Thermofisher Scientific
(Madrid, Spain).

2.2. Natural Plant-Derived Extracts

A list of 20 EFSA approved plant-derived extracts for human consumption was
selected from the library of Natac Biotech, mainly focusing on the bioactive activity of the
main molecule, but always taking into account the importance of the complete extract.

Table 1 displays the list of these 20 natural extracts selected in this study, indicating
their natural source, the part of the plant where they were obtained, their main bioactive
compounds, and the extraction solvents used.

Table 1. List of the 20 selected extracts indicating their natural source, their main bioactive compounds, the parts of the
plant used for the extraction, the extraction solvents, and the final working concentrations used based on the IC50 values
obtained by the MTT assay.

Saponins

Aesculus hip-
pocastanum L.

(Horse
chesnut)

Seed
Ethanol:

water (70:30
V/V)

Aescin 10, 30, 90 >100

Terpenes
Panax ginseng

C.A.Mey
(Ginseng)

Root
Ethanol:

water (50:50
V/V)

Ginsenoside 10, 30, 90 >100

Diterpenes
Rosmarinus
officinalis L.
(Rosemary)

Leaves Ethanol Carnosic acid 5, 10, 15 ≈18

Organic acids
Garcinia

Cambogia L.
(Garcinia)

Fruit Water Hydroxycitric
acid 10, 30, 90 >100

Cynara
scolymus L.
(Artichoke)

Leaves
Ethanol:

water (60:40
V/V)

Hydroxycinnamic
derivatives 10, 30, 90 >100

Coffea Arabica
L. (Green

coffee)
Fruit

Ethanol:
water (60:40

V/V)

Hydroxycinnamic
derivatives 10, 30, 90 >100

Punica
granatum L.

(Pomegranate)
Fruit

Ethanol:
water (70:30

V/V)
Punicalagin 10, 30, 90 >100

Polyphenols Phenolic acids
Olea europaea

L.
(Olive)

Fruit Water Hydroxytyrosol 10, 30, 50 ≈60

Olea europaea
L.

(Olive)
Leaves

Ethanol:
water (70:30

V/V)
Oleuropein 10, 30, 90 >100

Rosmarinus
officinalis L.
(Rosemary)

Leaves
Ethanol:

water (50:50
V/V)

Rosmarinic
acid 10, 30, 90 >100
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Table 1. Cont.

Silbenes

Aloysia
citrodora L.

(Lemon
verbena)

Leaves
Ethanol:

water (60:40
V/V)

Verbascoside 10, 30, 90 >100

Vitis Vinifera
L. (Grape) Root

Ethanol:
water (50:50

V/V)
Resveratrol 5, 10, 20 ≈20

Diarylheptanoids
Curcuma
longa L.

(Tumeric)
Root Ethanol Curcuminoids 2, 5, 10 ≈8

Flavonoids

Ginkgo biloba
L. (Ginkgo) Leaves

Ethanol:
water (70:30

V/V)

Flavonoid
glycosides 10, 30, 90 >100

Glycine max.
(L.) Merr

(Soy)
Seed

Ethanol:
water (50:50

V/V)
Isoflavone 10, 30, 90 >100

Vitis Vinifera
L. (Grape) Fruit Water Anthocyanins 10, 30, 90 >100

Camellia
sinensis L.

(Green tea)
Leaves

Ethanol:
water (60:40

V/V)
Flavan-3-ols 10, 30, 90 >100

Vitis Vinifera
L. (Grape) Seed Water Proanthocyanins 10, 30, 70 ≈75

Citrus sp.
(Orange) Fruit

Ethanol:
water (50:50

V/V)

Flavonoid
glycosides

(Hesperidin)
10, 30, 90 >100

Silybum
marianum L.

Gaertn. (Milk
thistle)

Seed
Ethanol:

water (70:30
V/V)

Silymarin 10, 30, 90 >100

2.3. Cell Culture
2.3.1. Cell Culture of Human HEK293

Human embryonic kidney cells 293 (HEK293) were maintained in DMEM containing
10% FBS and 100 U/mL penicillin/streptomycin at 37 ◦C in an incubator with 5% CO2 and
95% humidity. Cells were seeded in 24-well plates at a confluence of 50 × 104 cells/well
for RNA extraction. Cells were treated for 48 h with the extracts at the optimized concen-
trations, based on the previously determined IC50 (concentration which reduces 50% of cell
viability) in triplicates.

2.3.2. Human Adipocytes Cell Culture and In Vitro Differentiation

Human SGBS pre-adipocytes were seeded in 6-well plates (3 × 104 cells/well) and
cultured in advanced DMEM-F12 medium containing 33 µM biotin, 17 µM pantothenic
acid, 100 U/mL penicillin/streptomycin, 1%L-glutamine, 2%HEPES buffer and 10%FBS at
37 ◦C in 5% CO2 and 95% humidity. Cells were kept for 6 days until they reached complete
confluence, refreshing the media every two days. Then, differentiation was induced for four
days using induction media composed by serum-free medium supplemented with 33 µM
biotin, 17 µM pantothenic acid, 100 U/mL penicillin/streptomycin, 1% L-glutamine, 2%
HEPES buffer, 2 µM rosiglitazone, 10 µg/mL human apo-transferrin, 20nM human insulin,
25 nM dexamethasone, 500 µM IBMX, 100 nM cortisol and 200 pM T3. On the fifth day, the
medium was changed to the differentiation media, same as the induction media but without
rosiglitazone, IBMX and dexamethasone. Cells were kept in the differentiation media for
10 days refreshing the media every three days [33,34]. At the terminal differentiation point,
cells were treated with the extracts at 3 concentrations in triplicates, and the RNA extraction
was performed 48 h after the treatment. CCAAT/enhancer-binding protein alpha (CEBPA)
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and peroxisome proliferator-activated receptor gamma (PPARG) were measured by qPCR
as markers of adipocyte differentiation.

2.3.3. Human Myocytes Cell Culture and In Vitro Differentiation

Human HSMM myoblasts were harvested in the SKGM2 commercial media at 37 ◦C
in an incubator with 5% CO2 and 95% humidity. To induce myotube differentiation, 5 × 104

HSMM cells were seeded 6-well plates in SKGM2 media until they reached confluence.
Then, media was replaced into advanced DMEM-F12 and supplemented with 2% HS
and 100 U/mL penicillin/streptomycin for 7 days, refreshing media each other day [35].
Differentiated myocytes were treated for 48 h with the different extracts at 3 concentrations
in triplicates, previous to RNA extraction.

Myogenin (MYOG), myosin Heavy Chain 2 (MYH2), and myocyte enhancer factor-2
(MEF2) were used as markers of myocyte differentiation.

2.4. MTT Assay

HEK293T cells were cultured in 96-well plates at densities of 2000 cells/well overnight
to allow the cells to attach. The next day cells were treated for 48 h with different plant
extracts solved in DMSO diluted in their correspondent growth medium at different
concentrations. Subsequently, the culture medium with extracts was removed and replaced
by 200 µL of fresh growth medium containing 10% sterile filtered MTT at 5 mg/mL. After
3 h, the medium was removed, and the insoluble formazan crystals were dissolved in
100 µL/well of DMSO. Absorbance was measured at 560 nm in a Victor Nivo multimode
plate reader, Perkin Elmer. The inhibition of growth (mitochondrial function) due to
extracts was expressed as a percentage of viable cells in experimental wells relative to
control wells, therefore calculating IC50 values. Three independent experiments were
performed with each of the extracts.

2.5. Gene Expression Analysis

Total RNA was extracted with TriReagent (Sigma). One microgram of RNA was
reverse-transcribed with the High Capacity RNA-to-cDNA Master Mix system (Life Tech-
nologies).

Quantitative polymerase chain reaction (qPCR) was performed in the 7900 HT Real-
Time PCR System (Life Technologies) using the VeriQuest SYBR Green qPCR Master Mix
or Taqman Gene Expression Master Mix, and oligos or Taqman probes were used. First,
screening in HEK293T was performed in TaqMan gene expression customized array cards
(TLDAs) with only one replicate per gene and condition. The validation of those results
was performed in customized gene expression array cards in duplicates. For the rest of the
assays, samples were used in triplicates. The 2−DDCt method was applied to calculate the
relative gene expression [36].

Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) and/or Beta-2-Microglobulin
(B2M) were used as endogenous controls. Supplementary Tables S1 and S2 summarize
primers and Taqman probes used in the study.

2.6. Lipid Accumulation: Oil Red O Staining

Differentiated SGBS adipocytes were washed twice with PBS, fixed with 4% paraformalde-
hyde (PFA) at room temperature (RT) for 30 min, washed twice again with PBS and with
60% isopropanol. Then, cells were stained with 3 g/L oil red O (in 60% isopropanol) at
RT for 30 min. After that, cells were washed three times with PBS and left to dry at RT for
10 min for visualizing using a microscope (Leica DM 2000 LED). Cells were resuspended in
isopropanol, and absorbance was measured at 510 nm in a Victor Nivo multimode plate
reader (Perkin Elmer).
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2.7. Analysis of Mitochondrial Respiration

To analyze the mitochondrial respiration, we monitored the extracellular flux analysis
of the Oxygen Consumption Rate (OCR) (Cell MitoStress Test) after the injection of several
modulators of the electron transport chain, with the XFe96 Cell Bionalyzer (Seahorse
Biosciences, XFe96). Optimal cell density and drugs titration were previously determined.

Prior to the experiments, cells were pre-treated with indicated doses of the extracts for
48 h. Non-treated cells were kept as controls.

For MitoStress assay, SGBS and HSMM cells were seeded onto 96-well XFe96 cell
culture microplates at a density of 2500 and 4500 cells/well respectively. Cells were kept in
their corresponding growth mediums until they reached confluence and then it was started
the differentiation process. When terminal differentiation was reached, cells were treated
for 48 h with different plant extracts solved in DMSO. Then, the medium was changed to
10 mM glucose for HSMM cells or 25 mM glucose for SGBS cells, and 2 mM glutamine
and 1 mM pyruvate XFe DMEM (5 mM Hepes). Cells were incubated for 45 min at 37 ◦C
without CO2. Three different modulators of mitochondrial respiration were sequentially
injected. After basal oxygen consumption rate (OCR) determination (1–3 measurements),
oligomycin (2.5 µM), which inhibits ATPase, was injected to determine the amount of
oxygen dedicated to ATP production by mitochondria (3–6 measurements). To determine
the maximal respiration rate or spare respiratory capacity, FCCP (carbonyl cyanide-4-
(trifluoro-methoxy)phenyl-hydrazone) was injected (1.2 µM) to free the gradient of H+
from the mitochondrial intermembrane space (7–9 measurements) and thus to activate
maximal respiration. Finally, antimycin A and rotenone (1 µM) were added to completely
inhibit the mitochondrial respiration (10–12 measurements).

The analysis of mitochondrial oxidative phosphorylation was performed with 5–6
replicates per plate in 3–5 independent experiments.

2.8. Data and Statistical Analysis

One-way analysis of variance (ANOVA; Bonferroni post-hoc test) was used to de-
termine qPCR differences in gene expression. * p < 0.05, ** p < 0.01, *** p < 0.005, and
*** p < 0.001 indicate statistic significant differences. GraphPad Prim 8.0.1 statistical soft-
ware was used for all statistical analyses. Results are expressed as mean ± standard
deviation.

3. Results
3.1. Screening of Plant-Derived Extracts in HEK293T Cell Line: MTT Assay and Gene Expression
of Selected Metabolic Pathway

A total of 20 extracts from natural sources, and EFSA approved for human consump-
tion, were selected from a library from Natac Biotech. A first screening was performed in
HEK293T, a non-transformed immortal cell line, to calculate IC50 values (concentration of
the extracts able to diminish 50% of cell viability) as a readout of the bioactive potential of
the extracts.

Therefore, as all the extracts had IC50 values above 100 ug/mL, we selected three
concentrations, 10, 30, and 90 ug/mL below to that of the IC50, to be used in the analysis
of their effects in the expression of genes implicated in metabolic processes of interest.
In the case of carnosic acid from rosemary, hydroxytyrosol from olive, resveratrol, and
proanthocyanins from grape, and curcuminoids from curcumin, as their IC50 values were
much lower than 100 ug/mL, the working concentrations for the gene expression analysis
were below 20 ug/mL. Hence, Table 1 shows the selected extracts, the type of extraction
(solvent and polarity), the main bioactive compounds identified, and the final working
concentrations based on the IC50 values obtained by the MTT assay.

In order to determine the potential of the extracts to alleviate the metabolic stress
during obesity, we designed a panel of 45 genes related to metabolic processes including
inflammation, oxidative stress, lipid, and cholesterol metabolism, glucose homeostasis,
obesity, thermogenesis, and mitochondrial oxidative phosphorylation, to evaluate the effect
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of the extracts in the modulation of gene expression. We focus on genes, which have
been shown to present genetic polymorphisms (SNPs) associated with the susceptibility to
develop obesity and other metabolic processes with effects in weight, energy expenditure,
thermogenesis, diabetes, secretion of pro-inflammatory cytokines, immune system function,
or even nutrient-intolerances [37–41] with the final objective to evaluate the ability of the
different extracts to modulate gene expression. Table 2 shows main metabolic pathways
and genes associated with the different process, which were selected in the screening. The
results of the screening are shown in Figure 2 (Heat map representation of the effect of the
different extracts on gene expression).

As expected, the extracts affected in a different manner the expression of genes
implicated in the metabolic pathways of interest (Figure 2). The successful application
of Precision Nutrition requires the knowledge of the molecular mechanism of action of
bioactive compounds in order to be proposed for specific subgroups of patients.

For this reason, we next strained our study on metabolic processes implicated in the
activation of thermogenesis, and the enhancement of the mitochondrial respiratory capacity
as complementary approaches to augment the energetic expenditure in obesity-related
metabolic alterations [42,43]. Therefore, we selected 6 extracts, which included bioactive
compounds representative of distinct families of polyphenols and flavonoids: Curcumin,
Punicalagins from Pomegranate, Resveratrol from Grape, Flavonoids from Ginkgo Biloba,
Isoflavones from Soy and Silymarin from Milk Thistle, to carry out in vitro functional stud-
ies. To evaluate the effects of the extracts on thermogenesis and/or mitochondrial oxidative
phosphorylation, we selected two in vitro models: differentiated human adipocytes (SGBS
human cell line) and differentiated human myocytes (HSMM human cell line), respectively.

3.2. Screening of Plant-Derived Extracts in the Expression of Genes Implicated in the Activation of
Thermogenesis and Mitochondrial Oxidative Phosphorylation

Table 2. List of the genes included in the customed TaqMan gene expression customized array
cards (TLDAs) cards analysis, grouped in metabolic signaling pathways related to cell bioenergetics,
glucose metabolism, lipid metabolism, inflammation, and metabolic stress, among others.

Metabolic Process Genes Implicated
Energetic metabolism, thermogenesis, and

obesity
UCP2, HIF1A, PGC1a, FTO, MC4R, KCTD15,

ETV5, NPY,
Xenobiotic metabolism AHR

Lipid metabolism and adipogenesis LEPR, LPL, PPARG, PPARA, PGC1a, AHR,
LIPC, FTO, CD36

Cholesterol and lipoprotein homeostasis LPL, PPARA, ABCA1, APOA5
Glucose homeostasis and diabetes TCF7L2, PGC1a, TMEM18, GNPDA2, GCKR

Blood pressure AGT, ACE
Mitochondrial biogenesis PPARG, PGC1a

Metabolic response to exercise and muscle
capacity MTHFR, PPARG, HFE, HIF1A, PGC1a

Aerobic capacity and sport performance ADRB1, ACE, HIF1A
Structural function COL5A1,

Biorhythm CLOCK
Appetite NPY, LEPR

Immune response IL4R, PPARA

Senescence and aging-related diseases MTHFR, ABCA1, BNC2, COL51A, DLGAP1,
CD36,

Cognitive function DLGAP1, COMT, ETV5, NPY
Food-related intolerances (gluten, lactose,

fructose) HLA-DQA1, MCM6
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Figure 2. Heat map representation of the effects of the extracts (3 doses) on gene expression.

3.2.1. Effect of the Extracts on Cell Viability of Human Pre-Adipocytes and Human
My-Blasts

In order to optimize the concentrations of the extracts to be assayed in differentiated
adipocytes and myocytes, first, we performed MTT assays in non-differentiated proliferat-
ing cells to evaluate their effects on cell viability. As shown in Figure 3, four of the extracts
had IC50 values higher than 100 mg/mL. On the contrary, curcumin and resveratrol extracts
displayed IC50 values of 19.8 (+/− 4) mg/mL and 42.4+/− 4 mg/mL in proliferating pre-
adipocytes, and 17.7 (+/− 1) mg/mL and 34.5 (+/− 3) mg/mL in proliferating myoblasts,
respectively. To avoid deleterious effects due to the inhibition of cell viability, we continued
only with 4 extracts, Thistle Silymarin, Pomegranate Punicalagins, Ginkgo Biloba, and Milk
Soy Isoflavones, with IC50 values higher than 100 mg/mL. Thus, we studied the effects of
the extracts in differentiated human adipocytes and differentiated human myocytes at two
different doses (10 and 30 mg/mL) which did not compromise the cell viability.

Figure 3. Effect of the extracts on cell viability (MTT assay) of (A) proliferating human pre-adipocytes (SGBS) and (B)
proliferating human myoblasts (HSMM).
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3.2.2. Effect of the Extracts in the Expression of Genes Related to the Activation of
Thermogenesis and Mitochondrial Oxidative Phosphorylation

To evaluate the potential of the extracts in the activation of thermogenesis and mi-
tochondrial oxidative capacity, first, we analyzed their effects in the modulation of the
expression of the following genes: uncoupling proteins (UCP1, UCP2, UCP3) which are
key players in the activation of mitochondrial thermogenesis [44–52]; PR domain con-
taining 16 (PRDM16) and Bone morphogenetic protein 8B (BMP8B) [53,54] as browning
activators; PPARG as the adipocyte differentiation inductor [55,56]; genes related to mi-
tochondrial function and biogenesis, such as Peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC1A) [57,58], Sirtuin 1 (SIRT1) [47,59–61], Mitochondrial
Transcription Factor 1 (TFAM1) [62,63], 5’ adenosine monophosphate-activated protein
kinase (AMPK) [30,64–66], and Mitochondrial creatine kinase (CKMT) [67,68]; genes im-
plicated in glucose uptake and insulin homeostasis, such as Glucose transporter type
4 (SLC2A4/GLUT4) [69] and Insulin receptor substrate 1 (IRS1) [70,71]; genes related
to lipid homeostasis [72] such as Sterol regulatory element-binding transcription fac-
tor 1 (SREBF1) [73,74], Fatty acid synthase (FASN) [75,76], fatty acid binding protein
4 (FABP4) [77,78], and Carnitine palmitoyltransferase I (CPT1A) [79,80]. We also included
the analysis of genes related to the expression of well-known adipokines, batokines, and
miokines, which are key mediators of lipid accumulation and/or inflammation at the
systemic level [58,81,82], such as leptin (LEP) [83–87], Brain-derived neurotrophic fac-
tor (BDNF) and Fibronectin type III domain-containing protein 5 (FNDC5), which is the
irisin precursor [88–92], and the pro-inflammatory Interleukin 6 (IL6), which contributes
to promote lipolysis, and the uptake of nutrients in the muscle augmenting the energy
expenditure while diminishing systemic inflammation [47,93,94].

Differentiated human adipocytes (SGBS) and myocytes (HSMM) were pre-treated
with the extracts for 48 h at 10 and 30 mg/mL which were previously shown not to affect
the cell viability (Figure 3).

Figure 4A illustrates genes modulated by the different extracts in differentiated SGBS
human adipocytes, as well as a representation of the different cellular processes, mainly
thermogenesis, browning and mitochondrial function and biogenesis, which may be
influenced. Figure 4B shows only the statistically significant genes whose expression were
affected after treatment differentiated SGBS human adipocytes with the extracts for 48 h.

Figure 4. (A) Graphical representation of genes modulated by the extracts in differentiated human adipocytes SGBS
compared to no-treated cells. Up or down arrows indicate upregulation or dow-regulation in gene expression after
treatment with the extracts. Statistically significant genes whose expression was modulated in differentiated human
adipocytes SGBS after 48h of treatment with the extracts, compared to no-treated cells. (B) Mean fold induction of at least 3
independent experiments are shown. Asterisks indicate significant statistic differences * < 0.01, ** < 0.005, *** < 0.001.
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Figure 5A illustrates genes modulated by the different extracts in differentiated HSMM
human myocytes, as well as a representation of the different cellular processes, mainly
thermogenesis, and mitochondria function and biogenesis, which may be influenced.
Figure 5B shows only the statistically significant genes whose expression were affected
after treatment differentiated HSMM human myocytes with the extracts for 48 h.

Figure 5. (A) Graphical representation of genes modulated by the extracts in differentiated human myocytes HSMM
compared to no-treated cells. Up or down arrows indicate upregulation or downregulation in gene expression after
treatment with the extracts. Statistically significant genes whose expression was modulated in differentiated myocytes
HSMM after 48h of treatment with the extracts, compared to non-treated cells. (B) Mean fold induction of at least 3
independent experiments are shown. Asterisks indicate significant statistic differences * < 0.01, ** < 0.005, **** < 0.0001.

3.2.3. Functional Analysis of Mitochondrial Oxidative Phosphorylation and Lipid
Accumulation in Differentiated Adipocytes

As all the extracts modulated the expression of key metabolic genes implicated in the
activation of thermogenesis and mitochondrial respiration, we next performed functional
analysis by mean of the analysis of the extracellular oxygen consumption rate (OCR). In
the MitoStress assay, after the sequential addition of modulators of the electron transport
chain: oligomycin, FCCP, and Rotenone/Antimycin A, it is possible to determine key
parameters of mitochondrial oxidative phosphorylation such as the basal OCR, the maximal
OCR, the spare respiratory capacity, the ATP production linked to mitochondrial oxidative
phosphorylation, and the H+ leak which is an indirect read out of the uncoupled respiration.

Being mitochondria key organelles controlling the cell bioenergetics, in this assay, we
wanted to analyze the potential of the extracts to augment the mitochondrial oxidative
capacity and the uncoupled respiration as mechanisms to increase the energy expenditure
and/or to alleviate metabolic stress in obesity and related disorders [26,29,43].

Thus, differentiated human adipocytes were treated with the selected extracts Sily-
marin, Ginkgo, Punicalagin and Soy, for 48 h before conducting the MitoStress assay. In
addition, it was included resveratrol as an internal control, since it has been reported to
increase thermogenesis and mitochondrial function [95,96].

Figure 6A–D shows the mitochondrial respiration profiles of differentiated human
adipocytes after treatment with the extracts. All the extracts augmented the spare respira-
tory capacity and the H+ leak compared to the control non-treated cells.

Interestingly, the extracts did not affect the basal OCR nor the maximal OCR, nor the
H+ leak of non-differentiated human pre-adipocytes (Figure S1), suggesting the specific role
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of the extracts on the browning and thermogenic function of differentiated cells, without
affecting the proliferative capacity of undifferentiated pre-adipocytes.

In accordance with these results, differentiated adipocytes pretreated with the extracts
showed reduced neutral lipid accumulation (Red Oil Staining) and smaller lipid droplets
compared to non-treated cells (Figure 6).

Figure 6. Effect of the extracts on mitochondrial oxidative phosphorylation of differentiated human
adipocytes. (A–D) MitoStress profiles of the Oxygen Consumption Rate (OCR) after the sequential
addition of modulators of the electron transport chain of differentiated adipocytes treated with
different extracts ((A) treated with Silymarin extract, (B) Punicalagin, (C) Ginkgo, and (D) Soy,
respectively). Quantification of basal OCR, Spare respiratory capacity, ATP production linked to
oxidative phosphorylation, H+ leak and non-mitochondrial OCR. Asterisks indicate significant
statistic differences * < 0.01. (E) Red Oil O staining and quantification after treatment with the
extracts. Representative images of Red Oil staining to show lipid droplets.
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3.3. Functional Analysis of Mitochondrial Oxidative Phosphorylation in Differentiated Myocytes

To evaluate the effect of the extracts on the increased respiratory capacity of differentiated
myocytes, as a mechanism to augment the energy expenditure, we pretreated differentiated
HSMM cells for 48h at two different doses, before running the MitoStress assay.

Interestingly, the extracts did not affect the basal OCR nor the maximal OCR, nor the
H+ leak of non-differentiated human myoblasts (Figure S2), suggesting the specific role
of the extracts on the browning and thermogenic function of differentiated cells, without
affecting the proliferative capacity of undifferentiated myoblasts.

Figure 7A–D shows the mitochondrial respiration profiles of differentiated human
myocytes HSMM after treatment with the extracts. All the extracts augmented the basal
OCR and spare respiratory capacity compared to the control non-treated cells.

Figure 7. Effect of the extracts on mitochondrial oxidative phosphorylation of differentiated hu-
man myocytes. (A–D) MitoStress profile of the OCR after the sequential addition of modulators
of the electron transport chain of differentiated myocytes treated with different extracts (Figure 7A
treated with Silymarin extract, Figure 7B Punicalagin, Figure 7C Ginkgo, and Figure 7D Soy, respec-
tively). Quantification of basal OCR, Spare respiratory capacity, ATP production linked to oxidative
phosphorylation, H+ leak and non-mitochondrial OCR.
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4. Discussion

Nowadays, obesity is a pandemic that worldwide affects a large population, worsening
multiple disorders such as cancer, CVD, metabolic syndrome, diabetes, and viral infections,
among others [4,97]. Many of the comorbidities associated with obesity are related to the
dysfunction of WAT, which promotes a low-grade of chronic inflammation [2,98]. In addi-
tion, although BAT depots are less susceptible to developing local inflammation, alterations
in their functionality during obesity have important consequences in the systemic energetic
balance [99].

For this reason, the search for new complementary strategies based on nutritional
interventions to slow down the evolution of inflammatory processes and metabolic dys-
functions associated with obesity are being investigated [13,100–102]. Importantly, not all
people have the same metabolic responses to specific nutritional interventions, as they have
different genetic backgrounds. Therefore, it is crucial to develop personalized interventions
taking into consideration the individual susceptibility to metabolic alterations and the
molecular effects of bioactive compounds and nutrient-derived ingredients by means of
the regulation of gene expression [15,103,104].

In this study, we have selected 20 extracts derived from natural sources (EFSA ap-
proved) from Natac Biotech (Table 1) to analyze their potential to modulate the expression
of genes related to metabolic processes including inflammation, oxidative stress, lipid,
and cholesterol metabolism, glucose homeostasis, obesity, thermogenesis, and mitochon-
drial oxidative phosphorylation. Specifically, we have focus on genes described to have
genetic polymorphisms (SNPs) associated with the susceptibility to develop obesity and
other metabolic processes with effects in weight, energy expenditure, thermogenesis, dia-
betes, secretion of pro-inflammatory cytokines, immune system function, or even nutrients
intolerances [37–41], to evaluate the ability of natural extracts to modulate gene expression

As shown in Figure 2, the extracts affected in a different manner the expression of
genes implicated in the metabolic pathways of interest. Indeed, for example, extracts
from the same source, but with different main bioactive compounds, modulated gene
expression in opposite directions. This is the case of anthocyanins and protocyanidins
enriched extracts from grapes which downregulated the expression of PGC1a, MTHFR,
COL5A1, CLOCK, CD36, AHR, ABCA1, ADRB1, NPY, UCP2, MCM6, MC4R. Meanwhile,
resveratrol enriched extract from the same source upregulated their expression. Since
individuals have distinct SNPs associated with the development of metabolic alterations
and/or to the up- or downregulation of genes, distinct nutritional interventions will be
required according to their genetics [101,104–106].

Next, we strained our study to investigate the potential of the extracts to tackle
obesity and related metabolic alterations by augmenting the energy expenditure through
the activation of thermogenesis and/or browning of WAT, and the enhancement of the
mitochondrial respiratory capacity in muscles [42,43]. Therefore, we selected 6 extracts,
including bioactive compounds representative of distinct families of polyphenols and
flavonoids: Punicalagins from Pomegranate, Flavonoids from Ginkgo Biloba, Isoflavones
from Soy, Silymarin from Milk Thistle, Curcumin and Resveratrol from Grape, to carry out
in vitro functional studies. The analysis of the effects of the extracts on cell viability in
non-differentiated proliferating adipocytes and myoblasts showed that curcumin and
resveratrol had IC50 values below 45 mg/mL. To avoid deleterious effects, due to the
inhibition of cell viability, we continued the analysis only with 4 extracts: Milk Thistle
Silymarin, Pomegranate Punicalagins, Ginkgo Biloba, and Soy Isoflavones whose IC50 values
were higher than 100 mg/mL (Figure 3).

Two of the most relevant tissues regulating the whole-body energy are adipose tissue
and muscles. These two tissues control several processes related to inflammation, glucose
homeostasis, lipid and cholesterol levels in plasma, insulin sensitivity and appetite, among
others. Moreover, they are responsible, at least in part, for the regulation of thermoge-
nesis in the body, a process which is also gaining importance as a therapeutic approach
to control the metabolic and inflammatory stress in the course of obesity [26,107,108].
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Hence, we analyzed the effects of the extracts in two in vitro models of differentiated
human adipocytes (SGBS) and differentiated human myocytes (HSMM), in the modu-
lation of the expression of metabolic genes related to thermogenic signaling pathways,
lipid metabolism, nutrient oxidation, and mitochondrial function, among other features
(Figures 4 and 5) [44,46,53,55,59,63,74,78,80–82,84,109]. In addition, the functional rele-
vance of the effects on gene expression was evaluated by means of the quantification of
key parameters of the mitochondrial oxidative phosphorylation, including basal and spare
respiratory capacities, H+ leak, and ATP production (Figures 6 and 7A–D).

Milk Thistle extract enriched in Silymarin upregulated the expression of UCP1, UCP2,
CKMT2, TFAM, and PPARG in differentiated adipocytes, which are implicated in the
promotion of the browning process. Moreover, it upregulated the expression of SIRT1 and
TFAM, with a well-known role in the promotion of mitochondrial biogenesis (Figure 4).

The analysis of the mitochondrial function indicated a significant increase in the
mitochondrial H+ leak on differentiated adipocytes (Figure 6A–D), which is a readout
of thermogenesis. Importantly, lipid droplets were smaller, in line with the significant
decrease in the expression of SREBF1 and GLUT4, associated with de novo synthesis of
fatty acids and the extracellular uptake of glucose, respectively. These results suggest a
reduction of the metabolic stress associated with fatty acid accumulation as well as in
the activation of the browning process in white adipocytes. Importantly, it was found a
decrease in the expression of the pro-inflammatory cytokine IL6 as well as in the expression
of LEP, indicating a rewire from a white adipocyte inflamed phenotype towards a browner
functional one.

Silymarin extract also upregulated the expression of UCP2, UCP3, SERCA1 PPARG,
PGC1A, PRDM16, SIRT1, and TFAM in differentiated myocytes (Figure 5), suggesting the
stimulation of non-shivering thermogenesis and mitochondrial biogenesis.

In line with this, it augmented the basal and the spare respiratory capacity of differen-
tiated myocytes, indicating increased functionality of differentiated myocytes (Figure 7).
In summary, Silymarin promoted features of browning in human adipocytes, as well as
an increase in the respiration capacity in differentiated myocytes, which together may
contribute to increase the energy expenditure during obesity [2,98,110–113].

Regarding Ginkgo Biloba extract, gene expression levels of UCP1, PGC1A, and BDNF
were upregulated in mature adipocytes, in line with the increased levels of H+ leak observed
in mitochondrial function (Figure 6A–D). Furthermore, a significant decreased was found
in the accumulation of neutral lipids (Figure 6E), as well as a decrease in the expression
levels of the pro-inflammatory cytokine IL6 (Figure 4). In addition, this extract improved
the performance of differentiated myocytes by means of the upregulation of the basal and
spare respiratory capacities, in line with the increased expression of CKMT2 and SERCA1.
Similar results have also been reported in other extracts from Gingko Biloba [114,115].

Pomegranate extract enriched in punicalagins augmented the expression of UCP1,
UCP2, BMP8B, and CKMT2 in mature adipocytes (Figure 4), in line with the increase in
the mitochondrial H+ leak (Figure 6A–D) and the reduced neutral lipid accumulation
(Figure 6E), indicating a positive effect on the induction of thermogenesis and WAT brown-
ing. Similar results have also been suggested for other extracts from this source [116,117].
Although the expression levels of CPT1a were reduced, the reduced levels of neutral
lipid accumulation suggest an alternative mechanism to enhance lipolysis. Differentiated
myocytes treated with Pomegranate extract increased the expression levels of PRDM16
(Figure 5), a key player in the reprogramming program from the myocyte precursor to
the brown adipocyte [54,118]. Additionally, Pomegranate extract increased the expression
levels of BDNF, a key myokine with autocrine and paracrine activities associated with
the stimulation of lipolysis in AT while increasing muscle mitochondrial capacity [109].
Besides, this extract increased the expression of IRS1 in differentiated myocytes, suggesting
a role in the increase of muscle insulin sensitivity which is very important for glucose
homeostasis. In addition, this extract improved the performance of differentiated myocytes
by means of the upregulation of the basal and spare respiratory capacities.
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Soy extracts rich in isoflavones significantly increased the expression levels of UCP1,
CIDEA, and CKMT2 (Figure 4), as well as the mitochondrial proton leak in differentiated
human adipocytes in line with the reduced content of neutral lipid accumulation (Figure 6).

As genes related to the mitochondrial biogenesis such as TFAM were not affected, or
even reduced such as PGC1A, it seems that this extract may have a role in the induction of
thermogenesis in differentiated white adipocytes more than in the mitochondrial biogenesis
associated with the browning process. This extract increased the expression levels of IL6,
which could have some controversy regarding the inflammatory state, although it has
been reported that at physiological levels, this cytokine may be a positive adipokine and
myokine to induce lipolysis and thermogenesis in WAT. Although differentiated myocytes
showed a reduced expression of PGC1A and BDNF, the increased mitochondrial respiratory
capacity indicates additional metabolic pathways implicated, such as the improvement of
insulin sensitivity [119–122].

One of the main limitations of this study is that the complete characterization of
all the bioactive compounds present in the extracts has not been done. Nevertheless,
in the last years, there is great interest in the study of bioactive extracts as mixtures of
bioactive compounds targeting different metabolic pathways and exerting synergistic and
higher bioactive effects. In addition, it remains to be explored the effect of the intestinal
microbiome and the intestinal absorption and metabolization by intestinal and hepatic cells.

In conclusion, all the extracts could be useful in different scenarios depending on the
individual characteristics. In this way, extracts that increase the expression of genes that
promote biogenesis of mitochondria in the muscle, such as Milk Thistle and Pomegranate,
may be of interest when developing strategies to improve the muscular aerobic capacity.
Ginkgo and Pomegranate extracts may be relevant to reduce the inflammatory state in
obese patients and in other metabolic alterations such as CVD and metabolic syndrome.
Additionally, knowing that BAT presents higher basal oxygen consumption than WAT
and a positive response to b-adrenergic stimulation [123], all the extracts seem to promote
browning and thermogenesis in WAT and the development of a healthy beige tissue.

Supplementary Materials: The following are available online at https://www.mdpi.com/2218-2
73X/11/3/412/s1, Figure S1: Effect of the extracts on mitochondrial oxidative phosphorylation of
humannon-differentiated pre-adipocytes. Figure S2: Effect of the extracts on mitochondrial oxidative
phosphorylation of human non differentiated myoblasts. Table S1: List of primers used in this study.
Table S2: List of Taqman probes used in this study.
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14. Leońska-Duniec, A.; Ahmetov, I.; Zmijewski, P. Genetic Variants Influencing Effectiveness of Exercise Training Programmes in

Obesity—An Overview of Human Studies. Biol. Sport 2016, 33, 207–214. [CrossRef] [PubMed]
15. de Toro-Martín, J.; Arsenault, B.J.; Després, J.-P.; Vohl, M.-C. Precision Nutrition: A Review of Personalized Nutritional

Approaches for the Prevention and Management of Metabolic Syndrome. Nutrients 2017, 9, 913. [CrossRef]
16. Bush, C.L.; Blumberg, J.B.; El-Sohemy, A.; Minich, D.M.; Ordovás, J.M.; Reed, D.G.; Behm, V.A.Y. Toward the Definition of

Personalized Nutrition: A Proposal by The American Nutrition Association. J. Am. Coll. Nutr. 2020, 39, 5–15. [CrossRef]
[PubMed]

17. Espinosa-Salinas, I.; de la Iglesia, R.; Colmenarejo, G.; Molina, S.; Reglero, G.; Martinez, J.A.; Loria-Kohen, V.; Ramirez de Molina,
A. GCKR Rs780094 Polymorphism as A Genetic Variant Involved in Physical Exercise. Genes 2019, 10, 570. [CrossRef]

18. Marcos-Pasero, H.; Aguilar-Aguilar, E.; de la Iglesia, R.; Espinosa-Salinas, I.; Gómez-Patiño, M.; Colmenarejo, G.; de Molina, A.R.;
Reglero, G.; Loria-Kohen, V. Association of Calcium and Dairy Product Consumption with Childhood Obesity and the Presence
of a Brain Derived Neurotropic Factor-Antisense (BDNF-AS) Polymorphism. Clin. Nutr. 2019, 38, 2616–2622. [CrossRef]

19. Fraga, C.G.; Croft, K.D.; Kennedy, D.O.; Tomás-Barberán, F.A. The Effects of Polyphenols and Other Bioactives on Human Health.
Food Funct. 2019, 10, 514–528. [CrossRef]

20. Ferguson, L.R. Nutrigenomics Approaches to Functional Foods. J. Am. Diet. Assoc. 2009, 109, 452–458. [CrossRef]
21. Gupta, A.K.; Rather, M.A.; Kumar Jha, A.; Shashank, A.; Singhal, S.; Sharma, M.; Pathak, U.; Sharma, D.; Mastinu, A. Artocarpus

Lakoocha Roxb. and Artocarpus Heterophyllus Lam. Flowers: New Sources of Bioactive Compounds. Plants 2020, 9, 1329.
[CrossRef] [PubMed]

22. Mastinu, A.; Bonini, S.; Rungratanawanich, W.; Aria, F.; Marziano, M.; Maccarinelli, G.; Abate, G.; Premoli, M.; Memo, M.; Uberti,
D. Gamma-Oryzanol Prevents LPS-Induced Brain Inflammation and Cognitive Impairment in Adult Mice. Nutrients 2019, 11, 728.
[CrossRef] [PubMed]

23. Shabani, M.; Sadeghi, A.; Hosseini, H.; Teimouri, M.; Babaei Khorzoughi, R.; Pasalar, P.; Meshkani, R. Resveratrol Alleviates
Obesity-Induced Skeletal Muscle Inflammation via Decreasing M1 Macrophage Polarization and Increasing the Regulatory T Cell
Population. Sci. Rep. 2020, 10, 3791. [CrossRef]

24. Song, D.; Cheng, L.; Zhang, X.; Wu, Z.; Zheng, X. The Modulatory Effect and the Mechanism of Flavonoids on Obesity. J. Food
Biochem. 2019, 43. [CrossRef]

25. Konstantinidi, M.; Koutelidakis, A.E. Functional Foods and Bioactive Compounds: A Review of Its Possible Role on Weight
Management and Obesity’s Metabolic Consequences. Medicines 2019, 6, 94. [CrossRef] [PubMed]

26. Chen, K.Y.; Brychta, R.J.; Abdul Sater, Z.; Cassimatis, T.M.; Cero, C.; Fletcher, L.A.; Israni, N.S.; Johnson, J.W.; Lea, H.J.; Linderman,
J.D.; et al. Opportunities and Challenges in the Therapeutic Activation of Human Energy Expenditure and Thermogenesis to
Manage Obesity. J. Biol. Chem. 2020, 295, 1926–1942. [CrossRef] [PubMed]

27. van Marken Lichtenbelt, W.D.; Vanhommerig, J.W.; Smulders, N.M.; Drossaerts, J.M.A.F.L.; Kemerink, G.J.; Bouvy, N.D.;
Schrauwen, P.; Teule, G.J.J. Cold-Activated Brown Adipose Tissue in Healthy Men. N. Engl. J. Med. 2009, 360, 1500–1508.
[CrossRef] [PubMed]

28. Trayhurn, P. Origins and Early Development of the Concept That Brown Adipose Tissue Thermogenesis Is Linked to Energy
Balance and Obesity. Biochimie 2017, 134, 62–70. [CrossRef]

http://doi.org/10.1200/JCO.2016.67.4283
http://www.ncbi.nlm.nih.gov/pubmed/27903155
http://doi.org/10.1016/j.dsx.2020.04.033
http://doi.org/10.1016/j.pcad.2018.08.005
http://doi.org/10.1016/j.amepre.2020.02.013
http://doi.org/10.3390/ijerph17072596
http://doi.org/10.1249/MSS.0000000000000982
http://doi.org/10.1249/MSS.0000000000001712
http://doi.org/10.1080/17461391.2015.1071879
http://www.ncbi.nlm.nih.gov/pubmed/26324221
http://doi.org/10.1080/14789450.2018.1421072
http://doi.org/10.3390/ijms18040787
http://www.ncbi.nlm.nih.gov/pubmed/28387720
http://doi.org/10.5604/20831862.1201052
http://www.ncbi.nlm.nih.gov/pubmed/27601774
http://doi.org/10.3390/nu9080913
http://doi.org/10.1080/07315724.2019.1685332
http://www.ncbi.nlm.nih.gov/pubmed/31855126
http://doi.org/10.3390/genes10080570
http://doi.org/10.1016/j.clnu.2018.11.005
http://doi.org/10.1039/C8FO01997E
http://doi.org/10.1016/j.jada.2008.11.024
http://doi.org/10.3390/plants9101329
http://www.ncbi.nlm.nih.gov/pubmed/33050190
http://doi.org/10.3390/nu11040728
http://www.ncbi.nlm.nih.gov/pubmed/30934852
http://doi.org/10.1038/s41598-020-60185-1
http://doi.org/10.1111/jfbc.12954
http://doi.org/10.3390/medicines6030094
http://www.ncbi.nlm.nih.gov/pubmed/31505825
http://doi.org/10.1074/jbc.REV119.007363
http://www.ncbi.nlm.nih.gov/pubmed/31914415
http://doi.org/10.1056/NEJMoa0808718
http://www.ncbi.nlm.nih.gov/pubmed/19357405
http://doi.org/10.1016/j.biochi.2016.09.007


Biomolecules 2021, 11, 412 18 of 21

29. Betz, M.J.; Enerbäck, S. Targeting Thermogenesis in Brown Fat and Muscle to Treat Obesity and Metabolic Disease. Nat. Rev.
Endocrinol. 2018, 14, 77–87. [CrossRef] [PubMed]

30. Desjardins, E.M.; Steinberg, G.R. Emerging Role of AMPK in Brown and Beige Adipose Tissue (BAT): Implications for Obesity,
Insulin Resistance, and Type 2 Diabetes. Curr. Diab. Rep. 2018, 18, 80. [CrossRef]

31. Bal, N.C.; Periasamy, M. Uncoupling of Sarcoendoplasmic Reticulum Calcium ATPase Pump Activity by Sarcolipin as the Basis
for Muscle Non-Shivering Thermogenesis. Philos. Trans. R. Soc. B Biol. Sci. 2020, 375, 20190135. [CrossRef] [PubMed]

32. Palmer, B.F.; Clegg, D.J. Non-Shivering Thermogenesis as a Mechanism to Facilitate Sustainable Weight Loss: Non-Shivering
Thermogenesis and Weight Loss. Obes. Rev. 2017, 18, 819–831. [CrossRef] [PubMed]

33. Fischer-Posovszky, P.; Newell, F.S.; Wabitsch, M.; Tornqvist, H.E. Human SGBS Cells—A Unique Tool for Studies of Human Fat
Cell Biology. Obes. Facts 2008, 1, 184–189. [CrossRef] [PubMed]

34. Klusóczki, Á.; Veréb, Z.; Vámos, A.; Fischer-Posovszky, P.; Wabitsch, M.; Bacso, Z.; Fésüs, L.; Kristóf, E. Differentiating SGBS
Adipocytes Respond to PPARγ Stimulation, Irisin and BMP7 by Functional Browning and Beige Characteristics. Sci. Rep. 2019,
9, s41598-s019. [CrossRef]

35. Owens, J.; Moreira, K.; Bain, G. Characterization of Primary Human Skeletal Muscle Cells from Multiple Commercial Sources. In
Vitro Cell. Dev. Biol. Anim. 2013, 49, 695–705. [CrossRef]

36. Livak, K.J.; Schmittgen, T.D. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2−∆∆CT

Method. Methods 2001, 25, 402–408. [CrossRef]
37. Wang, Y.-F.; Han, Y.; Zhang, R.; Qin, L.; Wang, M.-X.; Ma, L. CETP/LPL/LIPC Gene Polymorphisms and Susceptibility to

Age-Related Macular Degeneration. Sci. Rep. 2015, 5. [CrossRef]
38. Vaughan, D.; Huber-Abel, F.A.; Graber, F.; Hoppeler, H.; Flück, M. The Angiotensin Converting Enzyme Insertion/Deletion

Polymorphism Alters the Response of Muscle Energy Supply Lines to Exercise. Eur. J. Appl. Physiol. 2013, 113, 1719–1729.
[CrossRef]

39. Vaughan, D.; Brogioli, M.; Maier, T.; White, A.; Waldron, S.; Rittweger, J.; Toigo, M.; Wettstein, J.; Laczko, E.; Flück, M. The
Angiotensin Converting Enzyme Insertion/Deletion Polymorphism Modifies Exercise-Induced Muscle Metabolism. PLoS ONE
2016, 11. [CrossRef]

40. Yu, K.; Li, L.; Zhang, L.; Guo, L.; Wang, C. Association between MC4R Rs17782313 Genotype and Obesity: A Meta-Analysis. Gene
2020, 733, 144372. [CrossRef] [PubMed]

41. Lin, X.; Qi, Q.; Zheng, Y.; Huang, T.; Lathrop, M.; Zelenika, D.; Bray, G.A.; Sacks, F.M.; Liang, L.; Qi, L. Neuropeptide Y Genotype,
Central Obesity, and Abdominal Fat Distribution: The POUNDS LOST Trial1,2. Am. J. Clin. Nutr. 2015, 102, 514–519. [CrossRef]
[PubMed]

42. Poher, A.-L.; Altirriba, J.; Veyrat-Durebex, C.; Rohner-Jeanrenaud, F. Brown Adipose Tissue Activity as a Target for the Treatment
of Obesity/Insulin Resistance. Front. Physiol. 2015, 6. [CrossRef] [PubMed]

43. Okla, M.; Kim, J.; Koehler, K.; Chung, S. Dietary Factors Promoting Brown and Beige Fat Development and Thermogenesis. Adv.
Nutr. Int. Rev. J. 2017, 8, 473–483. [CrossRef] [PubMed]

44. Kalinovich, A.V.; de Jong, J.M.A.; Cannon, B.; Nedergaard, J. UCP1 in Adipose Tissues: Two Steps to Full Browning. Biochimie
2017, 134, 127–137. [CrossRef]

45. Shabalina, I.G.; Petrovic, N.; de Jong, J.M.A.; Kalinovich, A.V.; Cannon, B.; Nedergaard, J. UCP1 in Brite/Beige Adipose Tissue
Mitochondria Is Functionally Thermogenic. Cell Rep. 2013, 5, 1196–1203. [CrossRef]

46. Bonet, M.L.; Mercader, J.; Palou, A. A Nutritional Perspective on UCP1-Dependent Thermogenesis. Biochimie 2017, 134, 99–117.
[CrossRef]

47. Jorge, A.; Jorge, G.; Paraíso, A.; Franco, R.; Vieira, L.; Hilzenderger, A.; Guimarães, A.; Andrade, J.; De-Paula, A.; Santos, S.
Brown and White Adipose Tissue Expression of IL6, UCP1 and SIRT1 Are Associated with Alterations in Clinical, Metabolic and
Anthropometric Parameters in Obese Humans. Exp. Clin. Endocrinol. Diabetes 2017, 125, 163–170. [CrossRef]

48. Hilse, K.E.; Kalinovich, A.V.; Rupprecht, A.; Smorodchenko, A.; Zeitz, U.; Staniek, K.; Erben, R.G.; Pohl, E.E. The Expression of
UCP3 Directly Correlates to UCP1 Abundance in Brown Adipose Tissue. Biochim. Biophys. Acta 2016, 1857, 72–78. [CrossRef]

49. Lomax, T.M.; Ashraf, S.; Yilmaz, G.; Harmancey, R. Loss of Uncoupling Protein 3 Attenuates Western Diet–Induced Obesity,
Systemic Inflammation, and Insulin Resistance in Rats. Obesity 2020, 28, 1687–1697. [CrossRef]

50. Riley, C.L.; Dao, C.; Kenaston, M.A.; Muto, L.; Kohno, S.; Nowinski, S.M.; Solmonson, A.D.; Pfeiffer, M.; Sack, M.N.; Lu, Z.; et al.
The Complementary and Divergent Roles of Uncoupling Proteins 1 and 3 in Thermoregulation. J. Physiol. 2016, 594, 7455–7464.
[CrossRef] [PubMed]

51. Lin, J.; Cao, C.; Tao, C.; Ye, R.; Dong, M.; Zheng, Q.; Wang, C.; Jiang, X.; Qin, G.; Yan, C.; et al. Cold Adaptation in Pigs Depends
on UCP3 in Beige Adipocytes. J. Mol. Cell Biol. 2017, 9, 364–375. [CrossRef]

52. Caron, A.; Labbé, S.M.; Carter, S.; Roy, M.-C.; Lecomte, R.; Ricquier, D.; Picard, F.; Richard, D. Loss of UCP2 Impairs Cold-Induced
Non-Shivering Thermogenesis by Promoting a Shift toward Glucose Utilization in Brown Adipose Tissue. Biochimie 2017,
134, 118–126. [CrossRef]

53. Whittle, A.J.; Carobbio, S.; Martins, L.; Slawik, M.; Hondares, E.; Vázquez, M.J.; Morgan, D.; Csikasz, R.I.; Gallego, R.; Rodriguez-
Cuenca, S.; et al. BMP8B Increases Brown Adipose Tissue Thermogenesis through Both Central and Peripheral Actions. Cell 2012,
149, 871–885. [CrossRef]

http://doi.org/10.1038/nrendo.2017.132
http://www.ncbi.nlm.nih.gov/pubmed/29052591
http://doi.org/10.1007/s11892-018-1049-6
http://doi.org/10.1098/rstb.2019.0135
http://www.ncbi.nlm.nih.gov/pubmed/31928193
http://doi.org/10.1111/obr.12563
http://www.ncbi.nlm.nih.gov/pubmed/28547916
http://doi.org/10.1159/000145784
http://www.ncbi.nlm.nih.gov/pubmed/20054179
http://doi.org/10.1038/s41598-019-42256-0
http://doi.org/10.1007/s11626-013-9655-8
http://doi.org/10.1006/meth.2001.1262
http://doi.org/10.1038/srep15711
http://doi.org/10.1007/s00421-012-2583-6
http://doi.org/10.1371/journal.pone.0149046
http://doi.org/10.1016/j.gene.2020.144372
http://www.ncbi.nlm.nih.gov/pubmed/31954858
http://doi.org/10.3945/ajcn.115.107276
http://www.ncbi.nlm.nih.gov/pubmed/26156739
http://doi.org/10.3389/fphys.2015.00004
http://www.ncbi.nlm.nih.gov/pubmed/25688211
http://doi.org/10.3945/an.116.014332
http://www.ncbi.nlm.nih.gov/pubmed/28507012
http://doi.org/10.1016/j.biochi.2017.01.007
http://doi.org/10.1016/j.celrep.2013.10.044
http://doi.org/10.1016/j.biochi.2016.12.014
http://doi.org/10.1055/s-0042-119525
http://doi.org/10.1016/j.bbabio.2015.10.011
http://doi.org/10.1002/oby.22879
http://doi.org/10.1113/JP272971
http://www.ncbi.nlm.nih.gov/pubmed/27647490
http://doi.org/10.1093/jmcb/mjx018
http://doi.org/10.1016/j.biochi.2017.01.006
http://doi.org/10.1016/j.cell.2012.02.066


Biomolecules 2021, 11, 412 19 of 21

54. Jiang, J.; Li, P.; Ling, H.; Xu, Z.; Yi, B.; Zhu, S. MiR-499/PRDM16 Axis Modulates the Adipogenic Differentiation of Mouse Skeletal
Muscle Satellite Cells. Hum. Cell 2018, 31, 282–291. [CrossRef] [PubMed]

55. Wafer, R.; Tandon, P.; Minchin, J.E.N. The Role of Peroxisome Proliferator-Activated Receptor Gamma (PPARG) in Adipogenesis:
Applying Knowledge from the Fish Aquaculture Industry to Biomedical Research. Front. Endocrinol. 2017, 8. [CrossRef]

56. Dammone, G.; Karaz, S.; Lukjanenko, L.; Winkler, C.; Sizzano, F.; Jacot, G.; Migliavacca, E.; Palini, A.; Desvergne, B.; Gilardi, F.;
et al. PPARγ Controls Ectopic Adipogenesis and Cross-Talks with Myogenesis During Skeletal Muscle Regeneration. Int. J. Mol.
Sci. 2018, 19, 2044. [CrossRef]

57. Chang, J.S.; Ghosh, S.; Newman, S.; Salbaum, J.M. A Map of the PGC-1α and NT-PGC-1α-Regulated Transcriptional Network in
Brown Adipose Tissue. Sci. Rep. 2018, 8. [CrossRef] [PubMed]

58. Schnyder, S.; Handschin, C. Skeletal Muscle as an Endocrine Organ: PGC-1α, Myokines and Exercise. Bone 2015, 80, 115–125.
[CrossRef] [PubMed]

59. Tang, B.L. Sirt1 and the Mitochondria. Mol. Cells 2016, 39, 87–95. [CrossRef] [PubMed]
60. Khanh, V.C.; Zulkifli, A.F.; Tokunaga, C.; Yamashita, T.; Hiramatsu, Y.; Ohneda, O. Aging Impairs Beige Adipocyte Differentiation

of Mesenchymal Stem Cells via the Reduced Expression of Sirtuin 1. Biochem. Biophys. Res. Commun. 2018, 500, 682–690.
[CrossRef] [PubMed]

61. Artsi, H.; Gurt, I.; El-Haj, M.; Müller, R.; Kuhn, G.A.; Ben Shalom, G.; Cohen-Kfir, E.; Abramowitz, E.; Kandel, L.; Safran, O.; et al.
Sirt1 Promotes a Thermogenic Gene Program in Bone Marrow Adipocytes: From Mice to (Wo)Men. Front. Endocrinol. 2019, 10.
[CrossRef]

62. Koh, J.-H.; Johnson, M.L.; Dasari, S.; LeBrasseur, N.K.; Vuckovic, I.; Henderson, G.C.; Cooper, S.A.; Manjunatha, S.; Ruegsegger,
G.N.; Shulman, G.I.; et al. TFAM Enhances Fat Oxidation and Attenuates High-Fat Diet–Induced Insulin Resistance in Skeletal
Muscle. Diabetes 2019, 68, 1552–1564. [CrossRef] [PubMed]

63. Campbell, C.T.; Kolesar, J.E.; Kaufman, B.A. Mitochondrial Transcription Factor A Regulates Mitochondrial Transcription
Initiation, DNA Packaging, and Genome Copy Number. Biochim. Biophys. Acta BBA Gene Regul. Mech. 2012, 1819, 921–929.
[CrossRef] [PubMed]

64. Hardie, D.G.; Ross, F.A.; Hawley, S.A. AMPK: A Nutrient and Energy Sensor That Maintains Energy Homeostasis. Nat. Rev. Mol.
Cell Biol. 2012, 13, 251–262. [CrossRef] [PubMed]

65. Cantó, C.; Gerhart-Hines, Z.; Feige, J.N.; Lagouge, M.; Noriega, L.; Milne, J.C.; Elliott, P.J.; Puigserver, P.; Auwerx, J. AMPK
Regulates Energy Expenditure by Modulating NAD+ Metabolism and SIRT1 Activity. Nature 2009, 458, 1056–1060. [CrossRef]
[PubMed]

66. Wu, L.; Zhang, L.; Li, B.; Jiang, H.; Duan, Y.; Xie, Z.; Shuai, L.; Li, J.; Li, J. AMP-Activated Protein Kinase (AMPK) Regulates
Energy Metabolism through Modulating Thermogenesis in Adipose Tissue. Front. Physiol. 2018, 9. [CrossRef] [PubMed]

67. Kazak, L.; Chouchani, E.T.; Jedrychowski, M.P.; Erickson, B.K.; Shinoda, K.; Cohen, P.; Vetrivelan, R.; Lu, G.Z.; Laznik-Bogoslavski,
D.; Hasenfuss, S.C.; et al. A Creatine-Driven Substrate Cycle Enhances Energy Expenditure and Thermogenesis in Beige Fat. Cell
2015, 163, 643–655. [CrossRef]

68. Kazak, L.; Rahbani, J.F.; Samborska, B.; Lu, G.Z.; Jedrychowski, M.P.; Lajoie, M.; Zhang, S.; Ramsay, L.C.; Dou, F.Y.; Tenen, D.;
et al. Ablation of Adipocyte Creatine Transport Impairs Thermogenesis and Causes Diet-Induced Obesity. Nat. Metab. 2019,
1, 360–370. [CrossRef]

69. Liu, Y.; Zhang, D.; Yuan, J.; Song, L.; Zhang, C.; Lin, Q.; Li, M.; Sheng, Z.; Ma, Z.; Lv, F.; et al. Hyperbaric Oxygen Ameliorates
Insulin Sensitivity by Increasing GLUT4 Expression in Skeletal Muscle and Stimulating UCP1 in Brown Adipose Tissue in T2DM
Mice. Front. Endocrinol. 2020, 11. [CrossRef] [PubMed]

70. Chen, Z.; Yu, H.; Shi, X.; Warren, C.R.; Lotta, L.A.; Friesen, M.; Meissner, T.B.; Langenberg, C.; Wabitsch, M.; Wareham, N.; et al.
Functional Screening of Candidate Causal Genes for Insulin Resistance in Human Preadipocytes and Adipocytes. Circ. Res. 2020,
126, 330–346. [CrossRef]

71. Man, X.; Hu, N.; Tan, S.; Tang, H.; Guo, Y.; Tang, C.; Liu, Y.; Tang, J.; Zhou, C.; Wang, F.; et al. Insulin Receptor Substrate-1
Inhibits High-fat Diet-induced Obesity by Browning of White Adipose Tissue through MiR-503. FASEB J. 2020, 34, 12308–12323.
[CrossRef]

72. Moseti, D.; Regassa, A.; Kim, W.-K. Molecular Regulation of Adipogenesis and Potential Anti-Adipogenic Bioactive Molecules.
Int. J. Mol. Sci. 2016, 17, 124. [CrossRef] [PubMed]

73. Crewe, C.; Zhu, Y.; Paschoal, V.A.; Joffin, N.; Ghaben, A.L.; Gordillo, R.; Oh, D.Y.; Liang, G.; Horton, J.D.; Scherer, P.E. SREBP-
Regulated Adipocyte Lipogenesis Is Dependent on Substrate Availability and Redox Modulation of MTORC1. JCI Insight 2019, 4.
[CrossRef]

74. Kobayashi, M.; Uta, S.; Otsubo, M.; Deguchi, Y.; Tagawa, R.; Mizunoe, Y.; Nakagawa, Y.; Shimano, H.; Higami, Y. Srebp-
1c/Fgf21/Pgc-1α Axis Regulated by Leptin Signaling in Adipocytes—Possible Mechanism of Caloric Restriction-Associated
Metabolic Remodeling of White Adipose Tissue. Nutrients 2020, 12, 2054. [CrossRef]

75. Song, Z.; Xiaoli, A.M.; Yang, F. Regulation and Metabolic Significance of De Novo Lipogenesis in Adipose Tissues. Nutrients 2018,
10, 1383. [CrossRef] [PubMed]

76. Guilherme, A.; Pedersen, D.J.; Henchey, E.; Henriques, F.S.; Danai, L.V.; Shen, Y.; Yenilmez, B.; Jung, D.; Kim, J.K.; Lodhi, I.J.; et al.
Adipocyte Lipid Synthesis Coupled to Neuronal Control of Thermogenic Programming. Mol. Metab. 2017, 6, 781–796. [CrossRef]

http://doi.org/10.1007/s13577-018-0210-5
http://www.ncbi.nlm.nih.gov/pubmed/30097922
http://doi.org/10.3389/fendo.2017.00102
http://doi.org/10.3390/ijms19072044
http://doi.org/10.1038/s41598-018-26244-4
http://www.ncbi.nlm.nih.gov/pubmed/29777200
http://doi.org/10.1016/j.bone.2015.02.008
http://www.ncbi.nlm.nih.gov/pubmed/26453501
http://doi.org/10.14348/molcells.2016.2318
http://www.ncbi.nlm.nih.gov/pubmed/26831453
http://doi.org/10.1016/j.bbrc.2018.04.136
http://www.ncbi.nlm.nih.gov/pubmed/29678576
http://doi.org/10.3389/fendo.2019.00126
http://doi.org/10.2337/db19-0088
http://www.ncbi.nlm.nih.gov/pubmed/31088855
http://doi.org/10.1016/j.bbagrm.2012.03.002
http://www.ncbi.nlm.nih.gov/pubmed/22465614
http://doi.org/10.1038/nrm3311
http://www.ncbi.nlm.nih.gov/pubmed/22436748
http://doi.org/10.1038/nature07813
http://www.ncbi.nlm.nih.gov/pubmed/19262508
http://doi.org/10.3389/fphys.2018.00122
http://www.ncbi.nlm.nih.gov/pubmed/29515462
http://doi.org/10.1016/j.cell.2015.09.035
http://doi.org/10.1038/s42255-019-0035-x
http://doi.org/10.3389/fendo.2020.00032
http://www.ncbi.nlm.nih.gov/pubmed/32082261
http://doi.org/10.1161/CIRCRESAHA.119.315246
http://doi.org/10.1096/fj.201903283RR
http://doi.org/10.3390/ijms17010124
http://www.ncbi.nlm.nih.gov/pubmed/26797605
http://doi.org/10.1172/jci.insight.129397
http://doi.org/10.3390/nu12072054
http://doi.org/10.3390/nu10101383
http://www.ncbi.nlm.nih.gov/pubmed/30274245
http://doi.org/10.1016/j.molmet.2017.05.012


Biomolecules 2021, 11, 412 20 of 21

77. Prentice, K.J.; Saksi, J.; Hotamisligil, G.S. Adipokine FABP4 Integrates Energy Stores and Counterregulatory Metabolic Responses.
J. Lipid Res. 2019, 60, 734–740. [CrossRef] [PubMed]

78. Dou, H.-X.; Wang, T.; Su, H.-X.; Gao, D.-D.; Xu, Y.-C.; Li, Y.-X.; Wang, H.-Y. Exogenous FABP4 Interferes with Differentiation,
Promotes Lipolysis and Inflammation in Adipocytes. Endocrine 2020, 67, 587–596. [CrossRef] [PubMed]

79. Calderon-Dominguez, M.; Sebastián, D.; Fucho, R.; Weber, M.; Mir, J.F.; García-Casarrubios, E.; Obregón, M.J.; Zorzano, A.;
Valverde, Á.M.; Serra, D.; et al. Carnitine Palmitoyltransferase 1 Increases Lipolysis, UCP1 Protein Expression and Mitochondrial
Activity in Brown Adipocytes. PLoS ONE 2016, 11. [CrossRef]

80. Warfel, J.D.; Vandanmagsar, B.; Dubuisson, O.S.; Hodgeson, S.M.; Elks, C.M.; Ravussin, E.; Mynatt, R.L. Examination of Carnitine
Palmitoyltransferase 1 Abundance in White Adipose Tissue: Implications in Obesity Research. Am. J. Physiol.-Regul. Integr. Comp.
Physiol. 2017, 312, R816–R820. [CrossRef]

81. Kirk, B.; Feehan, J.; Lombardi, G.; Duque, G. Muscle, Bone, and Fat Crosstalk: The Biological Role of Myokines, Osteokines, and
Adipokines. Curr. Osteoporos. Rep. 2020, 18, 388–400. [CrossRef]

82. Rodríguez, A.; Catalán, V.; Ramírez, B.; Unamuno, X.; Portincasa, P.; Gómez-Ambrosi, J.; Frühbeck, G.; Becerril, S. Impact of
Adipokines and Myokines on Fat Browning. J. Physiol. Biochem. 2020, 76, 227–240. [CrossRef] [PubMed]

83. Fischer, A.W.; Cannon, B.; Nedergaard, J. Leptin: Is It Thermogenic? Endocr. Rev. 2019, 41, 232–260. [CrossRef] [PubMed]
84. Caron, A.; Lee, S.; Elmquist, J.K.; Gautron, L. Leptin and Brain–Adipose Crosstalks. Nat. Rev. Neurosci. 2018, 19, 153–165.

[CrossRef]
85. Pandit, R.; Beerens, S.; Adan, R.A.H. Role of Leptin in Energy Expenditure: The Hypothalamic Perspective. Am. J. Physiol.-Regul.

Integr. Comp. Physiol. 2017, 312, R938–R947. [CrossRef]
86. Gaspar, R.C.; Muñoz, V.R.; Kuga, G.K.; Nakandakari, S.C.B.R.; Minuzzi, L.G.; Botezelli, J.D.; da Silva, A.S.R.; Cintra, D.E.; de

Moura, L.P.; Ropelle, E.R.; et al. Acute Physical Exercise Increases Leptin-induced Hypothalamic Extracellular Signal-regulated
Kinase1/2 Phosphorylation and Thermogenesis of Obese Mice. J. Cell. Biochem. 2019, 120, 697–704. [CrossRef]

87. Palhinha, L.; Liechocki, S.; Hottz, E.D.; Pereira, J.A.; da Silva Pereira, J.A.; de Almeida, C.J.; Moraes-Vieira, P.M.M.; Bozza, P.T.
Leptin Induces Proadipogenic and Proinflammatory Signaling in Adipocytes. Front. Endocrinol. 2019, 10. [CrossRef]

88. Wang, P.; Loh, K.H.; Wu, M.; Morgan, D.A.; Schneeberger, M.; Yu, X.; Chi, J.; Kosse, C.; Kim, D.; Rahmouni, K.; et al. A
Leptin–BDNF Pathway Regulating Sympathetic Innervation of Adipose Tissue. Nature 2020, 583, 839–844. [CrossRef] [PubMed]

89. Colitti, M.; Montanari, T. Brain-Derived Neurotrophic Factor Modulates Mitochondrial Dynamics and Thermogenic Phenotype
on 3T3-L1 Adipocytes. Tissue Cell 2020, 66, 101388. [CrossRef]

90. Boström, P.; Wu, J.; Jedrychowski, M.P.; Korde, A.; Ye, L.; Lo, J.C.; Rasbach, K.A.; Boström, E.A.; Choi, J.H.; Long, J.Z.; et al. A
PGC1α-Dependent Myokine That Drives Browning of White Fat and Thermogenesis. Nature 2012, 481, 463–468. [CrossRef]
[PubMed]

91. Xiong, Y.; Wu, Z.; Zhang, B.; Wang, C.; Mao, F.; Liu, X.; Hu, K.; Sun, X.; Jin, W.; Kuang, S. Fndc5 Loss-of-function Attenuates
Exercise-induced Browning of White Adipose Tissue in Mice. FASEB J. 2019, 33, 5876–5886. [CrossRef] [PubMed]

92. Pérez-Sotelo, D.; Roca-Rivada, A.; Baamonde, I.; Baltar, J.; Castro, A.I.; Domínguez, E.; Collado, M.; Casanueva, F.F.; Pardo, M.
Lack of Adipocyte-Fndc5/Irisin Expression and Secretion Reduces Thermogenesis and Enhances Adipogenesis. Sci. Rep. 2017, 7.
[CrossRef]

93. Knudsen, J.G.; Murholm, M.; Carey, A.L.; Biensø, R.S.; Basse, A.L.; Allen, T.L.; Hidalgo, J.; Kingwell, B.A.; Febbraio, M.A.; Hansen,
J.B.; et al. Role of IL-6 in Exercise Training- and Cold-Induced UCP1 Expression in Subcutaneous White Adipose Tissue. PLoS
ONE 2014, 9. [CrossRef]

94. Mishra, D.; Richard, J.E.; Maric, I.; Porteiro, B.; Häring, M.; Kooijman, S.; Musovic, S.; Eerola, K.; López-Ferreras, L.; Peris, E.; et al.
Parabrachial Interleukin-6 Reduces Body Weight and Food Intake and Increases Thermogenesis to Regulate Energy Metabolism.
Cell Rep. 2019, 26, 3011–3026. [CrossRef]

95. Milton-Laskibar, I.; Aguirre, L.; Etxeberria, U.; Milagro, F.; Martínez, J.; Portillo, M. Do the Effects of Resveratrol on Thermogenic
and Oxidative Capacities in IBAT and Skeletal Muscle Depend on Feeding Conditions? Nutrients 2018, 10, 1446. [CrossRef]

96. Andrade, J.M.O.; Barcala-Jorge, A.S.; Batista-Jorge, G.C.; Paraíso, A.F.; Freitas, K.M.; de Farias Lelis, D.; Guimarães, A.L.S.; de
Paula, A.M.B.; Santos, S.H.S. Effect of Resveratrol on Expression of Genes Involved Thermogenesis in Mice and Humans. Biomed.
Pharmacother. 2019, 112, 108634. [CrossRef]

97. Meldrum, D.R.; Morris, M.A.; Gambone, J.C. Obesity Pandemic: Causes, Consequences, and Solutions—but Do We Have the
Will? Fertil. Steril. 2017, 107, 833–839. [CrossRef]

98. Unamuno, X.; Gómez-Ambrosi, J.; Rodríguez, A.; Becerril, S.; Frühbeck, G.; Catalán, V. Adipokine Dysregulation and Adipose
Tissue Inflammation in Human Obesity. Eur. J. Clin. Investig. 2018, 48, e12997. [CrossRef]

99. Villarroya, F.; Cereijo, R.; Gavaldà-Navarro, A.; Villarroya, J.; Giralt, M. Inflammation of Brown/Beige Adipose Tissues in Obesity
and Metabolic Disease. J. Intern. Med. 2018, 284, 492–504. [CrossRef]

100. Torres, S.; Fabersani, E.; Marquez, A.; Gauffin-Cano, P. Adipose Tissue Inflammation and Metabolic Syndrome. The Proactive
Role of Probiotics. Eur. J. Nutr. 2019, 58, 27–43. [CrossRef]

101. Stefania, D.S.; Clodoveo, M.L.; Cariello, M.; D’Amato, G.; Franchini, C.; Faienza, M.F.; Corbo, F. Polyphenols and Obesity
Prevention: Critical Insights on Molecular Regulation, Bioavailability and Dose in Preclinical and Clinical Settings. Crit. Rev. Food
Sci. Nutr. 2020, 1–23. [CrossRef]

http://doi.org/10.1194/jlr.S091793
http://www.ncbi.nlm.nih.gov/pubmed/30705117
http://doi.org/10.1007/s12020-019-02157-8
http://www.ncbi.nlm.nih.gov/pubmed/31845180
http://doi.org/10.1371/journal.pone.0159399
http://doi.org/10.1152/ajpregu.00520.2016
http://doi.org/10.1007/s11914-020-00599-y
http://doi.org/10.1007/s13105-020-00736-2
http://www.ncbi.nlm.nih.gov/pubmed/32236810
http://doi.org/10.1210/endrev/bnz016
http://www.ncbi.nlm.nih.gov/pubmed/31774114
http://doi.org/10.1038/nrn.2018.7
http://doi.org/10.1152/ajpregu.00045.2016
http://doi.org/10.1002/jcb.27426
http://doi.org/10.3389/fendo.2019.00841
http://doi.org/10.1038/s41586-020-2527-y
http://www.ncbi.nlm.nih.gov/pubmed/32699414
http://doi.org/10.1016/j.tice.2020.101388
http://doi.org/10.1038/nature10777
http://www.ncbi.nlm.nih.gov/pubmed/22237023
http://doi.org/10.1096/fj.201801754RR
http://www.ncbi.nlm.nih.gov/pubmed/30721625
http://doi.org/10.1038/s41598-017-16602-z
http://doi.org/10.1371/journal.pone.0084910
http://doi.org/10.1016/j.celrep.2019.02.044
http://doi.org/10.3390/nu10101446
http://doi.org/10.1016/j.biopha.2019.108634
http://doi.org/10.1016/j.fertnstert.2017.02.104
http://doi.org/10.1111/eci.12997
http://doi.org/10.1111/joim.12803
http://doi.org/10.1007/s00394-018-1790-2
http://doi.org/10.1080/10408398.2020.1765736


Biomolecules 2021, 11, 412 21 of 21

102. Lee, Y.-M.; Yoon, Y.; Yoon, H.; Park, H.-M.; Song, S.; Yeum, K.-J. Dietary Anthocyanins against Obesity and Inflammation.
Nutrients 2017, 9, 1089. [CrossRef]

103. Peña-Romero, A.C.; Navas-Carrillo, D.; Marín, F.; Orenes-Piñero, E. The Future of Nutrition: Nutrigenomics and Nutrigenetics in
Obesity and Cardiovascular Diseases. Crit. Rev. Food Sci. Nutr. 2018, 58, 3030–3041. [CrossRef]

104. Barrea, L.; Annunziata, G.; Bordoni, L.; Muscogiuri, G.; Colao, A.; Savastano, S. Nutrigenetics—Personalized Nutrition in Obesity
and Cardiovascular Diseases. Int. J. Obes. Suppl. 2020, 10, 1–13. [CrossRef]

105. Rizzi, F.; Conti, C.; Dogliotti, E.; Terranegra, A.; Salvi, E.; Braga, D.; Ricca, F.; Lupoli, S.; Mingione, A.; Pivari, F.; et al. Interaction
between Polyphenols Intake and PON1 Gene Variants on Markers of Cardiovascular Disease: A Nutrigenetic Observational
Study. J. Transl. Med. 2016, 14, 186. [CrossRef] [PubMed]

106. Rodriguez-Mateos, A.; Istas, G.; Boschek, L.; Feliciano, R.P.; Mills, C.E.; Boby, C.; Gomez-Alonso, S.; Milenkovic, D.; Heiss, C.
Circulating Anthocyanin Metabolites Mediate Vascular Benefits of Blueberries: Insights From Randomized Controlled Trials,
Metabolomics, and Nutrigenomics. J. Gerontol. Ser. A 2019, 74, 967–976. [CrossRef] [PubMed]

107. Li, H.; Qi, J.; Li, L. Phytochemicals as Potential Candidates to Combat Obesity via Adipose Non-Shivering Thermogenesis.
Pharmacol. Res. 2019, 147, 104393. [CrossRef]

108. Horvath, C.; Wolfrum, C. Feeding Brown Fat: Dietary Phytochemicals Targeting Non-Shivering Thermogenesis to Control Body
Weight. Proc. Nutr. Soc. 2020, 79, 338–356. [CrossRef]

109. Pedersen, B.K.; Febbraio, M.A. Muscles, Exercise and Obesity: Skeletal Muscle as a Secretory Organ. Nat. Rev. Endocrinol. 2012,
8, 457–465. [CrossRef]

110. Barbagallo, I.; Vanella, L.; Cambria, M.T.; Tibullo, D.; Godos, J.; Guarnaccia, L.; Zappalà, A.; Galvano, F.; Li Volti, G. Silibinin
Regulates Lipid Metabolism and Differentiation in Functional Human Adipocytes. Front. Pharmacol. 2016, 6. [CrossRef]

111. Suh, H.J.; Cho, S.Y.; Kim, E.Y.; Choi, H.-S. Blockade of Lipid Accumulation by Silibinin in Adipocytes and Zebrafish. Chem. Biol.
Interact. 2015, 227, 53–62. [CrossRef] [PubMed]

112. Guo, Y.; Wang, S.; Wang, Y.; Zhu, T. Silymarin Improved Diet-Induced Liver Damage and Insulin Resistance by Decreasing
Inflammation in Mice. Pharm. Biol. 2016, 54, 2995–3000. [CrossRef]

113. Alsaggar, M.; Bdour, S.; Ababneh, Q.; El-Elimat, T.; Qinna, N.; Alzoubi, K.H. Silibinin Attenuates Adipose Tissue Inflammation
and Reverses Obesity and Its Complications in Diet-Induced Obesity Model in Mice. BMC Pharmacol. Toxicol. 2020, 21, 8.
[CrossRef]

114. Liu, G.; Grifman, M.; Macdonald, J.; Moller, P.; Wong-Staal, F.; Li, Q.-X. Isoginkgetin Enhances Adiponectin Secretion from Differ-
entiated Adiposarcoma Cells via a Novel Pathway Involving AMP-Activated Protein Kinase. J. Endocrinol. 2007, 194, 569–578.
[CrossRef] [PubMed]

115. Bu, S.; Yuan, C.Y.; Xue, Q.; Chen, Y.; Cao, F. Bilobalide Suppresses Adipogenesis in 3T3-L1 Adipocytes via the AMPK Signaling
Pathway. Molecules 2019, 24, 3503. [CrossRef]

116. Xia, B.; Shi, X.C.; Xie, B.C.; Zhu, M.Q.; Chen, Y.; Chu, X.Y.; Cai, G.H.; Liu, M.; Yang, S.Z.; Mitchell, G.A.; et al. Urolithin A Exerts
Antiobesity Effects through Enhancing Adipose Tissue Thermogenesis in Mice. PLoS Biol. 2020, 18, e3000688. [CrossRef]

117. Cao, K.; Xu, J.; Pu, W.; Dong, Z.; Sun, L.; Zang, W.; Gao, F.; Zhang, Y.; Feng, Z.; Liu, J. Punicalagin, an Active Component in
Pomegranate, Ameliorates Cardiac Mitochondrial Impairment in Obese Rats via AMPK Activation. Sci. Rep. 2015, 5, 14014.
[CrossRef]

118. Wang, C.; Liu, W.; Nie, Y.; Qaher, M.; Horton, H.E.; Yue, F.; Asakura, A.; Kuang, S. Loss of MyoD Promotes Fate Transdifferentiation
of Myoblasts Into Brown Adipocytes. EBioMedicine 2017, 16, 212–223. [CrossRef] [PubMed]

119. Palacios-González, B.; Zarain-Herzberg, A.; Flores-Galicia, I.; Noriega, L.G.; Alemán-Escondrillas, G.; Zariñan, T.; Ulloa-Aguirre,
A.; Torres, N.; Tovar, A.R. Genistein Stimulates Fatty Acid Oxidation in a Leptin Receptor-Independent Manner through the
JAK2-Mediated Phosphorylation and Activation of AMPK in Skeletal Muscle. Biochim. Biophys. Acta BBA Mol. Cell Biol. Lipids
2014, 1841, 132–140. [CrossRef]

120. Aziz, S.A.; Wakeling, L.A.; Miwa, S.; Alberdi, G.; Hesketh, J.E.; Ford, D. Metabolic Programming of a Beige Adipocyte Phenotype
by Genistein. Mol. Nutr. Food Res. 2017, 61, 1600574. [CrossRef]

121. Cederroth, C.R.; Vinciguerra, M.; Gjinovci, A.; Kuhne, F.; Klein, M.; Cederroth, M.; Caille, D.; Suter, M.; Neumann, D.; James,
R.W.; et al. Dietary Phytoestrogens Activate AMP-Activated Protein Kinase With Improvement in Lipid and Glucose Metabolism.
Diabetes 2008, 57, 1176–1185. [CrossRef]

122. Yoshino, M.; Naka, A.; Sakamoto, Y.; Shibasaki, A.; Toh, M.; Tsukamoto, S.; Kondo, K.; Iida, K. Dietary Isoflavone Daidzein
Promotes Tfam Expression That Increases Mitochondrial Biogenesis in C2C12 Muscle Cells. J. Nutr. Biochem. 2015, 26, 1193–1199.
[CrossRef] [PubMed]

123. Calderon-Dominguez, M.; Alcalá, M.; Sebastián, D.; Zorzano, A.; Viana, M.; Serra, D.; Herrero, L. Brown Adipose Tissue
Bioenergetics: A New Methodological Approach. Adv. Sci. 2017, 4, 1600274. [CrossRef] [PubMed]

http://doi.org/10.3390/nu9101089
http://doi.org/10.1080/10408398.2017.1349731
http://doi.org/10.1038/s41367-020-0014-4
http://doi.org/10.1186/s12967-016-0941-6
http://www.ncbi.nlm.nih.gov/pubmed/27338244
http://doi.org/10.1093/gerona/glz047
http://www.ncbi.nlm.nih.gov/pubmed/30772905
http://doi.org/10.1016/j.phrs.2019.104393
http://doi.org/10.1017/S0029665120006928
http://doi.org/10.1038/nrendo.2012.49
http://doi.org/10.3389/fphar.2015.00309
http://doi.org/10.1016/j.cbi.2014.12.027
http://www.ncbi.nlm.nih.gov/pubmed/25559859
http://doi.org/10.1080/13880209.2016.1199042
http://doi.org/10.1186/s40360-020-0385-8
http://doi.org/10.1677/JOE-07-0200
http://www.ncbi.nlm.nih.gov/pubmed/17761896
http://doi.org/10.3390/molecules24193503
http://doi.org/10.1371/journal.pbio.3000688
http://doi.org/10.1038/srep14014
http://doi.org/10.1016/j.ebiom.2017.01.015
http://www.ncbi.nlm.nih.gov/pubmed/28117277
http://doi.org/10.1016/j.bbalip.2013.08.018
http://doi.org/10.1002/mnfr.201600574
http://doi.org/10.2337/db07-0630
http://doi.org/10.1016/j.jnutbio.2015.05.010
http://www.ncbi.nlm.nih.gov/pubmed/26166229
http://doi.org/10.1002/advs.201600274
http://www.ncbi.nlm.nih.gov/pubmed/28435771

	Introduction 
	Materials and Methods 
	Cell Lines and Reagents 
	Natural Plant-Derived Extracts 
	Cell Culture 
	Cell Culture of Human HEK293 
	Human Adipocytes Cell Culture and In Vitro Differentiation 
	Human Myocytes Cell Culture and In Vitro Differentiation 

	MTT Assay 
	Gene Expression Analysis 
	Lipid Accumulation: Oil Red O Staining 
	Analysis of Mitochondrial Respiration 
	Data and Statistical Analysis 

	Results 
	Screening of Plant-Derived Extracts in HEK293T Cell Line: MTT Assay and Gene Expression of Selected Metabolic Pathway 
	Screening of Plant-Derived Extracts in the Expression of Genes Implicated in the Activation of Thermogenesis and Mitochondrial Oxidative Phosphorylation 
	Effect of the Extracts on Cell Viability of Human Pre-Adipocytes and Human My-Blasts 
	Effect of the Extracts in the Expression of Genes Related to the Activation of Thermogenesis and Mitochondrial Oxidative Phosphorylation 
	Functional Analysis of Mitochondrial Oxidative Phosphorylation and Lipid Accumulation in Differentiated Adipocytes 

	Functional Analysis of Mitochondrial Oxidative Phosphorylation in Differentiated Myocytes 

	Discussion 
	References

