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Effect of Resveratrol on Mitochondrial Activity
in Differentiated Mature Adipocytes
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SUMMARY: Obesity has reached epidemic proportions, the World Health Organization (WHO) estimates that there are more than
1,000 million overweight adults world-wide. Furthermore, obesity is characterized as an overgrowth of white adipose tissidt ag a
adipocyte hypertrophy and hyperplasia. Mitochondria is considered the source of energy within the adipocyte, since thheontdéatsilar
machinery, and it is involved in a large number of metabolic pathways, besides the transformation of chemical energginétapgeosphate.
Mitochondria shortage and adipocyte dysfunction result in an excessive accumulation of triacylglycerol in the cytoplastatenmicies an
imbalance between energy production and energy expenditure. Resveratrol (RSV) is a polyphenol found in different plaftsandiee
been associated with mitochondrial biogenesis. An adipogémegi® model (3T3-L1 preadipocytes) was used, and these cells were differentiated
into mature adipocytes. Subsequently the effect of RSV on the adipocytes morphology, the lipid content and mitochomylviesetigluated
using microscopic and flow cytometry techniques. The effect of RSV on differentiated mature adipocytes, was characteridedrbsgh in
lipid content and the consequently declination of the mitochondrial activity. 3T3-L1 preadipocytes retained the differabilisfiamtil
passage 18. The RSV at doses of 25 and\bbr 48 hours in differentiated mature adipocytes promoted the decreased in lipid content probably
due to an increase in mitochondrial activity in the early hours of RSV exposure, causing the consequently declinationrudniaitactivity
at the end of 48 hours.
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INTRODUCTION

Obesity is defined as body mass index greater th&esity is associated with premature death through the
30 kg/nt, and it is becoming a major health problem in th#creased risk of many chronic diseases, including type 2
world. Obesity has taken epidemic global dimensions; tigéabetes mellitus (DM2), cardiovascular disease and certain
World Health Organization estimates that there are mogancers, besides being related with respiratory distress
than 1,000 million overweight adults, of these about 308yndrome, chronic musculoskeletal problems, skin diseases
million are obese (Kopelman, 2007). Social change amdd infertility. Obesity is characterized as an overgrowth
nutrition transition have turned obesity into a globa®f white adipose tissue as a result of adipocyte hypertrophy
epidemic. and hyperplasia (Guét al, 2009). There are two kinds of

human adipose tissue, white adipose tissue (WAT) and

Economic development, modernizationprown adipose tissue (BAT). The most abundant is the WAT,
urbanization and globalization of food markets, are sontlee same that is distributed throughout the body, it has the
of the elements that have contributed to the epidemic @pility to expand massively, and it is a heterogeneous tissue
obesity, besides the significant decrease in the physigéice it contains diverse cell types, mostly white adipocyte.
activity, which is associated with the increased use dihese adipocytes are surrounded by fibroblasts, endothelial
automated transport, the use of technology at home, am@&ljs, immune cells and nerves (Cristancho & Lazar, 2011).
others (WHO, 2013).
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Adipocytes derive from mesenchymal stem cells so The promotion of coordinated adipogenesis and
that they can differentiate into myoblasts, chondroblastsjitochondrial biogenesis suggests that the mitochondrion
osteoblasts and adipocytes. During the adipocyte life cyclearries out an important role in the differentiation and
the cell undergoes alterations as cell shape, cell cycle arr@saturation of adipocytes. This is not only because of the
clonal expansion and a complex sequence of changes in geroeeased needs of the cell during differentiation, it is also
expression, leading to lipids storage and eventually cell deathe to the substances provided by the mitochondria which
(Gregoire, 2001). support the massive lipogenesis during adipogenesis.

Adipocyte mitochondria are energetically critical for

White adipocytes are rounded cells that measure froatlipogenesis. Differentiating cells must generate sufficient
10 to 200 microns; these cells contain lipid droplets whicATP for sustained fatty acid synthesis in addition to the
push the nucleus and other organelles to the periphery of tNEP demanded for normal cellular activity. In accordance
cell, this vacuole represents the 95% of the cell weighuith adipogenesis progresses, there is a significant increase
Biological events that lead to obesity are characterized lny mitochondrial biogenesis. As a result of this, a large
changes in cellular properties and may include adipocyteimber of mitochondria are found in the cytoplasm. Due
hyperplasia, hypertrophy, or both. Adipose tissue serves tasthe abundant content of fatty acids deposits, WAT
the major energy storage in form of triacylglycerol (TAG)ossesses a rise in mitochondrial oxidative activity, that is
releasing fatty acids into the circulation during prolongetb say an increase in 3-oxidation which provides a major
fasting and starvation. This tissue is also considered as ansadrce of ATP for mature adipocytes (De Paghal, 2009).
tive endocrine organ because it releases various hormones and
chemokines with endocrine and paracrine functions. Currently Resveratrol (RSV) (3, 5, 4'-trihidroxistilbeno)
adipocytes have been studied with increasing intensity asla@longs to a large group of polyphenols found in various
essential regulator of body energy homeostasis (Feagh, groups of plants. The richest natural source of RSV is the
2006). Polygonum Cuspidatum plant, although significant amounts

have been found in peanuts, tea Itadori, grapes and red wine

Furthermore, the BAT is also constituted by adipocytegPervaiz, 2003). Besides its natural form, this compound
characterized by a high number of mitochondria and multiple available in tablets and it is recommended as a dietary
small droplets. In this organ the uncoupling protein 1 (UCPBupplement. In recent years, interest in RSV has
is expressed, and this protein is involved in the generationsdbstantially increased and its broad biological activity at
heat through uncoupled mitochondrial respiration from ATEhe cellular level has been demonstrated. The biological
synthesis, and this is the reason that it is considered apraperties are listed below: cardioprotective (Hehgl,
thermogenic organ. During gestation period for humans tl000), anti-neoplastic (Atteet al., 2005), anti-
development of BAT starts earlier than WAT (2nd quarter)nflammatory and anti-oxidant (de la Lastra & Villegas,
Emphasizing that in adults BAT is lost and/or replaced witd007). Preclinical studies have suggested that RSV
WAT (Rosen & Spiegelman, 2006). simulates the effects of calorie restriction (Bargeal,

2008).

Mitochondria carry out a very important function in
cellular bioenergetics and are considered the power source RSV has shown to reduce lipid synthesis in rat liver
within the adipocyte. In this organelle many reactions takend 3T3-L1cells (Picardt al, 2004), furthermore, lipid
place, some of them are listed below: pyruvate oxidatiomaccumulation in maturing preadipocytes 3T3-L1 decreased.
oxidation of fatty acids, citric acid cycle (Krebs cycle) andRSV increases the lipolysis and reduces the lipogenesis in
oxidative phosphorylation, any alteration in this metabolimature adipocytes, contributing to the reduction of lipid
process leads to cellular dysfunction. Abnormal mitochondrialccumulationn vitro (Rayalamet al., 2008).
function results in lipid accumulation and insulin resistance,
as cells require a balance between mitochondrial ATP synthesis RSV effects have been associated with the induction
through oxidative phosphorylation, and dissipation of thef genes for fatty acid oxidation and mitochondrial
proton gradient to minimize damage from reactive oxygeiogenesis; the last mentioned protects mice against high
species (ROS). Recent molecular studies have shown dramédit diet-induced obesity. The effect of RSV on
changes in mitochondrial content of adipocytes duringitochondrial biogenesis has been attributed to activation
adipogenesis. Data obtained from analysis of mitochondriaf RSV on sirtuin 1 (SIRT1), which is a homologous
protein expression through two dimensional polyacrylamiderotein of silent information regulator protein (sir2), this
gel electrophoresis show a 20-30 fold increase in th@otein acts as an oxidized nicotinamide adenine
abundance of mitochondrial proteins in early stages dinucleotide (NAD+) dependent deacetylases enzymes
differentiation (Bournat & Brown, 2010). (Lagougeet al, 2006).
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SIRT1 is involved in the control of systemicsupplemented with 10% newborn calf serum (NCS)
metabolism via regulation of glucose and lipid homeostagiEquitech-Bio SNBU30-0500), 100UIl/mL penicillin and 100
by deacetylation of various targets, such peroxisomay/mL streptomycin. Cell cultures were incubated &C37
proliferator-activated receptor gamma coactivator-lalpha a humidifed 5% CQand 95% air incubator. The medium
(PGC-14aR), of the peroxisome proliferator-activated recepras replaced every 2-3 days. Adipocyte differentiation of 3T3-
tor gamma (PPAR) which is an important factor irL1 cells was induced using a hormonal cocktail. When the
mitochondrial biogenesis and function, related taultures reached confluency (day 0), cells were treated with
mitochondrial metabolism (Gehart-Hiretsal, 2007). It has differentiation medium containing DMEM supplemented with
been shown that PG@lncreases the expression of nu-10% fetal bowe serum (FBS ATCC, cat: 30-2020), 0.25
clear respiratory factor (NRF), which are transcriptionahM dexamethasone (Sigma-Aldrich -D4902), 5 mg/mL
factors that regulate the expression of many mitochondri@sulin  (Sigma-Aldrich-13536) and 0.5 mM
genes. In addition, PGCG31coactives and increases thasobutylmethybanthine (IBMX, Sigma-Aldrich-17018). At
transcriptional activity of NRF1 in target genes (Austin &ay 2, the medium was replaced with adipogenic medium
St-Pierre, 2012). Subsequently, an important physiologicadntaining DMEM supplemented with 10% FBS and 5 mg/
effect on mitochondria was demonstrated (an increase in ting insulin, for an additional 3 days, at which time >90% of
uncoupled breathing) conditioned by the increasettie cells were mature adipocytes with accumulated fat droplets.
expression of mitochondrial genes of the respiratory factors
mentioned above. In addition, treatment with RSV ha®il red O staining . Oil red O staining method by Ramirez
produced morphological changes in adipocyte (lipid drople&t al. (1992), with minor modifications was used. The
were decreased) and also increased levels of uncouplpgrpose of this technique was to identify the
protein 1 (UCP-1) in BAT (Lagougst al). intracytoplasmatic lipid droplets on 3T3-L1 adipocytes.

Seven days after the induction of adipocyte differentiation

There are few clinical trials that have examined théay 8), Petri dishes were washed with PBS 1X (ATCC cat:
metabolic effects of consuming RSV. Significant but modeSCRR-2201) twice and fixed with 4% paraformaldehyde
improvements were reported in the following physiologicalSigma-Aldrich-P6148) for 20 minutes, at room temperature.
variables and conditions: decrease in insulin resistancgubsequently, cells were washed with PBS 1X three times.
decreased systemic blood pressure and increased metabehle percent Oil red O solution in propyleneglycol was added
rate. Likewise a reversible effect occurred in lipid accumulaticior 60 min at room temperature. Thereafter dishes were
in the liver (hepatic steatosis) (Timmeesal, 2011). washed extensively with distilled water, allowing drying for

its later analysis and observation on bright field inverted

Obesity is a disease that is characterized hyicroscope (Axiovert 25, Carl Zeiss) (10X, 32X, 40X) and
hypertrophy of WAT, making it necessary to increastake pictures. This assay was performed in triplicate.
scientific evidence about diet effects on mitochondrial
activity in this tissue. In this study we conducted an experGounterstaining with hematoxylin. Seven days after the
mental design based on anvitro model of preadipocytes induction of adipocyteitferentiation (day 8), Petri dishes
3T3-L1 differentiated to mature adipocytes, we evaluatedlere washed with PBS 1X twice and fixed with 4%
the effect of RSV on mitochondrial activity and morphologyparaformaldehyde for 20 min, at room temperature.
of differentiated mature adipocytes. And we determined th&ubsequently, cells were washed with PBS 1X three times.
the RSV promotes a decrease in lipid content probably diae percent Oil red O solution in propyleneglycol was added
to an increase in mitochondrial activity at early stage ébr 30 min at room temperature. Afterward dishes were
exposure to RSV treatment. washed extensively with distilled water until rinses “clean”.

Thereafter Harris's hematoxylin was added for one minute
and the dishes were rinsed with warm tap water until rinses
MATERIAL AND METHOD “clean”. Finally drying was allowed, in order to observe,
analyze the bright field inverted microscope (10X, 32X and
40X) and take pictures. This was performed in triplicate.
Cell culture and adipocyte differentiation. Murine
preadipocyte 3T3-L1 cell line obtained from the AmericaResveratrol treatment. Seven days after the induction of
Type Culture Collection (ATCC) were cultured accordingdipocyte differentiation (day 8), adipocytes were treated
to the manufacturer’s instructions, cells were seeded in @6th RSV (TOCRIS BIOSCIENCE cat: 1418) at 25 and
mm dishes (P60). In summary, preadipocytes 3T3-L1 weE® uM, for 48 hours. Subsequently intracytoplasmic lipids
cultured in growth medium, consisting of Dulbecco’swvere stained with Oil Red O (Sigma-Aldrich cat: 01516),
Modified Eagle’s Medium (DMEM) (ATCC cat: 30-2002) mitochondrial staining and flow cytometry with
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Mitotracker Green FM (Life technologies cat: [ 71 7 I 1 R » P R
M7514). A SN AN ,Qfx' R D
. N . £y ) / }
Mitochondrial staining . 3T3-L1 adipocyteswere = #, = = %
seeded in P60 Petri dishes with cover glass on tI\ N e
bottom, in order to allow adhesion and cell® ( *{' \ /s 4
confluence. Seven days after initiation of\\ P

differentiation (day 8), Petri dishes with 3T3-L1 .
cells, labeled as control, 26/ and 50uM, were ( \
washed with PBS twice. Mitotracker Green FM,
subsequently was added at concentration g0 | o
in serum-free DMEM and incubated for 45 minutess f G
in the incubator at 37°C and 5% CO2. After thisé i
time 3T3-L1 adipocytes were washed with PBS -
four times and proceeded to fix them with 4% Sub/
paraformaldehyde for 20 min. After cells were ,“’
washed four times with PBS. Coverslip from theg
Petri dish was removed and mounted on a glay }
slide which previously few drops of glycerol in' *%m

PBS (3:1) were placed. Thereafter, we proceedqglg 1. Expandlng and dlfferentlatlng preadlpocytes (1OOX) A Elongated
to analyze the samples on Leica Confoca}l)readlpocytes with cytoplasmic extensions. B. Preadipocytes at 48 hours of
microscopy. This was performed in triplicate.  gjfferentiation forming growth points. C. Preadipocytes at day four of
differentiation, the presence of lipid vacuoles and polyhedral morphology is
Flow cytometry. Seven days after initiation of shown. D. Differentiated adipocytes at day six of differentiation, showing
differentiation (day 8) a cell suspension wasncreased I|p|d vacuoles.
obtained, which was centrifuged at 1500 rpm for & zsms ;
minutes, the supernatant was decanted arj ¥ R
Mitotracker Green FM added at concentration o,
100 uM and incubated for 60 minutes at roomk% f}ff.n“ A &M
temperature. After this time, adipocytes wereg’ " :
washed with PBS and fixed with 3% formaldehyde&? 4. &
for 20 minutes at room temperature and then weik, &% ¢
washed with PBS again. These cells wer: ‘Qgﬁ,,
resuspended in FACS Flow solution for reading an % "? b
analysis on a Becton Dickinson flow cytometeni® - q}gy o, o
(FACS Calibur; BD Biosciences, CA, USA). The ’gﬁ) @,
analysis was performed three times w;&; il a

quintuplicate. :,,J?@af,-” &
&3%‘%

RESULTS

3
Expanding preadipocytes were & 290 o)
characterized as adherent cells and elongated -.‘«».:\ ) mg
with cytoplasmic extensions (Fig. 1A). CellsFig. 2. Differentiated mature adlpocytes AandB. Oll red Ostaln in dlfferentlated
culture reached an adequate confluence 72 h pdggature adipocytes, watching lipid vacuoles (100X and 400X). C and D. Oil Red
seeding, requiring a passage. After passage §,counterstained with hematoxylin that enables to locate lipid vacuoles around
preadipocytes were undergone into maturdhe adipocytes nuclei (100X and 400X).

adipocytes differentiation protocol of eight days,

noting in the first 24 hours that cells were clusteredifferentiation, growing points showed confluencygFLB). By the #

and formed growing points without exhibiting day of differentiation, growth points began to disintegrate and elongated
changes in morphology. After 48 hours ofcells changed to a polyhedral morphology increasing their diameters as
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well as the emergence of vacuoles within the cytoplasm (Fig. 1@)anner (Fig. 4), obtaining similar results in flow
and on the 6th day of differentiation, all cells in culture acquirezytometry in a quantitative manner, in this assay a
a polyhedral morphology with a remarkable accumulation ¢éndency toward reduction in fluorescence intensity of
intracytoplasmic lipid vacuoles, which are characteristic dhe adipocytes treated with RSV was observed in
differentiated adipocytes (Fig. 1D). Preadipocytes remained the#ispect to the control group. However, there was no
differentiation capacity until passage 18. significant difference between groups (Fig. 5).

A : : &ﬁ g _AI@AL‘.A o Al LR ot

Flg 3. Eﬁect of RSV in dlfferentlated mature adipocytes (1OOX) A. Control Group with abundant lipid
vacuoles. B and C. Differentiated mature adipocytes treated witM2d 50uM of RSV respectively,

with a notable decline in lipid vacuoles with respect to the control group.

Control 25 uM 50 uM

Mitotracker
Green FM Fig. 4. Mitochondrial activity in
adipocytes treated with RSV (400X).
Qualitative decrease in mitochondrial
activity in differentiated mature
adipocytes treated with RSV, using the
differential interference contrast (DIC)

microscopy, also known as Nomarski.

The differentiated mature adipocytes stained with oil red O &
maintained their polyhedral morphology and the lipid vacuoles were <
identified by their red coloration, characterized by being small and & ***
multiple circling the nucleus of adipocyte (Fig. 2). Z 30.00

E 20.00

After the RSV exposure in mature adipocytes differentiated —
at concentrations of 25 and 1, morphological changes were
observed in the exposed adipocytes like decrease in size and content
of lipid vacuoles in comparison with the control group not exposed Control 25 50
to RSV (Fig. 3). Resveratrol ( uM)

Fig. 5. Atrend towards a decrease in fluorescence intensity

Concerning with mitochondrial staining, a qualitative of differentiated mature adipocytes treated with RSV was
decrease in mitochondrial activity of differentiated mature shown in a dose-dependent manner. However, there was
adipocytes treated with RSV was observed, in a dose-dependenp significant difference between groups (P= 0.3679).
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DISCUSSION necessary to continue with similar protocols in order to
analyze mitochondrial activity in immediate periods.

Obesity is a risk factor for various types of diseases Rayalamet al, showed that cell viability decreased
such as diabetes, hypertension and other cardiovasclwda80% at high doses of RSV (10/1), however in our assays
diseases (Gregoire). Although there are a large numberveé employed doses at 75 and 50% lower.
studies dedicated to research the causes and prevention of
obesity, its prevalence has increased in recent decades Moreover, the PGCd is considered as a key
(Kopelman). Obesity is determined by the hypertrophy aggulator in energy metabolism (Gehart-Hie¢sl) there
white adipose tissue due to an imbalance between supplhg target proteins of this coactivator as mitofusin (MFN)
and demand of energy. Mitochondria are an integral partiyfpes 1 and 2. These proteins are localized to the outer
normal cell function because they are responsible for enengytochondrial membrane and they interact to coordinate the
production from TAG in eukaryotic cells (Fraghal, 2006). melting of the outer mitochondrial membrane of
Studies in adipose tissue of obese mouse ob/ob and db/dimitbchondria opposite. Recent evidence has shown that this
was determined that these presented a reduced mitochondtialon directly regulates mitochondrial metabolism. In this
mass and function (Ronet al, 2007). Due to excessive way the knockdown of the two MFN by RNA interference,
energy storage in adipose tissue of obese patients, it is uséfatding to the formation of fragmented mitochondria with
to design strategies that allow us to increase the mitochondt@lver oxygen consumption and decrease in membrane
content and activity in adipocytes. potential, that is, mitochondrial dysfunction (Chetnal;

Liang & Ward, 2006). Based on this background, we could

RSV is a polyphenol content primarily in red grapesnfer that decreased mitochondrial activity could be
it has shown to reduce lipid synthesis in the liver of ratsonditioned by the reduction in number of this organelle
(Pervaiz, 2003) and adipocytes (Rayalatmal) 3T3L-1 derived from the merger, being suitable for future studies to
(Zhanget al, 2012), the last mentioned have been widelgerform the expression analysis of MFN and determine its
used as aiin vitro model of adipogenesis. There is littleinvolvement in mitochondrial activity.
scientific evidence and controversy about the effect RSV in
mature 3T3-L1, mainly at mitochondrial level.

NORIEGA-GONZALEZ, J. E.; CHIRINO, Y. |.; MATA-
In this study we determined that the RSV decreasddiRANDA, M. M.; VAZQUEZ-ZAPIEN, G. J. &
the lipid content in the cytoplasm of mature adipocyteSANCHEZ-MONROY, V. Efecto del resveratrol sobre la
differentiated as demonstrated by Rayakinal, thereby actividad mitocondrial en adipocitos maduros diferenciados.
the evidence of anti-adipogenic effect of RSV is supportetht. J. Morphol., 33(3)1085-1092, 2015.
which is a consequence of the increased SIRT1 expression
and the inhibitory effects of the adipogenic regulator PPARy RESUMEN: La obesidad ha tomado dimensiones
(Rayalamet al). epidémicas globales y la Organizacién Mundial de la Salud
estima que hay mas de 1,000 millones de adultos con
Furthermore in this study we treated differentiatedobrepeso. Asi mismo, la obesidad se ha caracterizado como
mature adipocytes, differently to Zhaegal, who applied la expansion del tejido adiposo blanco condicionada por la
the RSV treatment through the entire preadipocytdspertrofia e/o hiperplasia de los adipocitos. La mitocondria
differentiation, and it is worthwhile noting that they found &s considerada la fuente de energia dentro del adipocito,
decreased lipid content as we did , but they did not deterndiebido a que contiene la maquinaria molecular que dirige, a
ne the mitochondrial activity during the differentiationtravés de diversas vias metabdlicas, la transformacion de la
process. energia quimica en adenosintrifosfato. La escasez de
mitocondrias asi como su disfuncién en el adipocito, resulta
Lagougeet al, showed that RSV promotes SIRT1en una acumulacion excesiva de triacilgliceroles en el cito-
activation, and this improves mitochondrial function in miceplasma, lo que condiciona un desequilibrio entre produc-
with this we can assume that the decrease in lipid contentoddn de energia y gasto energético. El resveratrol (RSV) es
differentiated mature adipocytes was a consequence wf polifenol que se encuentra en diferentes grupos de plan-
energy optimization carried out by mitochondria. tas y sus efectos se han asociado con la inducciéon de genes
para la biogénesis mitocondrial. Se empleé un modelo de
However, in this study we observed a decrease adipogénesisir vitro) materializado por una linea celular
mitochondrial activity, possibly by the decreased lipidle preadipocitos 3T3-L1, mismos que se diferenciaron a
content at the analysis time of this activity, so that, it iadipocitos maduros. Posteriormente se evalué el efecto del
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RSV sobre la morfologia, contenido lipidico y actividad and systemic metabolic alteratioAsn. J. Pathol., 175(327-
mitocondrial en los adipocitos maduros diferenciados a tra- 39, 2009.
vés de las técnicas: microscopia invertida, confocal o ) )
citometria de flujo. El efecto del RSV sobre los adipocitds &Y™ K. N-; Arner, P. & Yki-Jarvinen, H. Fatty acid metabolism
maduros diferenciados, se caracterizd por la disminucion g_adlpose tissue, muscle and liver in health and diséasays

. o . iochem., 489-103, 2006.
del contenido lipidico y consecuentemente de la actividad
mitocondrial. Los preadipocitos 3T3-L1 conservaron la C&erhart-Hines, Z.: Rodgers, J. T.; Bare, O.; Lerin, C.; Kim, S.
pacidad de diferenciacion hasta el pase 18. Por otra parte, elH.; Mostoslavsky, R.; Alt, F. W.; Wu, Z. & Puigserver, P.
resveratrol a dosis de 25 y % durante 48 horas en Metabolic control of muscle mitochondrial function and fatty
adipocitos maduros diferenciados, promueve una disminu- acid oxidation through SIRT1/PGC-lalphaMBO J.,
cion en el contenido lipidico probablemente debido a un 26(7)1913-23, 2007.
aumento de la actividad mitocondrial en las primeras horas
de exposicion al tratamiento, provocando la disminucién fae
la actividad mitocondrial al término de 48 horas.

goire, F. M. Adipocyte differentiation: from fibroblast to
endocrine cellExp. Biol. Med. (Maywood), 226(12p7-
1002, 2001.
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