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Abstract

The present study aims to determine the effects of grape seed proanthocyanidin extract (GSPE) on brown adipose tissue (BAT) mitochondrial
function in a state of obesity induced by diet. Wistar male rats were fed with a cafeteria diet (Cd) for 4 months; during the last 21 d, two groups
were treated with doses of 25 and 50 mg GSPE/kg body weight. In the BAT, enzymatic activities of citrate synthase, cytochrome ¢ oxidase
(COX) and ATPase were determined and gene expression was analysed by real-time PCR. The mitochondrial function of BAT was determined
in fresh mitochondria by high-resolution respirometry using both pyruvate and carnitine—palmitoyl-CoA as substrates. The results show that
the Cd causes an important decrease in the gene expression of sirtuin 1, nuclear respiratory factor 1, isocitrate dehydrogenase 3y and COX5a
and, what is more telling, decreases the levels of mitochondrial respiration both with pyruvate and canitine—palmitoyl-CoA. Most of these
parameters, which are indicative of mitochondrial dysfunction due to diet-induced obesity, are improved by chronic supplementation
of GSPE. The beneficial effects caused by the administration of GSPE are exhibited as a protection against weight gain, in spite of the Cd
the rats were fed. These data indicate that chronic consumption of a moderate dose of GSPE can correct an energy imbalance in a situation
of diet-induced obesity, thereby improving the mitochondrial function and thermogenic capacity of the BAT.
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Obesity is the result of a prolonged positive energy balance,
which is produced by a greater amount of energy intake
than expenditure™”
actions between an individual’s genetic background and the
@ Obesity is widely recognised as
one of the biggest global problems, not only to overall
health, but also at an economic and social level. It is even
considered an epidemic in some areas, especially developed
countries, which suggests that our lifestyle plays an important
role in obesity'®
strategies to reduce obesity.

Several studies performed in rodents have shown the anti-

, and is a product of complicated inter-

immediate environment

. In this sense, it is important to consider

obesity function of brown adipose tissue (BAT). It has been
reported that surgical denervation or excision of BAT was
accompanied by an abnormal increase in white adipose tissue
deposits in those animals””. Indeed, in most rodent models,
proneness to obesity reportedly correlates with decreased BAT
activity, whereas resistance to obesity correlates with increased
BAT function or the induction of brown adipocyte-like gene

expression in white adipose tissue®™>. Recent findings
provide evidence for the existence of metabolically active
BAT depots in adult human subjects. Also, the activity of
BAT has been published to be lower in overweight and obese
individuals than in lean subjects((’) , making BAT a potentially
interesting target for the treatment for obesity through the
implementation of strategies that succeed in increasing
the activity of BAT mitochondria. Strategies to increase the
number and function of mitochondria involving nutrition and
drugs have lately received increasing attention. Among the
most effective are energy restriction, consumption of natural
polyphenols, such as resveratrol, and drugs that have been
shown to increase mitochondrial biogenesis via an increase
in the transcriptional co-activator sirtuin 1 (Sirtl) and PPAR-y
co-activator (PGCla)” V.

Proanthocyanidins, a family of natural polyphenolic flavo-
noids, are present in a wide variety of plant foods, making
them an important part of the human diet; they are found
especially in fruits, berries, beans, nuts, cocoa and wine'?,

Abbreviations: BAT, brown adipose tissue; Cd, cafeteria diet; COX, cytochrome ¢ oxidase; GSPE, grape seed proanthocyanidin extract; IDH3ry, isocitrate
dehydrogenase-3vy; Nif 1, nuclear respiratory factor 1; PGCla, PPAR-y co-activator; Sirtl, sirtuin 1; UCP1, uncoupling protein 1.
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Proanthocyanidins have been shown to have beneficial
effects on health; in fact, epidemiological studies have
strongly suggested that regular consumption of proanthocyani-
dins may prevent the risk of CVD“?. More specifically,
proanthocyanidins have been described as antioxidants"?,
anti-inflammatory agents""> and they may even have hypolipi-
daemic effects"'”. Given the structural similarity of proantho-
cyanidins to resveratrol and other flavonoid derivatives that
have been shown to increase mitochondrial biogenesis® 117,
we hypothesised that grape seed proanthocyanidin extract
(GSPE) would increase mitochondrial biogenesis in BAT. This
increase in biogenesis would increase mitochondrial function
and, consequently, increase energy expenditure, resulting in a
possible method of fighting obesity through administration of
GSPE. The purpose of the present study was to evaluate the
role of long-term supplementation of GSPE on mitochondrial
function and the thermogenesis capacity of BAT at a dose
that is safe and practical for use as a dietary supplement in
cafeteria-diet-induced obese rats.

Materials and methods
Proanthocyanidin extract

GSPE was kindly provided by Les Dérives Résiniques et
Terpéniques (Dax, France). This proanthocyanidin 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

A total of twenty-four, 6-week-old, male Wistar rats (Crl:WI
(Han)) were purchased from Charles River (Barcelona,
Spain). The rats were singly housed in cages in animal quar-
ters at 22°C with a 12h light—12h dark cycle (light from
08.00 to 20.00 hours) and were fed ad libitum with a standard
chow diet (Panlab 04, Barcelona, Spain) and tap water. After
1 week of adaptation, the animals were randomly divided
into four groups (n 6). Of these, one group was considered
the control group, and it was fed ad libitum with a standard
chow diet; the other three groups were composed of a control
cafeteria diet (Cd), Cd plus 25 mg dose of GSPE/kg and Cd plus
50mg dose of GSPE/kg, which were fed ad libitum with a
standard chow diet plus a Cd as a model of a high-fat diet.
The gross composition of the diets was as follows: for the
standard chow diet, 60-5% carbohydrate, 2-9% lipid, 15-4%
protein, 12 % water, 5-3 % minerals and 3-9 % fibre, and for the
Cd, 35-2% carbohydrate, 23-4% lipid, 11-7% protein, 284 %
water and 1-31 % fibre™*®. After 15 weeks, and while still main-
taining the Cd, the rats were trained to lick condensed milk
voluntarily (composition per 100g: 89g protein, 0-4g fat,
60-5 g carbohydrates, 1175 k]J (281 kcal)), which was used as a
vehicle for administering GSPE. Both the control group and
the control Cd group were given only condensed milk
(750 D, and the other two groups were given the correspond-
ing dose of GSPE per body weight mixed with the same volume
of condensed milk. Treatment was administered every day at

09.00 hours for 21 d. The last day of treatment, the rats were
not fed to allow 12h of fasting before killing the next day at
08.00 hours. The animals were killed after 12h of fasting.
Body weight was monitored weekly throughout the exper-
iment. All experimental procedures were performed according
to the national and institutional guidelines for animal care and
use that are in place at our university. The Animal Ethics
Committee of our university approved all procedures.

Tissue collection

The rats were anaesthetised with ketamine/xylazine and killed
by exsanguination from the abdominal aorta using syringes,
with heparin as the anticoagulant. Plasma was obtained by
centrifugation and stored at — 80°C until analysis. Interscapular
BAT was rapidly excised. Then, one sample of the BAT was
frozen immediately in liquid N, and stored at —80°C until
RNA extraction. Another part of the BAT was placed on ice
and processed for mitochondrial isolation, as described by
Fuster ef al.'”, for use in enzymatic assays. The remaining
BAT was rapidly processed using the mitochondrial isolation
procedure according to Cannon & Nedergaard® for use in
mitochondrial respirometry. Protein concentration in the
mitochondrial pellet was measured using the fluorescamine
(Fluram®; Sigma, St Louis, MO, USA) method with bovine serum
albumin as a standard®®. Freshly isolated mitochondria were
used immediately for mitochondrial respirometry. Protease
inhibitor cocktail (P8340; Sigma) was added to the remaining
mitochondrial samples, and they were stored at —80°C for
further analysis.

Blood plasma assay

Plasma glucose and TAG were measured with enzymatic
colorimetric kits (QCA, Barcelona, Spain). Lactate concentra-
tion was determined with an enzymatic colorimetric kit
(R-Biopharm AG, Roche, Germany). The levels of 3-hydroxy-
butyric acid were measured with an enzymatic colorimetric
kit (IVD; BEN Srl, Italy). The manufacturer’s protocol was
followed in all cases.

Oxidative phosphorylation in isolated mitochondria

Mitochondrial isolation was carried out from the BAT according
to Cannon & Nedergaard®”. To determine the functionality
of oxidative phosphorylation in ex vivo mitochondria, we
measured O, consumption in different mitochondrial states
polarographically, as described previously®>*?, at 37°C using
a two-chamber Oxygraph (Oroboros® Instruments; Innsbruck,
Austria). Results are expressed as nmol O,/mg mitochondrial
protein per min. The following two protocols were perfor-
med: (1) pyruvate as a substrate according to Cannon &
Nedergaard®” and (2) carnitine—palmitoyl-CoA as a substrate
according to Cannon®?. All substrates used in these analyses
were dissolved in Milli-Q water except oligomycin and carbonyl
cyanide P-trifluoromethoxyphenylhydrazone, which were
dissolved in 96 % ethanol.
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Enzymatic assays

Mitochondrial extracts were isolated according to Fuster
et al*?. Tissues were homogenised at 4°C in 1:3 (w/v) of a
buffer containing 250 mm-sucrose, 1mMm-EDTA and 10 mum-
Tris—HCl, pH 74, using a Teflon/glass homogeniser, and
then centrifuged at 700 g for 10 min at 4°C. Then, the super-
natant was centrifuged again at 12000g for 10min at 4°C.
The resulting pellet containing the purified mitochondria
was resuspended in 100wl of a buffer with 70 mmM-sucrose,
220 mm-mannitol, 2 mM-HEPES and 1 mMm-EDTA, pH 7+4.

Citrate synthase activity measurements were carried out as
described by Srere®. The method uses a spectrophotometer
to monitor changes in absorbance at 412 nm in the presence of
5,5'-dithiobis-(2-nitrobenzoate).

Cytochrome ¢ oxidase (COX) activity measurement was
performed as described by Fuster et al."” in mitochondrial
fractions (obtained as described previously) through a spec-
trophotometric method that monitors changes in absorbance
at 550 nm in the presence of reduced substrates of cytochrome
¢ from ferrocytochrome ¢ (oxidised state; Sigma).

ATPase activity measurement was performed according to
Penefsky & Bruist®?
that monitors changes in absorbance at 339nm in the pre-
sence of phosphoenolpyruvate, lactate dehydrogenase and
pyruvate kinase, and other reagents. The reaction is linear
and was monitored for at least 3 min.

using a spectrophotometric method

Gene expression

Total RNA from BAT was obtained using an RNeasy Lipid
Tissue Kit (QIAGEN, Hilden, Germany) following the manufac-
turer’s protocol. cDNA was synthesised from 2 ng of total RNA
using the TagMan Reverse transcription reagent kit (Applied
Biosystems, Foster City, CA, USA). A total of 20 ng of cDNA were
subjected to quantitative RT-PCR amplification using a TagMan
Universal 2 X PCR Master Mix (Applied Biosystems). Specific
TagManR Assay-On-Demand probes (Applied Biosystems)
were used to study the level of expression for different genes:
uncoupling protein 1 (UCP1; Rn 00562126_m1), PGCla (Rn
00580241_m1), Sirtl (Rn 01428093_m1), nuclear respiratory
factor 1 (Nif 1; Rn 01455958_m1), COX5a (Rn 00821806_m1)

and isocitrate dehydrogenase-3y (IDH3y: Rn 01757321_g1).
Peptidylprolyl isomerase A (cyclophilin A: Rn 00690933_m1)
was used as an endogenous control. Real-time quantitative
PCR were performed using the ABI Prism 7300 SDS Real-time
PCR system (Applied Biosystems).

Immunoblotting

The relative quantification of UCP1 was measured in the mito-
chondrial fraction of BAT, previously used in respirometry.
Western blot analysis was carried out according to Fuster
et al™®. Free Image] software (National Institutes of
Health, Bethesda, MD, USA) was used to perform the
relative quantification.

Statistical analysis

Results are reported as means with their standard errors.
Group means were compared with an independent-sample
Student’s ¢ test (P=0-05) using SPSS for Windows version
17.0 software (SPSS, Inc., Chicago, IL, USA).

Results

Grape seed proanthocyanidin extract treatment increases
ketogenesis and slightly decreases the plasmatic
concentration of TAG in obese rats

Plasma parameters determined at the end point of the study do
not indicate that GSPE supplementation significantly altered
any parameter studied (Table 1). In both glucose and plasma
lactate tests, there were no significant trends due to either the
Cd or GSPE supplementation. Plasma TAG were shown to be
notably increased (P<0-1) due to the administration of the
Cd. GSPE administration tended to reduce circulating TAG
levels, although this trend was not significant. In contrast,
levels of ketone bodies showed a dose-dependent increase
with GSPE supplementation, although the increase was not
significant (Table D).

Table 1. Plasma parameters of rats fed with a standard diet or cafeteria diet (Cd), either with or without proanthocyanidin

administration*
(Mean values with their standard errors, n 6)

Chronic dose

Cd
Control Control Cd 25mg GSPE/kg 50mg GSPE/kg
Parameters Mean SEM Mean SEM Mean SEM Mean SEM
Gilucose (mg/l) 1576-1 269-6 1943.8 163-6 2058-1 227-6 16421 1620
3-Hydroxybutyrate (mg/l) 105-5 46-0 150-6 331 196-7 526 295-4 69-6
TAG (mg/l) 958-9 45.0 2491-5 705-5 1801-6 358-5 1737-0 370-8
Lactate (mg/l) 58-3 10-1 50-6 06-8 103-5 30-1 61-9 077

GSPE, grape seed proanthocyanidin extract.

* Rats were fed with a standard chow diet (control group) or Cd (Cd plus standard chow diet) for 15 weeks. After 15 weeks, two groups of Cd
rats were orally supplemented with 25 and 50 mg GSPE/kg body weight and only the vehicle for the rest of the group during 21 d.
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Fig. 1. Evolution of body weight. Rats were fed with a standard chow diet (control group, —#—) or cafeteria diet (cafeteria diet plus standard chow diet, —(J-) for
15 weeks. After 15 weeks, two groups of cafeteria diet rats were orally supplemented with 25 and 50 mg of grape seed proanthocyanidin extract (GSPE)/kg body
weight and only the vehicle for the rest of the group during 21 d. Values are means, with their standard errors represented by vertical bars (n 6). *Mean values

were significantly different from those of the control group (P<0-05).

Grape seed proanthocyanidin extract administration
protects against weight gain in obesity induced by the
cafeteria diet

Throughout the study, we monitored the evolution of body
weight weekly. As expected, the results indicate that the Cd
caused an increase in body weight of 32% after 19 weeks of
administration (Fig. 1). Based on these data, we calculated
the body-weight gain individually for each rat during the
21 d of treatment (Fig. 2). The results of this calculation
showed an important finding that the dose 25mg GSPE/kg
significantly decreased body-weight gain induced by the Cd.

Cafeteria diet significantly increased the size of brown
adipose tissue and the energy expenditure of obese rats
but not the RQ

A week before starting rats on treatment with GSPE, we did
indirect calorimetry on each rat to determine how the Cd
affected the energy expenditure and RQ. There were no sig-
nificant differences in RQ values between control and obese
rats (data not shown), but we noted an increased energy
expenditure in obese rats; in fact, we calculated the area
under the curve and found a significant increase of 22:2% of
energy expenditure for a 9h measurement (Fig. 3), mainly
due to an increase in BAT size produced by the Cd intake.
We measured the weight of the entire BAT, and obese rats
fed with the Cd increased 173 % on average (Fig. 4).

Grape seed proanthocyanidin extract chronicadministration
produces an increase in the activity of cytochrome c oxidase
in the brown adipose tissue of obese rats

To assess whether dietary supplementation of GSPE affecting
enzymes involved in the citric acid cycle and oxidative phos-
phorylation in BAT, we measured the enzymatic activities of
citrate synthase, COX and ATPase in freshly isolated mito-
chondria (Table 2).

The results show that obesity induced by the Cd caused an
important decrease in COX activity. Although it was not sig-
nificantly, the administration of GSPE interestingly tended to
increase the COX activity in a dose-dependent manner. The
results of citrate synthase activity of BAT showed that the
activity tended to decrease with increased obesity and with
the administration of GSPE, although no significant differences
were found. The ATPase activity of BAT does not seem to be
affected either by obesity or treatment with GSPE (Table 2).

Chronic supplementation of grape seed proanthocyanidin
extract corrects the gene expression of key genes in the
brown adipose tissue mitochondria caused by obesity

To determine whether chronic administration of GSPE mod-
ifies the gene expression of key genes in energy metabolism

Percentage
N

37 \
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Fig. 2. Percentage of body-weight gain during grape seed proanthocyanidin
extract (GSPE) administration. Values are the percentage of variation of body
weight during the 21 d of GSPE administration. Values are means, with their
standard errors represented by vertical bars (n 6). * Mean values were signifi-
cantly different from those of the control cafeteria diet (Cd) group (P<0-05).
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Fig. 3. Energy expenditure during 9 h. Arbitrary units of area under the curve
for 9h of the average values of energy expenditure of each group. This
measurement was made before the period of grape seed proanthocyanidin
extract administration. Values are means, with their standard errors rep-
resented by vertical bars. *Mean values were significantly different from
those of the control group (P<0-05).

and mitochondrial function, such as PGCle, Sirtl or UCP1
among other genes, we perform an RT-PCR of the BAT.

The present gene expression results indicate that obesity
induced by diet significantly suppressed the expression of
important genes involved in mitochondrial function, such as
Sirtl, and Nrf 1, as well as those involved in both the citric
acid cycle, such as IDH3vy, and the electron transport chain,
for which we use COX5a expression as a marker. Other
important genes such as UCP1 and PGCla decreased with
obesity, but not significantly. Interestingly, this repression of
gene expression caused by obesity was corrected to the
level of controls by chronic administration of GSPE in
almost all genes studied. It is noteworthy that Nif 1 is one of
the few genes studied that did not follow the profile of
other genes. In other words, Nif 1 does not seem to be
affected by chronic administration of GSPE. While PGCla
did not show any significant differences between the
groups, there is a clear increase in gene expression upon
administration of GSPE.

Chronic administration of grape seed proanthocyanidin
extract enhances mitochondrial respiration with both
pyruvate and carnitine—palmitoyl-CoA as substrates

The levels of each state of mitochondrial respiration, with
both pyruvate and carnitine—palmitoyl-CoA as substrates,
dramatically decrease the levels of respiration and thus
mitochondrial function in cafeteria-diet-induced obese rats
(Fig. 5(A) and (B), respectively). ADP-stimulated respiration
(state 3), oligomycin-insensitive rate of respiration (state 4)
and P-trifluoromethoxyphenylhydrazone-stimulated respiration

(uncoupled state) were significantly different using pyruvate
as a substrate between the control and control Cd groups,
mainly due to obesity. However, the Cd groups that were
supplemented with GSPE showed higher levels of mitochon-
drial respiration, and therefore better mitochondrial function,
in all mitochondrial states than the controls (Fig. 5(A)). In
the case where we use carnitine—palmitoyl-CoA as a substrate,
the present results also showed a diminished ability to
degrade a lipid substrate in obese rats. This mitochondrial
dysfunction caused, in part, by obesity induced by diet was
more pronounced in state 2 with carnitine and in the
uncoupled state. Similarly, we also observed a significant
increase in respiration levels and consequently, an improve-
ment in the oxidation of fatty acids in the groups that were
supplemented with GSPE (Fig. 5(B)).

Grape seed proanthocyanidin extract administration
slightly increased the amount of uncoupling protein 1

The results obtained by Western blot show no significant
differences in the amount of UCP1 protein between the
groups. The diet-induced obesity slightly increased the
amount of UCP1, and the groups that were supplemented
with GSPE showed a slight tendency to increase the amount
of UCP1, but neither case was significant.

Discussion

There are many studies about the beneficial effects that
proanthocyanidin consumption produces in the physiology
and biochemistry of organisms that consume i((13:15:162% pyg
few studies have been done to determine the effect of
proanthocyanidins on energy metabolism®”. Here, we have
tried to evaluate the role of proanthocyanidins and their
interaction with the control mechanisms of body weight by
studying the effect of proanthocyanidins on the function of

BAT mitochondria in a model of obesity induced by diet.

14 ¢ *
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©
= 08¢ \
£ 273 % §
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Control Cafeteria diet Cafeteria diet Cafeteria diet
control +25mg/kg + 50 mg/kg

Fig. 4. Brown adipose tissue weight. These values represent the brown adi-
pose tissue weight. Values are means, with their standard errors represented
by vertical bars. *Mean values were significantly different from those of the
control group (P<0-05).
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Table 2. Total activity (nkat/g tissue) of the mitochondrial fraction from the brown adipose tissue of rats
fed with a standard diet or cafeteria diet (Cd), either with or without proanthocyanidin administration*

(Mean values with their standard errors, n 6)

Chronic dose

Cd
50mg
Control Control Cd 25mg GSPE/kg GSPE/kg
Enzymatic activities Mean SEM Mean SEM Mean SEM Mean SEM
Citrate synthase 44.21 11.58 39.95 775 31.42 317 26-80 3-65
COX 70-71 21.83 42.34 7-57 48-70 14.25 56-94 2.33
ATPase 5-38 0-50 5.65 0-96 4-89 0-83 5.27 0-65

GSPE, grape seed proanthocyanidin extract; COX, cytochrome c oxidase.

* Experimental details are in Table 1.

There was a clear increase of 32% body weight in diet-
induced obesity rats, and it was linked to hypertrophy of inter-
scapular BAT reaching up to a 170% increase in magnitude
(similar to the increases found by other authors®’ 3. More-
over, the relationship between protein content and BAT
weight was constant, due to an increase in the number of
brown adipocytes?®3132,
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Diet-induced obesity causes an increase in energy
expenditure® that, according to our indirect calorimetry
results, is estimated to increase about 22 % for 9 h. This increase
in energy expenditure in basal conditions can be attributed to an
increased production of ATP, which correlates with an increase
in the amount of BAT and UCP1 protein, in order to generate
heat and counteract the development of obesity>4—3.
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Fig. 5. Brown adipose tissue (BAT) high-resolution respirometry. O, consumption due to oxidative phosphorylation in different mitochondrial states from BAT
mitochondria incubated with (A) pyruvate and (B) carnitine—palmitoyl-CoA substrates. Values are means, with their standard errors represented by vertical bars
(n 6). #*°Mean values with unlike letters were significantly different between the groups (P<0-05; Student's t test). m, Control; [, control cafeteria diet (Cd);
N, Cd + 25 mg GSPE/kg; &, Cd + 50 mg GSPE/kg. GSPE, grape seed proanthocyanidin extract; palm-CoA, palmitoyl-CoA; state unc., uncoupled state.
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Increases in BMI and visceral fat mass are associated with
obesity, which is associated with a lower activity of BAT®”
and therefore a lower thermogenic capacity. Conversely,
individuals who have lower activity or function of BAT and
therefore lower thermogenic capacity are probably prone to
develop obesity®®.

The decrease in thermogenic capacity and the increase in
energy expenditure that occurs in obesity could be controlled
by increasing the size of BAT and changing the concentration
and activity of UCP1. The present results indicate that obesity
induced by diet does not change the transcriptional level of
UCP1 but does produce an increase in the amount of UCP1
in BAT. This increase was found to be insignificant, but is
interesting considering the significant increase in the size of
BAT in obese rats. Some authors have shown similar

(2829 while others have detected an increase in the

results ,
(1,39,40)

transcription of the UCP1 gene

Age is one of the causes of a decrease in diet-induced
thermogenesis, but despite this, obesity is associated with an
increase in the concentration of UCP1 in BAT“". Diet can
also modify the activity of UCP1 because it has been shown
that diets rich in 7n-3 PUFA cause an increase in the thermo-
genic capacity of BAT without altering the content of UCP1?”.

Although there is much more UCP1 protein in a state of
obesity induced by diet because of a hypertrophy of BAT, in
the present analysis, obesity produced a strong decrease in
UCP1 activity in BAT. The results from the high-resolution
respirometry using pyruvate as a substrate clearly showed
how diet-induced obesity leads to a 66% decrease in UCP1
activity (state 2). Initially, the mitochondria isolated from
BAT were uncoupled, and the increase in respiration that
we observed in state 2 was due to the addition of pyruvate.
Because this increase in respiration in state 2 can be inhibited
by the addition of GDP, the respiration is mediated by the
activity of UCP1??. Moreover, not only the activity of UCP1
decreased with increasing obesity, but also the overall mito-
chondrial function and activity because all other mitochondrial
states tested were also diminished.

It is commonly thought that thermogenesis of BAT is due
exclusively to the combustion of lipids, but the values of the
respiratory coefficients of animals in cold environments indi-
cate the combined utilisation of both carbohydrates and
lipids“*®. Even the ability to oxidise substrates from a carbo-
hydrate, such as pyruvate, is better than the ability to oxidise
fatty acids, such as carnitine—palmitoyl-CoA“?, and, in this
sense, we have also studied the mitochondrial function with
a lipid substrate. To this end, we used a protocol previously
published by Cannon®® to determine the ability of fatty
acid oxidation in BAT mitochondria. In this case, we added
ATP, coenzyme A and carnitine to promote the recoupling of
the mitochondria. We continued with the addition of carnitine,
resulting in increased mitochondrial respiration due to
combustion of an endogenous substrate of mitochondria.
After the addition of palmitoyl-CoA, we observed an increase
in respiration due to the combustion of palmitoyl-CoA.
p-Trifluoromethoxyphenylhydrazone, a chemical uncoupler,
was added to allow observation of the maximum mitochon-
drial capacity using this substrate. The results also showed

that obesity induced by diet reduced the capacity of fatty
acid oxidation, which is most clearly expressed during the
uncoupled state.

Moreover, these results suggest that obesity induced by diet
causes mitochondrial dysfunction in BAT that is correlated
with a decrease in the expression of key genes of energy
metabolism. Sirtl deacetylates and activates the transcription
factor PGCla, which controls mitochondrial function and
adaptive thermogenesis in BAT®. The present results showed
a decreased transcription of the genes encoding Sirtl and
PGCla proteins during a state of obesity. This decrease can
explain all of the phenomena that we observed in the respir-
ation of mitochondria from BAT in a situation of obesity.

The BAT of obese rats showed decreased gene expression
of both IDH3v, a regulatory enzyme of the citric acid cycle,
and COX5a, subunit 5 of complex IV in the mitochondrial
electron transport chain. This last finding agrees with pre-
viously published obesity studies®".
expression of COX5a that we observed correlated with a
decrease in the enzyme activity of COX; however, the
change was not quite significant.

All of these data clearly demonstrate that obesity induced by
the Cd causes a significant decrease in mitochondrial activity
and functionality at all levels in BAT.

Proanthocyanidins have been shown to have an ability to
produce a beneficial effect on the health of those organisms
that ingest them®>>1%2% 1 the present study, we present
evidence to support the hypothesis that the proanthocyanidins
can affect the mitochondrial function of BAT and, therefore, its
thermogenic capacity, after a decrease in both function and
capacity induced by obesity.

Previous evidence from the literature suggests that the pro-
longed consumption of polyphenols from natural extracts
improves the functionality of BAT. Specifically, Lagouge
et al.” suggested that the administration of 0-4% resveratrol
in chow causes a significant increase in the mitochondrial
activity of BAT in mice. In agreement with this finding,
Dulloo et al“*? indicated that the catechins of green tea
extract contain thermogenic properties and promote fat oxi-
dation in human subjects. In addition, dietary supplemen-
tation of 0-5% of catechins from green tea in chow led to an
increase in the amount of UCP1 in Sprague—Dawley rats,
although this did not occur in those rats that had been fed
with a high-fat diet™”. I vitro studies have shown that (=)
epigallocatechin gallate inhibits catechol-O-methyltransferase,
an enzyme which degrades noradrenaline®?
sion of nonadrenaline signalling stimulates B-adrenergic
receptors that produce an increase in the thermogenic
capacity of BAT®.

In this context, we wished to study the possible effects of a
chronic GSPE dietary supplementation on mitochondrial
function of BAT because until now very little was known
about the ability of proanthocyanidins to stimulate mitochon-
drial function and BAT thermogenic capacity in vivo.

All of the present results indicate that chronic administration
of GSPE improves mitochondrial function and, therefore, the
thermogenic capacity of BAT. Specifically, we have observed
that supplementation of GSPE tended to correct the decrease

The decrease in the

. This exten-
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in Sirtl and PGCla gene expression caused by obesity,
suggesting that GSPE administration leads to improved mito-
chondrial function and thermogenic capacity in the BAT of
obese rats. This improvement caused by chronic GSPE sup-
plementation was also reflected in the higher levels of the
gene expression of IDH3y and COX5a, suggesting an
improvement of both the functionality of the citric acid cycle
and the electron transport chain in the BAT of obese rats.

These gene expression results were correlated with
increased COX activity, although this was not significant.
Moreover, these results are consistent with Lagouge ef al.”’
who indicated that administration of 0-4% of resveratrol in
chow improves mitochondrial function in the BAT of mice
that were fed a high-fat diet and significantly increases the
expression and deacetylation of PGCla by Sirtl activity.
They also observed an increased expression of UCP1 due to
the administration of resveratrol. Interestingly, we also
observed a significant increase in the gene expression of
UCP1 in the BAT of obese rats supplemented with 25mg
GSPE/kg body weight. Our immunoblotting results indicate
a tendency to increase the amount of UCP1 protein, although
this increase was not significant. These results suggest a
greater thermogenic capacity of BAT in rats that were adminis-
tered GSPE than that of obese rats that were not supplemented
with GSPE.

Beyond these findings, the results of high-resolution
respirometry performed in isolated mitochondria from BAT
using pyruvate as a substrate revealed that GSPE adminis-
tration enhances the activity of UCP1 (state 2). Not only was
UCP1 activity increased with GSPE administration, but also
the activity of oxidative phosphorylation in general because
GSPE improved the respiration levels of all mitochondrial
states using pyruvate as a substrate. The improvement of mito-
chondrial function is evident in the combustion of pyruvate
and is also evident in the oxidation of carnitine—palmitoyl-
CoA. These results suggest that the increased activity of
oxidative phosphorylation corrects the dysfunction caused
by obesity induced by diet.

In fact, the mitochondrial effects induced by GSPE sup-
plementation that we observed at the transcriptional and
activity level are correlated with decreased body-weight
gain. The results of the difference in body weight during the
21 d of GSPE supplementation revealed that rats that have
been supplemented with GSPE, especially at a dose of
25mg/kg, significantly reduced their body-weight gain despite
being fed with the Cd, until it reached values similar to those
of the control rats. Therefore, obesity induced by diet reduces
the thermogenic capacity of BAT, but obese rats that were
administrated with GSPE were protected against weight gain,
partly due to the improved mitochondrial function of BAT
and, consequently, an increased thermogenic capacity.

Taken together, our data indicate that chronic adminis-
tration of GSPE enhances thermogenic capacity and improves
mitochondrial function in the BAT of cafeteria-diet-induced
obese rats. In addition, these effects appear to be associated
with protection against obesity induced by the Cd. The pre-
sent study aims to shed light on the use of GSPE and other

natural compounds that stimulate energy expenditure in BAT
as a therapy against obesity.
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