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ABSTRACT: Proanthocyanidin consumption might reduce the risk of developing several pathologies, such as inflammation,
oxidative stress and cardiovascular diseases. The beneficial effects of proanthocyanidins are attributed to their antioxidant properties,
although they also canmodulate gene expression at the transcriptional level. Little is known about the effect of proanthocyanidins on
mitochondrial function and energy metabolism. In this context, the objective of this study was to determine the effect of an acute
administration of grape seed proanthocyanidin extract (GSPE) on mitochondrial function and energy metabolism. To examine this
effect, male Wistar rats fasted for fourteen hours, and then they were orally administered lard oil containing GSPE or were
administered lard oil only. Liver, muscle and brown adipose tissue (BAT) were used to study enzymatic activity and gene expression
of proteins related to energetic metabolism. Moreover, the gastrocnemius muscle and BAT mitochondria were used to perform
high-resolution respirometry. The results showed that, after 5 h, the GSPE administration significantly lowers plasma triglycerides,
free fatty acids, glycerol and urea concentrations. In skeletal muscle, GSPE lowers FATP1mRNA levels and increases mitochondrial
oxygen consumption, using pyruvate as the substrate, suggesting a promotion of glycosidic metabolism. Furthermore, GSPE
increased the genetic expression of key genes in energy metabolism such as peroxisome proliferator-activated receptor gamma,
coactivator 1 alpha (PGC1R), and modulated the enzyme activity of proteins, which are involved in the citric acid cycle and electron
transport chain (ETC) in BAT. In conclusion, GSPE affects mainly the skeletal muscle and BAT mitochondria, increasing their
oxidative capacity rapidly after acute supplementation.

KEYWORDS:mitochondria, polyphenols, proanthocyanidins, skeletal muscle, brown adipose tissue, UCP 1, PGC1R, Sirt1, citrate
synthase, COX, ATPase

’ INTRODUCTION

Mitochondria play a central role in energy homeostasis and are
the principal energy sources of the cell that convert nutrients into
energy through cellular respiration.1 Compromised mitochon-
drial function has been linked to numerous diseases, including
those of the metabolic and cardiovascular systems.2

Evidence from several sources indicates that the failure of the
mitochondria to produce energy from food substrates may be a
common pathway in the development and perpetuation of
obesity.3 Furthermore, mitochondrial dysfunction helps to ex-
plain a number of the common signs and symptoms of obesity,
including low energy expenditure; chronic food intake, in excess
of expenditure; and the presence of markers for low-grade
systemic inflammation. In recent years, the interest in skeletal
muscle mitochondrial function has risen due to findings of a
mitochondrial dysfunction in a wide range of disease from type 2
diabetes mellitus to the process of aging.4 In fact, the mitochon-
dria of type 2 diabetes patients demonstrate reduced electron
transport chain (ETC) capacities and reduced citrate synthase
(CS) activity.5 These conditions may result from the varying
energetic roles and needs of the different tissues. The variation in
the individual and regional predisposition to obesity and type 2
diabetes mellitus may result from the interaction of modern
dietary caloric intake with ancient mitochondrial genetic poly-
morphisms. Therefore, mitochondria may provide a targetable

means to influence health, linking an environmental component
such as diet and genetic components.1

Proanthocyanidins are a class of polyphenolic compounds that
are one of the most ubiquitously distributed in the human diet.
Proanthocyanidins are considered bioactive compounds as they
influence physiological and cellular processes and, therefore, can
have beneficial effects on health.6 It has been suggested that
proanthocyanidins play an important role in the prevention of
some pathologies, such as obesity,7 diabetes,8 cardiovascular
diseases and certain forms of cancer.9 Moreover, proanthocya-
nidins have antioxidant10�12 and anti-inflammatory properties13

and can act like hypolipidemic agents.14,15 Several authors have
studied the effect some types of flavonoids, such as resveratrol2

and quercetin,16,17 have on energy metabolism and mitochon-
drial function. These studies suggest that these natural com-
pounds increase the aerobic capacity of muscle tissue, improving
mitochondrial function. This finding implies that these specific
flavonoids have metabolic consequences in energetic home-
ostasis, helping to protect against obesity and body weight
maintenance,18 both in humans and in rats. Despite the prior
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research findings, very little is known about the effect of dietary
administration of proanthocyanidins on mitochondrial function
and energy metabolism in vivo.

In this context, the objective of this study was to determine
whether grape seed proanthocyanidin extract (GSPE) has, as a
target, the mitochondria of key tissues involved in energy
homeostasis and how GSPE affects mitochondrial function and
energy metabolism. The mitochondrial function was assessed by
high-resolution respirometry, and energy metabolism was ana-
lyzed by gene expression and the enzymatic activities of key
enzymes involved in the citric acid cycle and the ETC.

’MATERIALS AND METHODS

Proanthocyanidin Extract. GSPE was kindly provided by Les
D�erives R�esiniques et Terp�eniques (Dax, France). This proanthocyani-
din extract contained monomeric (21.3%), dimeric (17.4%), trimeric
(16.3%), tetrameric (13.3%) and oligomeric (5�13 units) (31.7%)
proanthocyanidins.
Animals and Experimental Design.Nine-week-oldmaleWistar

(Crl:Wi) rats, weighing 300�350 g, were purchased from Charles River
(Barcelona, Spain). They were housed, in pairs, in animal quarters, at
22 �C with a 12 h light/dark cycle (light from 8:00 a.m. to 20:00 p.m.).
The rats were fed ad libitum a standard chow diet (Panlab 04, Barcelona,
Spain) and were provided tap water. After a week of adaptation, the rats
were randomly divided into two groups: control and GSPE group (n = 6
each). On the day of the experiment, the rats were deprived of food for
14 h. ToGSPE group was administered an oral gavage dose of 250mg/kg
of body weight of GSPE in a suspension of lard oil (2.5 mL/kg of body
weight). The same gavage dose of lard oil was administered to control
group. The Animal Ethics Committee of our University approved all
procedures.
Tissue Collection. Five hours after administration, the rats were

anesthetized with a combination of ketamine and xylazine. After
anesthetization, the rats were sacrificed by exsanguination from the
abdominal aorta. The removed blood was collected; plasma was
extracted by centrifugation and stored at �80 �C until analysis. A
portion of interscapular brown adipose tissue (BAT), the gastrocnemius
muscle and liver were immediately excised and frozen in liquid nitrogen
to be stored at �80 �C until RNA extraction. Another portion of these
tissues was placed on ice and was used for mitochondrial isolation, as
described by Fuster et al.,19 to perform the enzymatic assays.

Moreover, the remaining gastrocnemius muscle and a portion of the
BAT were rapidly utilized for mitochondrial isolation according to
Hoeks et al.4 and Cannon and Nedergaard,20 respectively. Freshly
isolated mitochondria were used immediately for mitochondrial respiro-
metry. The remaining mitochondria were added to a protease inhibitor
cocktail (P8340, Sigma) and were stored at�80 �C for further analysis.
The protein concentration in the mitochondrial pellet was measured
using fluorescamine (Fluram , Sigma); bovine serum albumin (BSA) was
used as the standard.21

Blood Plasma Assays. Commercial enzymatic colorimetric kits
were used to determine plasmametabolites: glucose, triglycerides (TGs)
and urea (QCA, Barcelona, Spain), ketone bodies (IVD, BENSrl - Italy),
NEFAS (Wako chemicals GmbH) and glycerol (R-Biopharm AG,
Roche, Germany).
Mitochondrial Respirometry. Mitochondrial isolation from the

gastrocnemius muscle was performed according to Hoeks et al.,4 using a
buffer containing 100 mM sucrose, 50 mMKCl, 20 mMKþ-TES, 1 mM
EDTA and 0.2% (w/v) BSAwith proteinase subtilisin A (Sigma) 1mg/g
tissue. The homogenates were centrifuged at 8500g for 10 min at 4 �C,
and the resulting pellets were resuspended with the same buffer and
centrifuged at 800g for 10 min at 4 �C. The resultant supernatants were
centrifuged at 8500g for 10 min, and the final pellets were resuspended

with approximately 150 μL of isolation buffer in a small glass
homogenizer.

Freshly isolated gastrocnemius muscle mitochondria (0.2 mg of
mitochondrial protein for pyruvate; 0.2 mg for glutamate, malate and
succinate; 0.5 mg for carnitine�palmitoyl-CoA) were incubated in a
medium containing 100 mM sucrose, 20 mMKþ-TES (pH 7.2), 50 mM
KCl, 2 mM MgCl2, 1 mM EDTA, 4 mM KH2PO4, 3 mM malate and
0.1% BSA. The substrates used were 5 mM pyruvate, 2 mM carnitine
plus 50 μMpalmitoyl-CoA and 10 mM glutamate plus 10 mM succinate
(state 2 of respiration). State 3 of respiration was initiated by addition of
450 μM ADP. State 4o of respiration was measured as the residual
respiration following addition of 1 μg/mL of oligomycin. The Un-
coupled state (Unc), which is the maximum oxygen flux rate, was
achieved by titration with 0.5 μM additions aliquots of the chemical
uncoupler carbonyl cyanide p-trifluoromethoxyphenylhydrazone
(FCCP).20

Mitochondrial isolation from BAT was performed according to
Cannon and Nedergaard.20 Portions of mitochondrial protein from
freshly isolated BAT mitochondria weighing 0.2 mg were used for
pyruvate. The portions were incubated in a medium consisting of
100 mM KCl, 20 mM K-TES, 4 mM KH2PO4, 2 mM MgCl, and
1 mM EDTA and reached an equilibrium pH of 7.2.20 Next, 5 mM
pyruvate was added as substrate (state 2 of respiration). Then 3.2 mM
GDP was added to inhibit the activity of UCP1, avoiding the uncoupling
state. Later 450 μMADPwas added to obtain state 3 of respiration. State
4o of respiration was measured as the residual respiration following
addition of 1 μg/mL of oligomycin. The Unc state was achieved by
titration utilizing 0.5 μM additions of FCCP.

In addition, 0.5 mg of mitochondrial protein from freshly isolated
BAT mitochondria was incubated in a medium consisting of 8 mM
N-tris-(hydroxymethyl)methyl-2-aminoethanesulfonic acid buffer, pH 7.4,
50 mM KCl, 6 mM MgCl2, 1 mM EDTA, 23 mM sucrose, 3.3 mM
malate and 14 mM KH2PO4.

22 Mitochondrial recoupling was carried
out in the previously described incubation solution, containing an
additional 1.65mMadenosine triphosphate (ATP), 1.65mML-carnitine
and 5 μM CoASH.22 This incubation received an additional 12.5 μM
palmitoyl-CoA (state 2 of respiration). The Unc state was achieved by
titration using 0.5 μM additions of FCCP.22

All substrates were dissolved in Milli-Q water, except oligomycin and
FCCP, which were dissolved in 96% ethanol. The functionality of
oxidative phosphorylation of ex vivo mitochondria was determined
measuring oxygen consumption in different mitochondrial states polar-
ographically as described in ref 20 at 37 �C using a two-chamber
Oxygraph (Oroboros Instruments, Innsbruck, Austria), expressed
as nmol of O2 per mg of mitochondrial protein per minute.
Enzymatic Assays. The mitochondria extract was isolated accord-

ing to Fuster et al.19 and was used to analyze CS, cytochrome c oxidase
(COX) and ATP synthase (ATPase) total activities. Tissues were
homogenized using a Teflon and glass homogenizer at 4 �C in a 1:3
(w:v) buffer containing 250mM sucrose, 1 mMEDTA and 10mMTris-
HCl, pH 7.4. After this step, the homogenates were centrifuged at 700g
for 10 min at 4 �C; the supernatants were collected and centrifuged at
12000g for 10 min at 4 �C. The resulting pellet that contained the
purified mitochondria was resuspended in 100 μL of a buffer composed
of 70 mM sucrose, 220 mMmannitol, 2 mMHEPES and 1 mM EDTA,
pH 7.4.

CS activity was measured as describe by Srere’s procedure,23 measur-
ing changes in absorbance at 412 nm in presence of 5,50-dithiobis-(2-
nitrobenzoate) (DTNB) 0.1 mM (dissolved in Tris-HCl 1 M, pH 8.1).
COX activity was measured as described in ref 19, by monitoring
changes in absorbance at 550 nm in the presence of the reduced
substrate 0.056 mM ferrocytochrome c (Sigma). ATPase activity
measurement was performed according to Penefsky and Bruist,24 by
monitoring changes in absorbance at 339 nm in a solution containing
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Tris-base 1 M, pH 7.5, 4 mM MgSO4, 2 mM phosphoenolpyruvate
(PEP), 62 kU/L lactate dehydrogenase (LDH), 0.048 mM NADH,
2 mM ATP, 160 kU/L pyruvate kinase. This reaction began by the
addition of the sample mitochondria extract to the solution; linear
activity rates were obtained for at least three minutes.
Gene Expression. Liver, BAT and muscle total RNA was obtained

using the RNeasy Lipid Tissue Kit (QIAGEN), following the manufac-
turer’s protocol. Synthesis of cDNA was obtained from 2 μg of total
RNA using the TaqMan Reverse transcription reagent kit (High
Capacity cDNA Reverse Transcription kit, Applied Biosystems). Gene

expression levels were first quantified by a custom low-density array card
(TLDA) (Applied Biosystems TaqMan) using 100 μL (6 ng/μL) of
each cDNA sample and adding the same volume of 2X Taqman
Universal PCR Master Mix (Applied Biosystems). After gentle mixing,
the mixture was transferred into a loading port on a TLDA. Each low-
density array card has eight separated loading ports that feed into 48-
gene sets. Each 2 μL well contains specific user-defined probes, capable
of detecting a single gene. Each set of 48 genes also contains three
housekeeping genes, RPLP2, Ppia and 18S. However, we used Ppia (as a
housekeeping gene) to evaluate the results of this study.

Figure 1. Oxygen flux of oxidative phosphorylation of gastrocnemius muscle mitochondria respiring on incubation medium plus (A) pyruvate, (B)
palmitoyl-CoA þ carnitine and (C) glutamate þ malate þ succinate as a substrate in different mitochondrial states. White bars represent control rats
while gray bars represent the rats treated with 250 mg of GSPE/kg body weight. Values are expressed as means( SEM (n = 6 per group). * indicates a
significant difference versus control group (Student’s t test, p < 0.05). # indicates a significant difference versus control group (Student’s t test, p < 0.1).
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The array was centrifuged twice for a minute at 1200 rpm to disperse
the samples from the loading port into each well. The card was then
sealed and PCR amplification was performed using an Applied Biosys-
tems Prism 7900HT sequence detection system. Thermal cycling
conditions were as follows: 2 min at 50 �C, 10 min at 94.5 �C, 30 s at
97 �C and 1 min at 59.7 �C repeated for 40 cycles.25

Genes having relative quantification differing significantly from control
samples were checked with quantitative RT-PCR amplification of 20 ng of
the corresponding cDNAsamples usingTaqManUniversal 2XPCRMaster
Mix (Applied Biosystems). Specific TaqManR Assay-On-Demand probes
(AppliedBiosystems) were used to study the level of expression for different
genes. Cyclophilin A (Ppia) was used as an endogenous control. Real-time
quantitative PCR reactions were performed using the ABI Prism 7300 SDS
Real-Time PCR system (Applied Biosystems).25

Statistical Analysis. Results are reported as themean( SEMof six
animals. Group means were compared with an independent-samples
Student’s t test (Pe 0.05) using SPSS version 17.0 for Windows (SPSS,
Inc., Chicago, IL, USA).

’RESULTS

GSPE Administration Enhanced Pyruvate Oxidation in
Muscle Mitochondria Whereas BAT Mitochondria Were
Not Affected. Skeletal Muscle (Gastrocnemius). The results ob-
tained using pyruvate as a substrate indicate that GSPE significantly
increased state 2 (respiration stimulated by pyruvate) and state 4o
(oligomycin dependent respiration) of mitochondrial respiration

Figure 2. Oxygen flux of oxidative phosphorylation of BAT mitochondria respiring on incubation medium plus (A) pyruvate, (B) palmitoyl-CoA þ
carnitine as a substrate in different mitochondrial states. White bars represent control rats while gray bars represent the rats treated with 250 mg of
GSPE/kg body weight. Values are expressed as means( SEM (n = 6 per group). * indicates a significant difference versus control group (Student’s t test,
p < 0.05). # indicates a significant difference versus control group (Student’s t test, p < 0.1).
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while it tended to increase state 3 (ADP-stimulated respiration), and
the Unc state (uncoupled state, respiration stimulated by FCCP)
(Figure 1A). These results suggest that the GSPE supplementation
enhance pyruvate oxidation in muscle mitochondria.
The uncoupling control ratios (UCR, state 3 divided by the Unc

state respiration) and respiratory control ratios (RCR, state 3
divided by state 4 respiration) were derived from results of these
data. The average value ofUCRwas similar between the control and
the GSPE group (0.79 ( 0.02 and 0.81 ( 0.01, respectively). A
similar trend for values of RCR emerged, which had no significant
differences between control and treated groups (18.01 ( 0.92 and
17.11 ( 0.99, respectively). RCR on pyruvate yielded high RCR
values, indicative of high quality mitochondria.26

The results obtained using carnitine�palmitoyl-CoA as sub-
strates indicated that GSPE administration tended to increase the
2C state (respiration stimulated by carnitine) and significantly
increased the 4o state (Figure 1B). Neither the 2CPCoA state,
state 3 nor the Unc state was significantly affected by GSPE
administration (Figure 1B). These results indicate that GSPE
administration led to an increase of basal proton leak in nonpho-
sphorylation (oligomycin dependent state 4) conditions.
Both the UCR and the RCR values did not show significant

differences between the control and the treatment groups: 0.56
( 0.02 and 0.63 ( 0.07, respectively, for UCR and 3.55 ( 0.10
and 3.05( 0.51, respectively, for RCR. Levels of UCR and RCR
are very similar to those obtained using the protocol with
pyruvate as the substrate.
The results obtained using glutamate�malate�succinate as

substrates showed that there were no significant differences
between the two groups in any of the states of mitochondrial
respiration (Figure 1C). Similarly, UCR and RCR values were
not significantly different in the control compared to the treat-
ment group: 1.34( 0.12 and 1.22( 0.06, respectively, for UCR
and 7.78 ( 0.62 and 7.33 ( 0.71, respectively, for RCR.
Brown Adipose Tissue. The results of mitochondrial respira-

tion shown in Figures 2A and 2B indicated that all mitochondrial
states were not significantly modified by GSPE administration
using either pyruvate or carnitine�palmitoyl-CoA as substrates.
GSPE Supplementation Improves the Activity of the Key

Mitochondrial Enzymes in BATWhereas in Liver andMuscle
Tissues Activity Was Not Affected. To determine whether the
mitochondria and mitochondrial function are targets of GSPE,
we evaluated the enzyme activities of CS, COX and ATPase,
which are key enzymes present in the citric acid cycle and the
oxidative phosphorylation pathway. These activities are mea-
sured in the three major tissues involved in energy homeostasis:
liver, skeletal muscle (gastrocnemius) and BAT.
The results of total CS activity (Table 2) showed that GSPE

tended to increase CS activity in BAT, whereas in liver and muscle
tissue it was not affected by GSPE administration. These results
suggest that GSPE could improve the citric acid cycle in BAT.
Besides, the results of total COX activity (Table 3) showed

that GSPE significantly increased this activity in BAT. Neither
muscle nor liver tissue revealed COX activity was affected by
GSPE administration. These results suggest that GSPE could
improve the flux of the ETC.
Finally, the results of total ATPase activity (Table 4) showed

that this activity was not affected by GSPE administration in liver,
muscle and BAT.
GSPE Supplementation Modulated the Expression of

Some Energetic Metabolism Related Genes Primarily in
BAT. In order to determine the expression of key genes that

control the energetic metabolism in liver, muscle and BAT after
5 h of GSPE administration, a low density array card (TLDA)
was used.
Genes tested coded for key proteins involved in thermogenesis

(UCP1), fatty acid oxidation (Cpt1a, Cpt2), and other genes that
are believed to defend against ROS production (UCP2, UCP3)
as well as proteins that control cellular energy balance (AMPK,
PGC1R) and the NADþ-dependent deacetylase Sirt1. Addition-
ally, in skeletal muscle pyruvate dehydrogenase genes (Pdhb)
and fatty acid transport protein 1 (FATP1) were determined as
marker genes of muscle catabolism.
The results of gene expression in the gastrocnemius muscle

revealed no significant differences between most of the genes
studied (Table 5). The GSPE treatment only significantly
decreased the FATP1 gene expression.
InBAT the gene expression did not follow the same profile as the

skeletal muscle. In this case, the results showed that PGC1R gene

Table 1. Results of Plasma Parameters in the Two Experi-
mental Groupsa

parameters control group 250 mg/kg GSPE groupb

glucose (mg/dL) 75.71 ( 6.81 87. 66( 2.34

ketone-body (mg/dL) 39.05( 6.96 32.68( 7.47

lactate (mg/dL) 10.21( 1.51 10.92( 1.59

triglycerides (mg/dL) 106.85( 17.66 56.73( 5.08*

glycerol (mg/dL) 7.32( 1.32 4.26( 0.60#

free fatty acids (mg/dL) 31.72( 5.82 19.61( 2.15#

urea (mg/dL) 31.94( 1.99 24.11( 1.38*
aValues are means ( SEM. b * indicates a significant difference versus
control group (Student's t test, p < 0.05). # indicates a significant
difference versus control group (Student's t test, p < 0.1).

Table 2. Total Citrate Synthase Activity (nkat/g of Tissue)a

tissue control group 250 mg/kg GSPE groupb

liver 1.01( 0.27 0.71( 0.13

muscle 0.79( 0.39 0.61( 0.09

brown adipose tissue (BAT) 32.17( 2.68 40.36( 3.36#

aValues are means ( SEM. b # indicates a significant difference versus
control group (Student's t test, p < 0.1).

Table 4. Total ATPase Activity (nkat/g of Tissue)a

tissue control group 250 mg/kg GSPE group

liver 6.07( 0.75 4.67( 0.92

muscle 1.45( 0.14 1.46( 0.27

brown adipose tissue (BAT) 6.29( 0.81 7.83( 0.82
aValues are means ( SEM.

Table 3. Total COX Activity (nkat/g of Tissue) a

tissue control group 250 mg/kg GSPE groupb

liver 17.49( 3.09 12.13( 1.73

muscle 3.98( 0.47 3.03( 0.66

brown adipose tissue (BAT) 26.56( 2.72 36.52( 3.37*
aValues are means ( SEM. b * indicates a significant difference versus
control group (Student's t test, p < 0.05).
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expression increased significantly after the GSPE administration
(Table 6). However, only UCP1, UCP3 and Prkaa2 tended to
increase their expression after GSPE supplementation (Table 6). In
contrast, Sirt1 was the only gene that decreased expression
significantly after the GSPE administration (Table 6). The remain-
ing genes were not altered by acute GSPE treatment (Table 6).
In the case of liver tissue, there is also a significant decrease in

Sirt1 gene expression caused by acute GSPE treatment (Table 7).
The others genes studied were not affected after acute treatment
with GSPE, although notably mRNA levels of UCP2 and AMPK
tended to decrease compared to control group (Table 7).
GSPE Administration Tended To Improve Plasma Lipid

Profile.GSPE supplementation reduced significantly triglyceride

(47%) and urea (25%) levels compared to the control group
(Table 1), whereas the GSPE administration tended to reduce
free fatty acids and glycerol levels (Table 1) compared to the
control group. Additionally, glucose, lactate and ketone bodies
concentrations (Table 1) were unaffected by GSPE supplemen-
tation. Thus, the GSPE administration demonstrates improved
lipid metabolism after lard oil load.

’DISCUSSION

Mitochondria convert nutrients into energy through cellular
respiration. Compromised mitochondrial function has been
linked to numerous diseases, including those of the metabolic
and cardiovascular systems.2

Previous studies from our group have demonstrated that one
of the main effects produced by GSPE administration in high
doses was to decrease postprandial hypertriglyceridemia,14,15 off-
setting thereby one of themain risk factors of cardiovascular disease.
In this study, we focused on whether homeostatic adjustment of
energy metabolism may explain why GSPE supplementation
tends to maintain circulating triglyceride levels despite being fed
a diet high in fat; our group has observed this behavior repeatedly
in previous in vivo experiments. These experiments have focused
on the study of mitochondrial function in skeletal muscle and
BAT. In addition, due to lack of knowledge about the effect of
proanthocyanidins in mitochondrial function, we wanted to
evaluate this effect by studying the gene expression and enzyme
activity of key genes and enzymes related to the mitochondrial
function.

Pursuant, we have evaluated the mitochondrial function by
measuring the levels of oxygen consumption in different states of
mitochondrial oxidative phosphorylation in ex vivo fresh isolated
mitochondria from the gastrocnemius muscle and BAT. Mito-
chondrial respiration was studied in three different situations: (a)
with pyruvate as substrate, which allowed us to evaluate the
functionality of the transport system of pyruvate and the pyruvate
dehydrogenase complex, (b) with carnitine and palmitoyl-CoA
as substrates that allowed us to assess the ability to transport fatty
acids into the mitochondria via the carnitine palmitoyl transfer-
ase (CPT) and the beta oxidation of fatty acids within mitochon-
dria, and (c) with glutamate, malate and succinate as substrates,
which are also the three substrates that allow completing the
citric acid cycle, evaluation of the electron transport and the entry
of electrons complex I and complex II of the ETC.

Table 5. mRNA Levels of Energetic Metabolism Related
Genes in Gastrocnemius Muscle of Control Rats and Treated
Rats with GSPE 250 mg/kg Body Weight a

rel expression

genes control group 250 mg/kg GSPE groupb

Ucp2 1.02 ( 0.12 0.81( 0.18

Ucp3 1.08( 0.29 0.96( 0.17

PGC1R 1.16( 0.40 1.02( 0.16

Sirt1 1.02( 0.14 0.96( 0.06

Cpt1R 1.02( 0.14 0.87 ( 0.09

Cpt2 1.18( 0.42 0.78( 0.03

Prkaa2 1.09( 0.27 0.94( 0.20

Pdhb 1.06( 0.11 0.88 ( 0.13

FATP1 1.05( 0.12 0.69( 0.10*
aAbbreviations: GSPE, grape seed proanthocyanidin extract; Ucp2,
uncoupling protein 2; Ucp3, uncoupling protein 3; PGC1R, Ppargc1R
(peroxisome proliferator-activated receptor gamma, coactivator 1
alpha); Sirt1, sirtuin 1 (silent mating type information regulation 2
homologue 1); Cpt1a, carnitine palmitoyltransferase 1a; Cpt2, carnitine
palmitoyltransferase 2; Prkaa2, protein kinase, AMP-activated, alpha 2
catalytic subunit; Pdhb, pyruvate dehydrogenase complex, beta subunit;
FATP1, fatty acid transport protein 1. Values are the mean( SEM and
are expressed as fold change, using PPIA expression as the endogenous
control. b * indicates a significant difference (Pe 0.05) versus control group.

Table 6. mRNA Levels of Energetic Metabolism Related
Genes in BAT of Control Rats and Treated Rats with GSPE
250 mg/kg Body Weighta

rel expression

genes control group 250 mg/kg GSPE groupb

Ucp1 1.09 ( 0.18 1.45( 0.26

Ucp2 1.02( 0.13 0.94( 0.05

Ucp3 1.02( 0.14 1.71( 0.63

PGC1R 1.01( 0.05 1.64( 0.24*

Sirt1 1.01( 0.06 0.81( 0.02*

Cpt1R 1.01( 0.11 1.07( 0.23

Cpt2 1.01( 0.09 0.96( 0.11

Prkaa2 1.03( 0.17 1.23 ( 0.19
aAbbreviations: Ucp1, uncoupling protein 1. Values are the mean (
SEM and are expressed as fold change, using PPIA expression as the
endogenous control. Abbreviations and symbols as in Table 5. b *
indicates a significant difference versus control group (Student's t test,
p < 0.05).

Table 7. mRNA Levels of Energetic Metabolism Related
Genes in Liver of Control Rats and Treated Rats with GSPE
250 mg/kg Body Weighta

rel expression

genes control group 250 mg/kg GSPE groupb

Ucp2 1.01 ( 0.08 0.82( 0.07

PGC1R 1.03( 0.17 1.14( 0.40

Sirt1 1.00( 0.03 0.77( 0.02*

Cpt1R 1.00( 0.03 0.90( 0.07

Cpt2 1.01( 0.09 1.10 ( 0.14

Prkaa2 1.02( 0.13 0.77( 0.03
aValues are the mean ( SEM and are expressed as fold change, using
PPIA expression as the endogenous control. Abbreviations and symbols
as in Table 5. b * indicates a significant difference versus control group
(Student's t test, p < 0.05).
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The high-resolution respirometry performed in mitochondria
isolated from the gastrocnemius muscle, using pyruvate, showed
higher levels of mitochondrial respiration induced by treatment
with GSPE in mitochondrial respiratory states 2 and 4o. The 4o
state was achieved by addition of oligomycin. The 4o state gave
us information about oxygen consumption that occurred in
conditions not conducive to phosphorylation. So we were able
to evaluate the basal uncoupling of mitochondria. Oligomycin is
an inhibitor of complex V blocking the phosphorylation of ADP
to ATP. Under these conditions, the proton motive force is
only diminished by the basal proton leak.27 Thus, oxygen
consumption is proportional to the intensity of the proton leak
and the capacity of the respiratory chain to generate andmaintain
the membrane potential.28

Moreover, GSPE administration tended to increase the mi-
tochondrial states 3 and Unc. Stimulation of state 3 of respiration
by the addition of ADP provides information on the mitochon-
drial capacity to oxidize NADH and FADH2 from the citric
acid cycle or β-oxidation in the ETC, resulting in the oxidative
phosphorylation of ADP toATP byATPase.29 Under physiological
conditions, state 3 of respiration is limited by or under the
control of the phosphorylation system activity, including ATPase
and adenine nuclease translocase (ANT).29

The Unc state (uncoupled) is achieved with the addition of
FCCP,29 a chemical uncoupler that creates pores in the mito-
chondrial inner membrane, causing the entry of protons into the
mitochondrial matrix while avoiding the phosphorylation system
(complex V). The respiration levels of the Unc state provide
evidence of the maximum capacity of ETC and dehydrogenase
enzymes that are involved depending on the substrate provided.
This may, therefore, represent the maximum uncontrolled
mitochondrial oxidative capacity.29 As expected, we consistently
observed that the uncoupling induced by FCCP in the Unc state
goes further than the oxygen consumption levels of state 3 of
mitochondrial respiration, indicating that the phosphorylation
system capacity (determined as a function of the synthesis of
ATP and the activity of ANT1) controls themaximum flow through
the ETC. This was observed both with pyruvate and with palmitoyl-
CoA as substrates in the transport system,30 although it was not
observed using the substrates glutamate, malate and succinate.
This agrees with another study,26 which suggests that this
combination of substrates produced an additive effect of
convergent electrons into complexes I and II of the ETC.

These results suggest that GSPE supplementation improve the
skeletal muscle mitochondrial function (with pyruvate as the
substrate) as GSPE produced an increase of all mitochondrial states.

In contrast, we analyzed whether GSPE modified the
activity of enzymes involved in the citric acid cycle. We
observed that it is unlikely, there were no significant differ-
ences between the control and the GSPE groups in the
protocol (glutamate�malate�succinate), which complete
the citric acid cycle; this is indicative of GSPE not altering
the activity and functionality of the citric acid cycle.

Contrariwise, using palmitoyl-CoA as a substrate we saw an
increase in respiration primarily in the 4o state. These results
suggest that the GSPE supplementation increases the basal
proton leak in skeletal muscle mitochondria using a carniti-
ne�palmitoyl-CoA.

The literature has reported uncoupling effects of flavonoids on
artificial membranes of vesicles31 and in cells in vitro;32 here we
show that GSPE also produced a significant ex vivo uncoupling in
mitochondria isolated from gastrocnemius muscle of Wistar rats

after 5 h of acute GSPE administration, using both pyruvate and
carnitine�palmitoyl-CoA as substrates. A slight uncoupling of
oxidative phosphorylation in muscle is related to a protective
effect against oxidative stress and decreased production of
reactive oxygen species (ROS).33,34

Due to these results, we analyzed several genes involved in
energy metabolism and the production of ROS. We found that
FATP1, involved in fatty acid uptake inmuscle, was the only gene
expression that decreased significantly. Overexpression of
FATP1 leads to increased fatty acid incorporation.35 Therefore,
the decrease in FATP1 expression is related to lower storage
capacity of fatty acids in muscle, thereby protecting intramyo-
cellular lipid accumulation in muscle tissue, and could be the
basis of mitochondrial dysfunction: a part of energy production,
mitochondria are the major source of intracellular ROS.36

The accumulation of fatty acids in the vicinity of the mito-
chondria causes vulnerability to lipid peroxidation induced by
ROS.36 Consequently, this lipid peroxide toxicity cooperation
could have effects on mtDNA, RNA and proteins of
the mitochondrial machinery, leading to mitochondrial
dysfunction.36 Furthermore, the accumulation of intramyocellu-
lar lipids is the main cause of poor insulin signaling in type 2
diabetes and obesity.36,37 Similarly, it was found EGCG inhibits,
in a dose-dependent manner, the accumulation of lipids in
premature adipocytes.38 Moreover, muscle gene expression of
UCP2 and UCP3 is not altered by GSPE administration,
suggesting that the increase of basal proton leak observed in
the mitochondria could occur through an alternative mechanism
of which UCP’s proteins were not involved.

Additionally, we analyzed several enzymatic activities in
muscle tissue (CS, COX and ATPase), and we found that GSPE
administration did not change the activities.

In contrast, we also performed high-resolution respirometry
on BAT using pyruvate and carnitine�palmitoyl-CoA as sub-
strates. We observed that GSPE administration did not affect
mitochondrial function in BAT using either of the substrates.

As in the muscle tissue, we analyzed the gene expression of key
genes involved in energymetabolism and we observed that GSPE
administration increased the gene expression of PGC1R, a gene
that plays an important role in controlling mitochondrial func-
tion and biogenesis.39 The overexpression of PGC1R results in a
robust increase in mitochondrial number, cellular respiration and
intracellular ATP concentrations in a variety of cell types.40,41

Moreover, we also studied the Sirt1 gene expression as it has been
shown to function together with PGC1R to promote adaptation
to caloric restriction (CR) by regulating the genetic program for
gluconeogenesis and glucolysis in the liver.42 Surprisingly, we
found that GSPE decreased the Sirt1 gene expression in BAT.
These results suggest that the GSPE affected the gene expression
of PGC1R and Sirt1 by different mechanisms.

Although the majority of studies use the CS enzyme activity as
a marker of mitochondrial density in chronic administration
studies,27,43 we have measured it as a marker of the activity of the
citric acid cycle as CS is one of the enzymes that regulate the citric
acid cycle. In addition, we determined the enzymatic activity of
COX and ATPase to evaluate the possible effect of GSPE, into
oxidative phosphorylation, in BAT. The results showed a sig-
nificant increase in COX activity, and a tendency to increase CS
activity. Taking into account these results and the increase of
PGC1R gene expression, these all suggest that GSPE supple-
mentation improves the activity and mitochondrial function
in BAT.
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We also determined the expression of the same genes and the
enzymatic activities in the liver that we studied in muscle and
BAT. The results showed that GSPE administration only re-
duced the Sirt1 gene expression, while the enzymatic activities
were not affected by GSPE supplementation.

Finally, the results that we observed were that GSPE admin-
istration did not alter the levels of glucose, insulin and lactate. In
contrast, triglycerides, glycerol and free fatty acids, which are
important parameters that provide information about lipid
metabolism, are decreased after GSPE administration. This
decrease in the lipid plasma parameters has already appeared in
published studies performed by our group.14,15

In conclusion, our results show that GSPE affects mitochon-
dria and mitochondrial function after 5 h of treatment, specifi-
cally at the level of mitochondrial activity rather than the gene
expression level. GSPE improves mitochondrial function in
skeletal muscle with pyruvate as a substrate, suggesting an
improvement in the activity of enzymes involved in oxidation
and metabolism of pyruvate, and a shift in priority to the
glycosidic metabolism rather than lipid metabolism. The de-
crease in the FATP1 gene expression in muscle suggests that
GSPE protects against intramyocellular lipid accumulation. In
addition, it appears that the GSPE caused a slight uncoupling of
mitochondria, at least in skeletal muscle; given the chemical
structure and nature of GSPE it promotes antioxidant effects
against oxidative stress and decreases ROS.
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