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Abstract

Chronic low-grade inflammation in obesity is characterized by macrophage accumulation in white adipose tissue (WAT) and abnormal cytokine
production. We tested the hypothesis that grape-seed procyanidin extract (PE), with known anti-inflammatory and antioxidant effects, would improve local
and systemic inflammation in diet-induced obesity rats. First, we analyzed the preventive effects of procyanidins (30 mg/kg per day) on rats fed a 60% kcal fat
diet for 19 weeks. Second, we induced cafeteria diet obesity for 13 weeks to investigate the corrective effects of two PE doses (25 and 50 mg/kg per day) for 10
and 30 days.

In the preventive model, PE group had reduced not only body weight but also plasmatic systemic markers of inflammation tumor necrosis factor-o (TNF-ct)
and C-reactive protein (CRP). The PE preventive treatment significantly showed an increased adiponectin expression and decreased TNF-q, interleukin-6 and
CRP expression in mesenteric WAT and muscle TNF-a. A reduced NF-kB activity in liver is also observed which can be related to low expression rates of hepatic
inflammatory markers found in PE group. Finally, PE dietary supplementation is linked to a reduced expression of Emr1 (specific marker of macrophage F4/80),
which suggests a reduced macrophage infiltration of WAT.

In the corrective model, however, only the high dose of PE reduced CRP plasma levels in the short treatment without changes in plasmatic TNF-c.

In conclusion, orally ingested PE helps preventing imbalanced obesity cytokine pattern, but its corrective effects need to be further investigated. The dietary

regular intake of food or drinks containing procyanidins might help prevent low-grade inflammatory-related diseases.

© 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Metabolic syndrome comprises a cluster of risk factors for
cardiovascular disease and type 2 diabetes mellitus [1,2]. Although
the specific etiology for this increasingly important proinflammatory
condition is not known, obesity and insulin resistance are generally
present. Because of the escalating levels of obesity, diabetes, and
cardiovascular disease in today's society, metabolic syndrome is
receiving considerable attention. This high prevalence has led to the
development of new strategies that can reverse its detrimental
physiological alterations. Greater insight into the mechanisms behind
the syndrome may improve our understanding of how to prevent and
best manage this complex condition.

Recent studies have shown that adipocyte dysfunction plays an
important role in the development of obesity and insulin resistance
[3]. The adipocyte is the primary site of energy storage and
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accumulates triacylglycerol during nutritional excess. Adipocytes
also synthesize and secrete biologically active molecules called
adipokines. The altered production of proinflammatory molecules
by adipose tissue has been implicated in the metabolic complications
of obesity. Compared with the adipose tissue of lean individuals, the
adipose tissue of obese individuals expresses increased amounts of
such proinflammatory proteins as tumor necrosis factor-a (TNF-at),
interleukin-6 (IL-6), C-reactive protein (CRP), intracellular adhesion
molecule-1 (ICAM-1), monocyte chemotactic protein-1 (MCP-1), and
reduced adiponectin expression [4].

It has now been firmly established that obesity is associated with
a low-grade proinflammatory state, characterized by macrophage
infiltration of muscle and adipose tissue, adipocyte dysfunction and
abnormal production of proinflammatory mediators [5,6]. In
addition to adipocytes, adipose tissue contains fibroblasts, preadi-
pocytes, tissue-resident macrophages and vascular constituents.
Macrophages are known to be crucial contributors to inflammation,
but it has recently been recognized that adipocytes also have
significant intrinsic inflammatory properties. Like macrophages,
adipocytes are exquisitely sensitive to cytokine-mediated inflam-
matory signals. In turn, these stimuli induce the expression of
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inflammatory mediators such as IL-6, TNF-ac and CRP. Although
many of these activities are restricted to autocrine and paracrine
effects, some of the cytokines that are secreted from adipocytes and
adipose-resident macrophages make significant contributions to
systemic inflammation. Interplay between macrophages and adipo-
cytes by paracrine effects are presumably central in initiating and
maintaining adipocyte dysfunction. Adipocytes increase in size as a
consequence of hyperalimentation and large adipocytes release
more (saturated) FFAs, which bind to macrophage toll-like receptor
(TLR)-4. This results in NF-<B activation and, ultimately, to
increased TNF-a production. In turn, macrophage-derived TNF-a
activates human adipocytes, thereby further inducing lipolysis and
enhancing the expression of ICAM-1, IL-6 and MCP-1. The
diapedesis of monocytes from the blood to adipose tissue and
differentiation into macrophages is further facilitated by MCP-1 and
ICAM-1. This local paracrine loop involving adipocyte-derived FFAs
and macrophage-derived TNF-a establishes a gradual vicious cycle
that presumably leads to a proinflammatory state of both macro-
phages and adipocytes. It should be noted that large adipocytes
produce less adiponectin. Since adiponectin normally inhibits TLR-
activated NF-kB activity, it is assumed that low adiponectin levels
reenforce the previously described loop [6].

Procyanidins are phenolic compounds from the flavonoid group
that are widely distributed in the human diet and which are
particularly rich in such fruits as berries, blue corn and beans, and in
many fruits and vegetables. This suggests that we ingest significant
amounts of procyanidins from plant-based daily diets like the
Mediterranean diet [7]. Of all the various classes of flavonoids,
procyanidins are the ones that will potentially be most consumed in
the diet. Not only does the concentration of procyanidins in food
vary but also the specific procyanidin present [8]. Because the
human diet contains a mixture of procyanidins and it is likely that
the effects are due not to one molecule but to the synergic effects of
the flavonoids [9,10], we assessed the potential health benefits of a
grape-seed procyanidin extract (PE) on the obesity-derived proin-
flammatory state.

Flavonoids function as powerful antioxidants and have anti-
inflammatory activities in vitro [11] and in vivo [12]. They have
proved to have antioxidant/free radical scavenging abilities; they can

PREVENTIVE TREATMENT

chelate minerals, modulate mammalian enzyme activity, enhance
intracellular signaling, strengthen membranes, and bind to receptor
sites, among other things. Apart from its antioxidant capacity, anti-
inflammatory procyanidins are widely sought to provide wide-
ranging health protection and bolster the human immune system
because inflammation is such a prominent early symptom of so many
chronic human illnesses and injuries [13].

In our preliminary study [14], we showed that procyanidins
prevent low-grade inflammation in vivo by adjusting adipose tissue
cytokine imbalance, enhancing anti-inflammatory molecules and
diminishing proinflammatory ones. In the present study, we
evaluated the effectiveness of procyanidins in two experimental
models of obesity, and when they were administered as a corrective
or preventive treatment. We focused on the putative modulatory
effects of procyanidins on cytokine expression in white adipose tissue,
muscle and liver to gain insight into the mechanisms that underlie the
anti-inflammatory effects ascribed to procyanidins.

2. Materials and methods
2.1. Chemicals

Grape-seed PE contained essentially monomeric (21.3%), dimeric (17.4%), trimeric
(16.3%), tetrameric (13.3%) and oligomeric (5-13 units) (31.7%) procyanidins and
phenolic acids (4.7 %) according to HPLC analysis.

2.2. Animal experimental procedures

Wistar female rats, weighing between 160 and 175 g, were purchased from Charles
River Laboratories (Barcelona, Spain), housed in cages and subjected to a standard 12
h/12 h light-dark cycle. After 1 week in quarantine the animals were divided into the
different experimental groups. The schematic diagram of procyanidin treatments are
presented in Fig. 1.

2.2.1. Preventive treatment

Semipurified diets were obtained from Research Diets (USA). Briefly, three diets
were used (Table 1): a low-fat diet (LF), a high-fat diet (HF) and a high-fat diet
supplemented with PE (HFPE). The standard control diet was LF. The HFPE
differs from HF in the PE content which was 1 mg of PE/g of feed (approximately
11 mg/animal per day, 30 mg/kg per day). At ~15 weeks of age, the rats were
randomly assigned to be fed ad libitum LF (n=6), HF (n=6) or HFPE (n=6) diets. The
experimental period lasted 19 weeks. Rats were weighed and sacrificed by beheading
after a 3-h fast.

HIGH FAT DIET + PROCYANIDINS (HFPE)

Lemens PE dose: 11 mg/animal*day

CORRECTIVE TREATMENT

CAFETERIA DIET (CAF)

CAF+PE

Two doses of PE:
10 mg/animal*day (CAFPE10)
20 mg/animal*day (CAFPE20)

SHORT (10 days)

LONG (30 days)

CAFETERIA DIET (CAF)

CAF+PE

weeks
- - PE treatment START

Fig. 1. Schematic diagram of procyanidin treatments.
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Table 1
Composition of the LF, HF and HFPE test diets

Table 2
Tissue weight of rats fed the different diets

Test diets LF (g/kg diet) HF (g/kg diet) HFPE (g/kg diet) Preventive treatment
Ingredients LF HF HFPE
Corn starch 545.0 0.0 0.0 : N b b
Maltodextrine 1185 1211 1212 %ost:deenweeriggﬁn(;ke (kcal) 1075.44-54.4 1410.34:21.7 1306.04-46.3
i:fdrose ]g‘g ;?2; 52'2 Liver 10.14£0.4% 11.1£0.4° 9605
- - - I 2 b b
Soy bean ol 237 323 323 Perl:g-\(l)a;;;_:oneal . 19.9+£1.5 244413 275426
E‘:}irgy (keal/g) g'gs (5)‘(2) 4 ég 4 Mesenteric fat 5.7+1.1° 8.240.5° 8.74+2.0°
Protein (% energy) 200 200 200 Adiposity index 7.840.9° 9.1+04 10.44+1.5
Carbohydrate (% energy) 70.0 20.0 20.0
Fat (% energy) 10.00 59.90 59.90 Corrective treatment
LF, low-fat diet; HF, high-fat diet; HFPE, high-fat diet supplemented with procyanidins Short (10 days) LF CAF CAFPE10 CAFPE20
from grape seed. Vitamin and mineral mixture was also added to all the diets. Tissue weight (g)
Periovaric+ 154425 463+4.8" 37.7+5.8° 37.943.7°
2.2.2. Corrective treatment retroper.itc;neal fat 2 b b b
After the quarantine, 46 rats were divided into two groups: a control group (12 l(\j/l'eser'ltetlcdat N 4‘7:‘:0‘; 15‘7i3'1b 18'3i0'6b 13‘7i2'1b
animals) fed with a standard diet (Panlab A-03, Barcelona, Spain) and another group A 1posntyC1]n ex (%) 7.0+0. 145409 13.9+1.0 14.241.0
(36 animals) fed with a cafeteria diet consisting of bacon, sweets, biscuits with paté, Lgng (30 ,azs)
cheese, muffins, carrots, milk with sugar and water plus the standard diet [15]. Animals Tlss‘%e wqg t (g) o b b b
were fed ad libitum and the food was renewed daily. The animals were fed the cafeteria Penovanc_—&— T 12.7+07 47.7+2.9 46.5+3.1 48.9+3.6
diet for 13 weeks. They were divided into three subgroups (12 animals/group): rats retrope.ljlt(;nea at . b b o
treated with vehicle (CAF), rats treated with 10 mg of PE/animal per day (CAFPE10) or AIZl'eser}sl'lcdat ) g?ligj“’ fg?iég‘x ?géiégc }:;gi(lnb
iposity index . z . . . . . .

rats treated with 20 mg of PE per animal per day (CAFPE20) in sweetened condensed
milk (25 and 50 mg/kg per day, respectively). After 10 days of GSPE treatment, six
animals of each group were sacrificed (short treatment) and the other animals were
fed for another 20 days (long treatment). At 9 a.m. on the last experimental day, rats
were treated with PE or vehicle and the food was renewed. At 11 a.m. food was
withdrawn and after a 3-h fast the animals were beheaded.

In both treatments, blood was collected using heparin as anticoagulant. Plasma was
obtained by centrifugation and animal tissues were excised, frozen immediately in liquid
nitrogen and stored at —80°C until analysis. All the procedures were approved by the
Experimental Animals Ethics Committee of the Rovira i Virgili University.

2.3. Measurement of food intake and body weight gain

Body weight changes and caloric ingestion were monitored weekly throughout the
experiment. Liver and adipose tissue fat pads (mesenteric, retroperitoneal and
periovaric) were excised separately and weighed. The adiposity index was calculated
as the total adipose tissue weight vs. total body weight.

2.4. Measurement of CRP and TNF-« levels

CRP and TNF-« levels were measured in plasma, liver and mesenteric adipose
tissue. Tissues were homogenized on ice in a Triton X-100 cell lysis buffer [16]. After
centrifugation for 20 min at 4°C, the supernatant was used for the assay.

CRP levels were quantified using a specific enzyme immunoassay according to the
manufacturer's instructions (Immunology Consultants Laboratory, Inc., USA). The assay
is a double polyclonal antibody sandwich enzyme immunoassay. TNF-« levels were
quantified using a quantitative enzyme-linked immunosorbent assay according to the
manufacturer's instructions (Invitrogen, S.A. Barcelona).

PREVENTIVE MODEL

75 - b “ b
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SHORT CORRECTIVE MODEL

CAFPE10 CAFPE20 LF CAF

LF, low-fat diet; HF, high-fat diet; HFPE, high-fat diet supplemented with procyanidins
from grape seed; CAF, cafeteria diet; CAFPE10, cafeteria diet supplemented with
procyanidins from grape seed 10 mg/day per animal; CAFPE20, cafeteria diet
supplemented with procyanidins from grape seed 20 mg/day per animal. Values are
mean=+S.E.M. (n=6 per group). The significance of difference among the groups was
analyzed by ANOVA (P < .05). Different superscript letters*”¢ indicate significative
differences between groups. Two letters indicate that the value is an intermediate
value between a and b, as assessed by Tukey test for pairwise comparisons.

2.5. NF-KB activity assay

Nuclear protein extracts were prepared from the liver tissue of HF and HFPE rats.
Tissue was homogenized in 0.25 M sucrose buffer. After centrifugation at 800xg for 10
min, the resulting pellet was centrifuged at 800xg for 5 min in hypotonic buffer to
provide nuclei. Nuclear extract was obtained by incubation with lysis buffer following
the manufacturer's instructions (TransAM NF-xB p65 kit; Active Motif, UK). Protein
concentrations were then quantified using a Bradford assay, and equal amounts of
protein were used in a colorimetric NF-kB assay specific for the activated form of the
p65 subunit of NF-«B (TransAM NF-kB p65 kit; Active Motif, UK).

2.6. Quantitative real-time PCR
Tissue RNA extraction and real-time PCR analysis were performed for CRP, IL-6,

adiponectin, TNF-a,, Erm1 and GAPDH, as previously described, with a SYBR green
dye [14].

LONG CORRECTIVE MODEL

b 150 b b
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Fig. 2. Effect of procyanidins on the body weight gain of the different obesity models. LF, low-fat diet; HF, high-fat diet; HFPE, high-fat diet supplemented with procyanidins from grape
seed; CAF, cafeteria diet; CAFPE10, cafeteria diet supplemented with procyanidins from grape seed 10 mg/day per animal; CAFPE20, cafeteria diet supplemented with procyanidins
from grape seed 20 mg/day per animal. Values are mean+S.E.M. (n=6). The significance of difference among the groups was analyzed by ANOVA (P < .05).
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2.7. Calculations and statistical analysis

Results are expressed as mean values+S.E.M. Effects were assessed using ANOVA
or Student's t test. We used Tukey's test of honestly significant differences to make
pairwise comparisons. All calculations were performed using SPSS 15.0 software.

3. Results
3.1. The effect of procyanidins on body weight

Wistar female rats fed both hyperlipidic diets showed higher body
weights than control rats (Fig. 2), which indicated that both
experimental models induced a highly significant obesity.

3.1.1. Preventive treatment

The PE preventive treatment produced significant body weight
loss and also diminished body weight gain (Fig. 2). This treatment
with PE also reduced liver weight, but no changes were found in
adiposity or the weight of fat depots (Table 2).

3.1.2. Corrective treatment

The most significant differences in body weight were found in the
corrective model, where the animals that were fed the cafeteria diet
increased their body weight by 40%. Also, the fat pad weights of rats
fed both diets were higher than those of the LF diet (Table 2). The
corrective treatment with PE did not produce any significant
reduction in body weight, although rats treated with procyanidins

tended to weigh less. Some doses of PE showed tissue weight
reductions compared with its obese controls, as shown with the
highest dose of PE that was able to reduce the mesenteric fat in the
long corrective model.

3.2. PE treatment modulates adipose, hepatic, muscular and
systemic inflammation

Given our previous results [14], we went on to investigate the
modulatory effect of procyanidins on both local and systemic
manifestations of inflammation.

3.3. Visceral adipose tissue

We analyzed the effect of preventive procyanidin treatment on the
expression of genes known to be closely related to the inflammatory
process in the visceral adipose tissue of rats fed a standard LF diet, HF
diet or HFPE (Fig. 3). We found that HF rats had higher CRP, TNF-a
and IL-6 mRNA levels than control LF rats and HFPE rats. Furthermore,
CRP and TNF-« protein levels were reduced in HFPE (Table 3), which
is consistent with its gene expression. Thus, the cytokine levels
increased by the HF diet were diminished by procyanidin treatment in
this tissue. PE also stimulated the expression of the anti-inflammatory
cytokine adiponectin. Emr1, which encodes the expression of F4/80, a
surface marker of mature macrophages, increased in the HF group but
decreased in the HFPE group.
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Fig. 3. Procyanidin effect on gene expression in mesenteric adipose tissue, muscle and liver from the preventive treatment rats. mRNA was extracted, corresponding cDNA was
synthesized, and CRP, IL-6, adiponectin, TNF-oe and Emr1 gene expression was measured by quantitative real-time RT-PCR. LF, low-fat diet; HF, high-fat diet; HFPE, high-fat diet
supplemented with procyanidins from grape seed. ANOVA test was used to evaluate significance between groups (P <.05).
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Table 3
Cytokine levels in plasma and various tissues

Preventive treatment

LF HF HFPE
CRP
Plasma (pg/ml) 387.4428.2°° 658.1+147.5" 313.7+£21.7%
Adipose tissue 33.6+£1.3° 74.2242.9° 34.64+3.4°
(ng/100 pg protein)
Liver (ng/100 pg protein) 71.5+£4.2% 139.1+£2.3° 139.4+3.2°
TNF-a
Plasma (pg/ml) NA (<4) 41.749.3° 152+3.7°
Adipose tissue NA (<4) 76.9+5.6 60.7+4.3"
(pg/100 pg protein)
Corrective treatment
CAF CAFPE10 CAFPE20
CRP
Plasma short treatment 798.4427.7% 871.1+£110.6 430.44+44.1°
(ng/ml)
Plasma long treatment 1050.14+230.0° 1230.74267.3* 1029.14+276.2*
(pg/ml)
TNF-a
Plasma short treatment 21.3+3.8° 4.040.6° 5.4+0.1°
(pg/ml)
Plasma long treatment 15.84+1.3% 11.2+1.8° 11.6+£3.7°
(pg/ml)

LF, low-fat diet; HF, high-fat diet; HFPE, high-fat diet supplemented with procyanidins
from grape seed; CAF, cafeteria diet; CAFPE10, cafeteria diet supplemented with
procyanidins from grape seed 10 mg/day*animal; CAFPE20, cafeteria diet supplemen-
ted with procyanidins from grape seed 20 mg/day*animal. Values are mean4S.E.M
(n=6 per group). The significance of difference among the groups was analyzed by
ANOVA (P < .05). Different superscript letters*>¢ indicate significative differences
between groups. Two letters indicate that the value is an intermediate value between a
and b, as assessed by Tukey test for pairwise comparisons. NA, not available.

3.4. Muscle

We determined the effect of PE on local inflammation by real-time
PCR analysis of gene expression in muscle from the preventive model
rats. As shown in Fig. 4, the analysis of TNF-a expression in muscle
revealed a marked increase in HF rats and a significant reduction in
TNF-a expression in rats fed the HFPE diet. We also assessed the
expression of Emr1. Although its expression was higher in HF rats
than in HFPE rats, this difference was not significant in muscle.

3.5. Liver

We also analyzed CRP and TNF-a hepatic gene expression in this
model. Both parameters were increased by the HF diet, and treatment
with PE significantly decreased CRP and TNF-o expression (Fig. 3).
The hepatic analysis of CRP protein expression revealed that the HF
diet significantly increased this parameter, but procyanidin treatment
was not able to reduce it. Moreover, using a specific assay for NF-xB
p65 subunit activity, we determined that there was significantly less
p65 activity in liver nuclear extracts derived from the HFPE group
than in HF rat livers (Fig. 4).

3.6. Systemic inflammation

To further investigate the effect of procyanidins on inflammation,
we analyzed CRP and TNF-a plasma levels in both models of obesity.

3.6.1. Preventive treatment

CRP plasma levels were increased in HF rats, thus indicating low-
grade inflammation induced by a high-fat diet, similar to that found in
humans with overweight/obesity (Table 3). Moreover, the adminis-
tration of HFPE to rats — that is to say, a daily ingestion per animal of

nearly 11 mg of PE for 19 weeks — resulted in such a decrease in CRP
that it fell to the range of levels found in rats fed the control diet (LF).

We also investigated the possibility that procyanidins could
reduce systemic inflammation by modulating TNF-c. Interestingly,
in the preventive model, TNF-« plasma levels increased in HF rats and
decreased in PE rats.

3.6.2. Corrective treatment

The cafeteria diet increased CRP plasma levels in the short and
long treatment in comparison to rats fed the standard diet. In this
model, however, only the high dose of PE (20 mg/day per animal)
reduced CRP plasma levels in the short treatment (Table 3).

Rats fed the cafeteria diet (CAF) had higher levels of TNF-a than
CAFPE10 and CAFPE20 groups in the short treatment, although no
changes in TNF-a plasma levels were detected between groups from
the long corrective treatment (Table 3).

4. Discussion

Obesity is the key player in metabolic syndrome. Improving
adipocyte dysfunction is one of the crucial ways of preventing this
syndrome. In this study we have tried to increase our understanding
of how procyanidins regulate the pathways responsible for pre-
venting obesity and modulating the associated low-grade inflam-
mation. In our previous investigations, we demonstrated that
procyanidins were able to modulate adipokine expression in rats
fed a 30% fat diet [14]. Now we wanted to evaluate the effect of
procyanidins at different times and doses, and in different models of
obesity. To prove how effective they are at preventing or treating
diseases, our experimental design included several treatment
conditions. We analyzed two different diets as models of a disturbed
metabolic state. In the first, we analyzed the preventive effects of
procyanidins on rats fed a 60% fat diet. In the second, we induced
obesity by feeding the rats with a cafeteria diet, which is a rapid
inducer of obesity. We analyzed the corrective effects of two PE
doses (10 and 20 mg/day) over two periods of time (short and long
treatments). These two models gave us a greater scope for analyzing
the duration of the treatment, and the preventive and curative
effects of procyanidins.

Firstly, we analyzed the effects of PE on body weight. In the
preventive model, we found that feeding rats with the hyperlipidic
diet resulted in an increase of body weight as expected [17], but also a
less pronounced increase in rats receiving procyanidins [14].
Moreover, rats fed the cafeteria diet increased in weight considerably
more than the control group, but procyanidin treatment had little
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Fig. 4. Procyanidin effect on NF-kB activity in liver from the preventive treatment rats.
PE significantly decreases hepatic NF-kB activity after 19 weeks (n=6 per group).
Student's t test was used to evaluate significance between groups (P < .05).
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Fig. 5. Schematic diagram of procyanidin effects in the preventive model rats.

effect on this parameter. The reason for these differences between
models is unclear but they might be explained by the different degree
of obesity in each model. In our previous studies we also fed rats diets
with a lower percentage of fat. This suggested that procyanidins
administered after obesity has been established cannot compensate
for the high body weight caused by the cafeteria diet.

To further investigate the effects of procyanidins on systemic
manifestations of inflammation, we analyzed CRP and TNF-a plasma
levels, which are markers of systemic inflammation, in both models of
obesity [18,19]. In the preventive model, procyanidins diminished the
diet-induced systemic inflammation by reducing the TNF-a and CRP
plasma levels. On the other hand, the short corrective treatment with

a high dose of procyanidins lowered CRP plasma levels. These results
indicate that when the overproduction of CRP in obese rats is not
extremely high a short curative dose of procyanidins might effectively
diminish CRP plasma levels. TNF-ov levels were also reduced by
both doses of procyanidins in the short treatment. However, in the
long corrective treatment, no changes in CRP or TNF-a plasma levels
were detected.

We have focused on the cytokine expression profile in mesenteric
adipose tissue as a representative of visceral adipose tissue, not only
because it appears to be an important point in the development of
low-grade inflammation [20] but also because we have previously
shown that adipose tissue can be an important target for procyanidins
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[21]. In this study, we have shown that IL-6, CRP, and TNF-« high-fat
diet-induced gene expression was reduced by the adding PE to the
diet, as we have previously reported [14]. Also, the gene expression of
the anti-inflammatory molecule adiponectin was enhanced. Further-
more, procyanidin treatment reduced TNF-a and CRP protein levels in
mesenteric adipose tissue, indicating that local inflammation in this
tissue was prevented.

Only relatively recently have obese individuals been described to
have increased macrophage infiltration of adipose tissue, but it now
appears that the infiltration rate of monocytes into visceral adipose
tissue is higher than into subcutaneous adipose tissue [6]. Macro-
phages have been identified as the primary source of many of the
circulating inflammatory molecules that are detected in the obese
state [22]. Weisberg et al. [5] demonstrated that adipose tissue
macrophages are responsible for almost all adipose tissue TNF-o
expression and significant amounts of IL-6 expression in mice.
Furthermore, the preponderance of evidence supports the hypothesis
that the amounts of TNF-oo mRNA and TNF-o released by adipose
tissue are enhanced in human obesity and that the vast majority of
TNF-a releases by adipose tissue come from the nonfat cells in this
tissue [23]. Because obesity is associated with macrophage accumu-
lation in adipose tissue [24,25], we wished to examine the effects of
procyanidins on macrophage infiltration by measuring the expression
levels of Emr1, the gene encoding a specific marker for mature
macrophages (F4/80) in the mesenteric adipose tissue. We found that
macrophage presence increased significantly more than in control
rats and, interestingly, procyanidins reduced this level. So, the
inhibition of the cytokine expression in this tissue might be due to
a decrease in the number of macrophages, but procyanidins might
also directly affect the proinflammatory pathways in the adipocyte
and the macrophage.

The stimulus for macrophage influx into fat is largely unknown
and probably involves a complex pathophysiology that includes
physical and chemical adipocyte injury and cytokine cross-talk with
increased local expression of TNF-o, MCP-1 and I-CAMs [26]. We
found that procyanidin treatment decreased NF-«B activity in liver,
which is directly associated with the decreased hepatic expression of
such inflammatory molecules as TNF-a and CRP, as we found in our
study. We hypothesize that procyanidins also reduce MCP-1 secretion
in adipocytes partially due to the diminished TNF-a levels that we
have detected in adipose tissue, muscle and liver, which might be a
consequence of the inhibitory effects of procyanidins on NF-kB
activation [13,27]. As we have previously proposed, the local
enhancement in adiponectin expression produced by PE might also
be partly responsible for the reduced cytokine expression levels. On
the other hand, TNF-a has been shown to induce the expression of
adhesion molecules (I-CAM) and chemokines in human endothelial
cells. So, another mechanism for procyanidin effects might be the
result of diminishing I-CAM expression, which activates macrophages
[6]. Some authors have recently reported similar results in murine
obesity models and in vitro experiments with such other flavonoids as
curcumin, resveratrol and a GSPE [25,28,29].

We found reduced cytokine expression in liver, muscle and
mesenteric adipose tissue, which lowers local inflammation and
possibly also systemic inflammation [30,31]. In any case, this is an
interesting finding that demonstrates the potential effects of
procyanidins on such low-grade inflammation-related diseases
as obesity (Fig. 5).

In summary, we have shown that procyanidins modulate tissue
and plasma cytokine levels partially by reducing macrophage
infiltration in adipose tissue and NF-«B activity in liver. However,
although procyanidins are effective at preventing the onset of
inflammation, it is unclear whether procyanidins exert anti-inflam-
matory effects once inflammation is established and whether they can
help to resolve inflammation.

In conclusion, our studies revealed that daily consumption of
procyanidins prevent both systemic and local low-grade inflamma-
tion in adipose tissue, muscle and liver, which might improve obesity-
induced insulin resistance in these tissues. Given these interesting
findings, further investigation of the effects of procyanidins in human
patients is required.

Acknowledgments

This study was supported by AGL2005-04889/ALI of the Spanish
Ministry of Education and Science (MEYC) of the Spanish Govern-
ment. X. Terra and V. Pallarés are the recipients of a fellowship from
the Rovira i Virgili University in Tarragona, Spain.

References

[1] Dandona P, Aljada A, Chaudhuri A, Mohanty P, Garg R. Metabolic syndrome: a
comprehensive perspective based on interactions between obesity, diabetes, and
inflammation. Circulation 2005;111(11):1448-54.

[2] Cefalu WT, Ye ], Zuberi A, Ribnicky DM, Raskin [, Liu Z, et al. Botanicals and the
metabolic syndrome. Am ] Clin Nutr 2008;87(2):481S-7S.

[3] Berg AH, Scherer PE. Adipose tissue, inflammation, and cardiovascular disease.
Circ Res 2005;96(9):939-49.

[4] Panagiotakos DB, Pitsavos C, Yannakoulia M, Chrysohoou C, Stefanadis C. The
implication of obesity and central fat on markers of chronic inflammation: the
ATTICA study. Atherosclerosis 2005;183(2):308-15.

[5] Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante Jr AW. Obesity
is associated with macrophage accumulation in adipose tissue. J Clin Invest
2003;112(12):1796-808.

[6] Hajer GR, van Haeften TW, Visseren FLJ. Adipose tissue dysfunction in obesity,
diabetes, and vascular diseases. Eur Heart ] 2008;29(4):2959-71.

[7] Rasmussen SE, Frederiksen H, Krogholm KS, Poulsen L. Dietary proanthocyani-
dins: occurrence, dietary intake, bioavailability, and protection against cardio-
vascular disease. Mol Nutr Food Res 2005;49(2):159-74.

[8] Manach C, Williamson G, Morand C, Scalbert A, Remesy C. Bioavailability and
bioefficacy of polyphenols in humans. I. Review of 97 bioavailability studies. Am ]
Clin Nutr 2005;81(1):230S-42S.

[9] Pedrielli P, Skibsted LH. Antioxidant synergy and regeneration effect of
quercetin, (—)-epicatechin, and (+)-catechin on a-tocopherol in homogeneous
solutions of peroxidating methyl linoleate. ] Agric Food Chem 2002;50(24):
7138-44.

[10] Lila MA. From beans to berries and beyond. (Healthy Aging and Longevity Third
International Conference). Ann N 'Y Acad Sci 2007;1114:372-80.

[11] Li WG, Zhang XY, Wu Y], Tian X. Anti-inflammatory effect and mechanism of
proanthocyanidins from grape seeds. Acta Pharmacol Sin 2001;22(12):1117-20.

[12] Chang CP, Huang WT, Cheng BC, Hsu CC, MT L. The flavonoid baicalin protects
against cerebrovascular dysfunction and brain inflammation in experimental
heatstroke. Neuropharmacology 2007;52(3):1024-33.

[13] Terra X, Valls ], Vitrac X, Merrillon JM, Arola L, Ardevol A, et al. Grape-seed
procyanidins act as antiinflammatory agents in endotoxin-stimulated RAW 264.7
macrophages by inhibiting NFkB signaling pathway. ] Agric Food Chem 2007;55
(11):4357-65.

[14] Terra X, Montagut G, Bustos M, Llopiz N, Ardevol A, Blade C, et al. Grape-seed
procyanidins prevent low-grade inflammation by modulating cytokine expres-
sion in rats fed a high-fat diet. ] Nutr Biochem 2009;20(3):210-8.

[15] Shafat A, Murray B, Rumsey D. Energy density in cafeteria diet induced
hyperphagia in the rat. Appetite 2008;52(1):34-8.

[16] Takeda R, Suzuki E, Satonaka H, Oba S, Nishimatsu H, Omata M, et al. Blockade of
endogenous cytokines mitigates neointimal formation in obese Zucker rats.
Circulation 2005;111(11):1398-406.

[17] Vadillo M, Ardévol A, Fernandez-Larrea J, Pujadas G, Bladé C, Salvadé M], et al.
Moderate red-wine consumption partially prevents body weight gain in rats fed a
hyperlipidic diet. ] Nutr Biochem 2006;17(2):139-42.

[18] Koh KK, Han SH, Quon M]. Inflammatory markers and the metabolic syndrome:
insights from therapeutic interventions. ] Am Coll Cardiol 2005;46(11):
1978-85.

[19] Brunner EJ, Kivimdki M, Witte DR, Lawlor DA, Davey Smith G, Cooper JA, et al.
insulin resistance, and diabetes — Mendelian randomization using CRP haplotypes
points upstream. PLoS Med 2008;5(8):e155.

[20] Fain JN, Madan AK, Hiler ML, Cheema P, Bahouth SW. Comparison of the release of
adipokines by adipose tissue, adipose tissue matrix, and adipocytes from visceral
and subcutaneous abdominal adipose tissues of obese humans. Endocrinology
2004;145(5):2273-82.

[21] Tsuda T, Ueno Y, Yoshikawa T, Kojo H, Osawa T. Microarray profiling of gene
expression in human adipocytes in response to anthocyanins. Biochem Pharmacol
2006;71(8):1184-97.

[22] Fain JN. Release of interleukins and other inflammatory cytokines by human
adipose tissue is enhanced in obesity and primarily due to the nonfat cells. Vitam
Horm 2006;74:443-77.



X. Terra et al. / Journal of Nutritional Biochemistry 22 (2011) 380-387 387

[23] Fain N, Bahouth SW, Madan AK. TNF[alpha] release by the nonfat cells of human
adipose tissue. Int ] Obes Relat Metab Disord 2004;28(4):616-22.

[24] Fain]JN, Madan AK. Regulation of monocyte chemoattractant protein 1 (MCP-1) release
by explants of human visceral adipose tissue. Int ] Obes 2005;29(11):1299-307.

[25] Weisberg SP, Leibel R, Tortoriello DV. Dietary curcumin significantly improves
obesity-associated inflammation and diabetes in mouse models of diabesity.
Endocrinology 2008;149(7):3549-58.

[26] Garg A. Adipose tissue dysfunction in obesity and lipodystrophy. Clin Cornerstone
2006;8(Supplement 4):S7-513.

[27] Nam N. Naturally occurring NF-kappaB inhibitors. Mini Rev Med Chem 2006;6(8):
945-51.

[28] Kalin R, Righi A, Del Rosso A, Bagchi D, Generini S, Cerinic MM, et al. Activin, a
grape seed-derived proanthocyanidin extract, reduces plasma levels of oxidative
stress and adhesion molecules (ICAM-1, VCAM-1 and E-selectin) in systemic
sclerosis. Free Radic Res 2002;36(8):819-25.

[29] Zhu], Yong W, Wu X, YuY, Lv ], Liu C, et al. Anti-inflammatory effect of resveratrol
on TNF-alpha-induced MCP-1 expression in adipocytes. Biochem Biophys Res
Commun 2008;369(2):471-7.

[30] Kontogianni MD, Zampelas A, Tsigos C. Nutrition and inflammatory load. Ann N'Y
Acad Sci 2006;1083(1):214-38.

[31] Neels JG, Olefsky JM. Inflamed fat: what starts the fire? ] Clin Invest 2006;116(1):
3



	Modulatory effect of grape-seed procyanidins on local and systemic inflammation in diet-induced.....
	Introduction
	Materials and methods
	Chemicals
	Animal experimental procedures
	Preventive treatment
	Corrective treatment

	Measurement of food intake and body weight gain
	Measurement of CRP and TNF-α levels
	NF-κB activity assay
	Quantitative real-time PCR
	Calculations and statistical analysis

	Results
	The effect of procyanidins on body weight
	Preventive treatment
	Corrective treatment

	PE treatment modulates adipose, hepatic, muscular and �systemic inflammation
	Visceral adipose tissue
	Muscle
	Liver
	Systemic inflammation
	Preventive treatment
	Corrective treatment


	Discussion
	Acknowledgments
	References


