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Abstract. The ability of a wild blueberry-enriched diet to improve risk factors related to Metabolic Syndrome (MetS) such
as endothelial dysfunction and chronic inflammation in the Obese Zucker Rat (OZR), a model of the MetS, was studied.

Obese Zucker Rats (OZRs) and their lean controls (LZR) were placed either on a Wild Blueberry-enriched (WB) or a
control (C) diet for 8 weeks. Obese Zucker rats exhibited reduced vasoconstrictor response to phenylephrine (Phe) and
exaggerated vasorelaxant response to acetylcholine (Ach). WB diet partially restored Phe-induced constrictor responses and
attenuated Ach-induced relaxant responses in OZR. Plasma nitric oxide (NO) was significantly attenuated and aortic effluent
prostaglandin I, PGI, concentration significantly increased in the WB diet. Downregulation of inducible NO synthase (iNOS)
and cyclooxygenase-2 (COX-2) expression in the OZR aorta was observed in the WB diet.

WB consumption decreased plasma concentrations of tumor necrosis factor (TNF)-a (-25.6%, P <0.05), interleukin
(IL)-6 (-14.9%, P <0.05), C-reactive protein (CRP) (-13.1%, P <0.05) and increased adiponectin concentration (+21.8%,
P <0.05). Expression of IL-6, TNF-a and nuclear factor (NF)-kB was downregulated in both the liver (-65%, —59% and
—25%, respectively) and the abdominal adipose tissue (—64%, —52% and —65%), while CRP expression was down regulated
only in the liver (-25%). Thus, WB consumption improved endothelial function and exerted an anti-inflammatory effect in
the OZR.
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1. Background

The metabolic syndrome is the most widely recognized association of risk factors leading to a dramatically
increased risk of developing type II diabetes mellitus and coronary heart disease (CHD), which continues to be
the leading cause of death both in the United States and worldwide [1].

The US National Cholesterol Education Program - Adult Treatment Panel III (ATPIII) defined metabolic
syndrome as the combined occurrence of at least three of the following five risk factors: Abdominal obesity,
high blood triglycerides, low HDL cholesterol, high blood pressure, and high fasting blood glucose [2]. In
addition to these diagnostic criteria, the metabolic syndrome is also associated with endothelial dysfunction, a
pro-inflammatory, pro-oxidative and pro-thrombotic environment [3, 4].

Several lines of evidence suggest that diet is one of the most manageable ways of preventing the development
of metabolic syndrome, as well as slowing down or even reversing its progression to diabetes and acute
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cardiovascular events in patients who are already diagnosed with this condition [5, 6]. Even more importantly,
dietary interventions in these patients could replace or at least greatly reduce the need for pharmacological
treatment, which is inevitably associated with harmful side effects and constitutes a considerable financial
burden [5, 6].

Wild blueberries are among the commercially available fruits and vegetables that contain the highest levels
of polyphenols. They are excellent sources of anthocyanins, but also contain significant amounts of phenolic
acids, flavonols and flavan-3-ols as well as manganese, folic acid and vitamin C. Previous research suggests that
regular consumption of dietary achievable amounts of this product may have a great potential in the prevention and
treatment of risk factors associated with metabolic syndrome [7]. Dietary interventions on human subjects with
risk factors for metabolic syndrome have reported some positive outcomes following blueberry consumption, in
particular on blood pressure [8, 9], oxidative stress [8, 10], insulin sensitivity [11], and endothelial function [9, 12].

2. Objective

The objectives of this study are to evaluate the effect of wild blueberry consumption on selected markers of
inflammation [13] and endothelial function [14] in the obese Zucker rat (OZR), which is a valid experimental
model for the Metabolic Syndrome. Specifically, the effects of an 8% wild blueberry-enriched diet are measured
on plasma markers of inflammation (C-reactive protein (CRP), interleukin(IL)-6, tumor necrosis factor(TNF)-a.,
nitric oxide (NO) and adiponectin); the concentration of prostanoids: I, (PGI,) and thromboxane A, (TXA»)
released by the aortic tissue; the expression of genes related to the inflammatory response (IL-6, TNF-a, CRP,
adiponectin, nuclear factor (Nf)-kB) in the liver and the abdominal adipose tissue; the expression of genes related
to endothelial function [nitric oxide synthases and cyclooxygenase(COX)-2] in the aortic tissue; and the ex vivo
response of the aortic vessel to vasoconstricting and vasorelaxing stimuli.

3. Methods
3.1. Zucker rats

Thirty-six male obese Zucker rats (OZR) and 36 male lean littermate controls (LZR) were purchased at 8 weeks
of age from Charles River laboratories (Raleigh, North Carolina) and housed individually in mesh-bottomed cages
in an environmentally controlled room.

Half of the rats were randomly assigned to a wild blueberry-enriched diet (WB) for 8 weeks, while the
remaining animals were placed on a control diet (C). The experimental protocol was reviewed and approved by
the University of Maine Institutional Animal Care and Use Committee (IACUC).

3.2. Wild blueberries

Wild blueberries were provided from Wyman’s (Cherryfield, ME) as a composite from different wild blueberry
fields in the North Eastern U.S. and Canada. The berries were freeze-dried, powdered and vacuum-packed with
standard procedures by FutureCeuticals (Momence, IL), and stored in the dark at —20°C until use.

Analysis of the wild blueberry powder has been previously reported [15], and revealed the presence of twenty-
one different anthocyanins: Malvidin(Mv)-galactoside (gal) 13.2% of total ACN; peonidin (Pn)-glucoside (glc)
13.2%; delphinidin (Dp)-gal 7.8%; acetyl-Mv-glc 7.2%; petunidin (Pt)-glc 6.6%; Pn-arabinoside (ara) 6.0%;
Dp-ara 5.4%; Pt-gal 4.8%; cyanidin (Cy)-glc 3.6%; Cy-gal 3.6%; Pt-ara 3.0%; Mv-glc 2.4%; acetyl-Cy-glc
2.4%; acetyl-Pt-glc 2.4%; acetyl-Pn-glc 2.4%; Cy-ara 1.8%; Pn-gal 1.8%; acetyl-Mv-gal 1.8%; acetyl-Dp-glc
1.2%; Mv-ara 0.6%.
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Total anthocyanin content of the wild blueberry powder was 1.5% w/w. Total fiber content was 18% w/w
(15.2% insoluble and 2.8% soluble). Total sugar content was 68.4% w/w (35.2% glucose and 33.2% fructose).

3.3. Diets

The control diet (AIN-93M) was prepared mixing 691 g/kg dextrose, 200 g/kg egg white solids, 60 g/kg corn
oil, 35 g/kg mineral mix, 10 g/kg vitamin mix (AIN-93), 4 g/kg D-L-methionine and 2 mg/kg biotin. It provided
approximately 71% carbohydrate, 6% fat, 17% protein and 403 kcal/100 g. The wild blueberry diet was prepared
mixing the same ingredients in the same proportions, the only exception being the incorporation of 80 g/kg
(8%) wild blueberry powder substituting for an equivalent amount of dextrose. It provided approximately 68%
carbohydrate, 6% fat, 17% protein, 1.5% fiber, 0.12% anthocyanin and 393 kcal/100 g.

Using the body surface area calculation [16] the amount of WB provided to rats corresponds to approximately
two daily cups of fresh WB for an average human adult.

3.4. Sample collection

At the end of the experimental period, animals were fasted overnight, anesthetized with 95% CO2/5% O, for
ninety seconds, and quickly exsanguinated by intra-cardiac puncture. Blood of rats was collected in a tube with
200 L of a 5% EDTA and immediately processed for plasma separation and storage at —80°C for subsequent
analysis. Liver and abdominal adipose tissues were excised, immediately snap-frozen in liquid nitrogen and
stored at —80°C for subsequent mRNA extraction.

The thoracic aorta was excised and carefully cleaned to remove blood clots and the perivascular tissues
surrounding the vessel. The middle part of the aorta was cut into four rings of approximately 3 mm length, and
immediately used for the evaluation of vasoconstrictor and vasorelaxant responses, as described later.

Another 1cm long section from the abdominal end of the aorta was incubated in a 2 mL Radnoti tissue
bath (Radnoti Glass Technology Inc., Monrovia, CA) containing PSS at 37°C and aerated with 95% 0,/5%
CO,. Tissue was allowed to equilibrate for 20 min before adding phenylephrine (10~® M for 10 min) followed
by acetylcholine (107> M for 10 min). The aortic effluent was collected and stored at —80°C for subsequent
analysis. The remaining portion of aorta was immediately snap-frozen in liquid nitrogen and stored at —80°C for
subsequent mRNA separation.

3.5. Plasma interleukin-6, TNF-«, adiponectin and C-reactive protein

Plasma interleukin-6, TNF-a and adiponectin concentrations were measured using commercially available
immunoassay kits (Quantikine Rat IL-6 Immunoassay kit, R&D Systems #R6000B; Quantikine Rat TNF-
o Immunoassay kit, R&D Systems #RTAO0O; Rat Adiponectin ELISA Kit, EMD Millipore #£ZRADP-62K)
employing solid-phase enzyme-linked immunosorbent (ELISA) assays. Plasma C-reactive protein (CRP) was
measured using the high-sensitivity Rat CRP Elisa Kit (EMD Millipore #CYT294), which employs a double
polyclonal antibody sandwich enzyme immunoassay (EIA). Enzyme activity for all assays was measured spec-
trophotometrically at A =450 nm on a xMark™ Microplate Absorbance Spectrophotometer (BioRad, California).

3.6. Plasma nitric oxide (NO)

Nitric oxide metabolites in plasma were measured using the colorimetric Total Nitric Oxide and Nitrate/Nitrite
Parameter Assay Kit (RandD Systems #KGEQ01). The enzyme activity was measured spectrophotometrically
at A =540 nm on a xMark™ Microplate Absorbance Spectrophotometer (BioRad, California).
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3.7. Prostacyclin I (PGI,) and Thromboxane Ay (TXA3) in the aortic effluent

PGI; levels in the aortic tissue effluent were estimated using the enzyme immunoassay 6-keto PGF;, EIA Kit
(Cayman #515211). TXA, levels in the aortic tissue were estimated using the enzyme immunoassay Thrombox-
ane By EIA Kit (Cayman #519031). The enzyme activity was measured spectrophotometrically at A =420 nm
on a xMark™ Microplate Absorbance Spectrophotometer (BioRad, California). Results were normalized to the
dry weight of the aorta section used to generate the effluent.

3.8. Gene expression studies

Messenger RNA from liver, adipose tissue and aorta were isolated and retro-transcribed to cDNA as pre-
viously described [8, 9]. The reverse transcription product was subjected to two step, real time, reverse
transcription polymerase chain reaction (RT-PCR) amplification on a quantitative PCR System (Bio-Rad
CFX96) using Sybr Green master mix (SSoFast EvaGreen, Bio Rad #172-5202) and rat-specific primer
sequences targeting the following genes of interest: C-reactive protein (Crp, RefSeq NM_017096, Qia-
gen #QT00391650); Interleukin 6 (1l6, RefSeq NM_012589, Qiagen #QT00182896); Tumor necrosis factor
o (Tnf, RefSeq NM_012675, Qiagen #QT00178717); Adiponectin (Adipog, RefSeq NM_144744, Qiagen
#QT01169343); Nuclear Factor Kappa B (Nfkb1, RefSeq XM_001075876, Qiagen #QTO01577975); Inducible
nitric oxide synthase (Nos2 (RefSeq NM_012611, Qiagen #QT00178325); Endothelial nitric oxide synthase
(Nos3 (RefSeq NM_021838, Qiagen #QT01570618); Cyclooxygenase-2 (Ptgs2 (RefSeq NM_017232, Qiagen
#QT00192934).

For each primer and tissue, the analysis was performed in triplicate with a reaction volume of 20 pL per
well (1.5 pL reverse transcription product, 10 wL Sybr Green Mix, 2 wL primers forward+reverse, and 6.5 pLL
RNAse free water). After an enzyme activation step (95°C for 30s), 45 amplification cycles were performed
(denaturation at 95°C for 2 s, annealing/extension at 60°C for 5s) followed by a melting curve (75-95°C in
0.5°C increases, 2 s per step) to ensure specificity of amplification.

Relative expression of the genes of interest was determined by the A ACt method as described by Livak and
Schmittgen [17], relative to the housekeeping gene (-actin (Actb, RefSeq NM_031144, Qiagen #QT00193473)
and expressed as fold-variation compared to LZR on the control diet.

3.9. Phenylephrine-induced vasoconstriction

In a sub-set of 40 rats, a phenylephrine dose-response curve was generated using four aortic rings from each
animal to evaluate vasoconstrictor responses.

Each ring was suspended between two stainless steel wire triangles and mounted in a Radnoti tissue bath
containing physiological salt solution (PSS) at 37°C and aerated with 95% O2/5% CO;. The upper triangle
was connected to a tissue force analyzer (TFA Model 410, Micro-Med Inc., Louisville, KY) to measure the
isometric tension (g) developed in the aortic rings during the experiment. The developed force was recorded
and analyzed using a personal computer running DMSI-450 software (version 1.01, Micro-Med Inc., Louisville,
KY).

After a preload to adjust resting tension to 1.5 g (set as the baseline for the subsequent experiment) and a
preconditioning with one dose of each agonist (acetylcholine 10~® M and phenylephrine 10~8 M for 10 minutes)
in order to saturate the non-selective receptors, each ring was contracted with six cumulative phenylephrine
doses (10_8, 3x1078,1077,3x1077,107%,3 x 10_6) at 6 minutes intervals, followed by a dose of muscarinic
agonist acetylcholine (3 x 107°) to verify endothelial integrity. The maximum force of vessel contraction (Fmax)
was determined for each ring as the highest value of each phenylephrine curve and was used to evaluate the effect
of treatments on aorta contractility.



D. Klimis-Zacas et al. / Wild blueberries attenuate risk factors of the metabolic syndrome 229

3.10. Acetylcholine-induced vasodilation

For the remaining 32 rats, an acetylcholine dose-response curve was generated using four aortic rings from
each animal to evaluate vasodilation. Each aortic ring was mounted and preloaded as described above. Following
the pre-incubation period, all rings were precontracted with one maximal phenylephrine dose (3 x 107¢ M) for
10 minutes, and subsequently exposed to six cumulative acetylcholine doses (1078,3 x 1078, 1077, 3 x 1077,
1079, 3 x 107%) at 6 minutes intervals. The relaxant effect to each dose of acetylcholine was expressed as a
percentage of vasorelaxation of the maximum phenylephrine-induced precontraction force.

3.11. Statistical analysis

Data from biochemical assays and gene expression experiments were analyzed using a two-way analysis
of variance (ANOVA), with diet (WB vs. C diets) and animal model (OZR and LZR) as independent factors.
Significant main effects (diets and model) as well as the interactions diet x model were further evaluated
by means of the Tukey honestly significant different (HSD) post hoc test. Data from vasoconstriction and
vasorelaxation experiments were evaluated using two-way analysis of variance (ANOVA) with Student-Newman-
Keuls comparisons on equal numbers of rank-ordered observations. Statistical analysis was performed using R
statistical software version 2.15.1 (R Foundation for Statistical Computing, Vienna, Austria). Results were
expressed as mean £ SEM and considered significant at P <0.05.

4. Results
4.1. Plasma markers of inflammation

A significant effect of the animal model was observed for C-reactive protein (CRP), interleukin-6 (IL-6), tumor
necrosis factor (TNF)-a and adiponectin, whose concentrations were all significantly higher in the OZR group
compared to the LZR group. Within the OZR group, a significant effect of diet was observed for IL-6, TNF-a and
CRP which were significantly lower in the wild blueberry group compared to the control (—14.9%, —25.6% and
—13.1% respectively), while adiponectin levels were significantly higher (+21.8%). Similar trends were observed
within the LZR group, although a statistically significant interaction with wild blueberry diet was only observed
for IL-6 (—6.8%). Plasma NO concentrations were significantly higher in the OZR group compared to the LZR
group (+45%). In OZR, plasma NO concentrations were significantly lower (—14%) following wild blueberry
consumption. Conversely, in LZR, plasma NO concentrations were significantly higher following wild blueberry
consumption (+16%) (Table 1).

4.2. Prostanoid concentrations in the aortic effluent

No effect of the animal model was observed for prostanoid concentrations (PGI; and TXAj) in the aortic
effluent. Following wild blueberry consumption, prostacyclin concentrations in the aortic effluent significantly
increased in the OZR group (+34%). Thromboxane A, levels were unaffected with wild blueberry consumption
(Table 1).

4.3. Expression of the TNF-a gene in the liver and abdominal adipose tissue
In the liver, expression of TNF-a was significantly lower in the wild blueberry group compared to the control,

for both OZR (-59%) and LZR (-50%). In the abdominal adipose tissue, expression of TNF-a was significantly
lower in the wild blueberry group compared to the control in the OZR group (—52%) but not in the LZR group.
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Table 1
Fasting plasma levels of inflammatory markers and aortic prostanoids in lean and obese Zucker rats following
a control or a wild blueberry diet

LZR-C LZR-WB OZR-C OZR-WB

n=10 n=10 n=10 n=10
CRP (pg/mL) 242.0+35.5 226.0+27.3 438.54+44.2F 381.0£35.2*
IL-6 (pg/mL) 189.4+7.9 176.6 £ 6.7 257.7+7.7" 219.3+8.0*
TNF-a (pg/mL) 83+0.4 73+£05 38.7+0.9" 28.8+0.8*
Adiponectin (pg/mL) 12.1+0.9 12.6+0.9 170+ 1.17 20.7 £ 1.5*
Plasma NO (pmol/L) 17.6 £ 0.6 20.5+0.7* 25.6+1.4T 22.1+1.1%
6kPGFla (pg/mg aorta) 517.7£60.4 601.5+65.8 571.74+37.8 766.5 +92.2*
TXB2 (pg/mg aorta) 4.24+0.40 435+0.44 4.42+0.89 4.16 £0.63

Values are means + SEM. *, significant effects of diet (P <0.05). +, significant effect of model (P <0.05). CRP, C-reactive
protein; IL, Interleukin; TNF, Tumor Necrosis Factor; NO, Nitric Oxide; 6-keto PGF1a, 6-keto prostaglandin F1; TXB,
Thromboxane B;; LZR, lean Zucker rats; OZR, obese Zucker rats; C, control diet; WB, wild blueberry diet.

Expression of TNF-a both in the liver and the adipose tissue was markedly increased in the OZR on the control
diet compared to LZR, and this effect was almost completely reversed by the wild blueberry treatment (Fig. 1).

4.4. Expression of Nf-kB gene in the liver and abdominal adipose tissue

In the liver, expression of Nf-kB was significantly lower in the wild blueberry group compared to the control, for
both OZR (-25%) and LZR (-24%). In the abdominal adipose tissue, Nf-kB expression was significantly lower
in the wild blueberry group compared to the control in the OZR (—65%) but not in the LZR group. Expression of
Nf-kB both in the liver and the adipose tissue was markedly increased in the OZR on the control diet compared
to their lean controls, and this effect was attenuated by the wild blueberry treatment (Fig. 1).

4.5. Expression of IL-6 gene in the liver and abdominal adipose tissue

Liver expression of IL-6 was significantly lower in the wild blueberry group compared to the control, for both
OZR (-65%) and LZR (-21%). In the abdominal adipose tissue, IL-6 expression was significantly lower in the
wild blueberry group compared to the control in the OZR group (—64%) but not in the LZR group. Furthermore,
expression of IL-6 both in the liver and the adipose tissue was markedly increased in the OZR on the control diet
compared to their lean controls, and this effect was almost completely reversed by the wild blueberry treatment

(Fig. 1).
4.6. Expression of the CRP gene in the liver

Liver expression of CRP was on average lower in the OZR compared to the LZR, independent of treatment.
Wild blueberry treatment significantly decreased CRP expression in both groups (-16% in LZR and —25% in
OZR) (Fig. 1).

4.7. Expression of the adiponectin gene in the abdominal adipose tissue

Expression of adiponectin in the abdominal adipose tissue was significantly higher in the OZR group compared
to the LZR, independent of diet. Furthermore, wild blueberry treatment significantly increased adiponectin



D. Klimis-Zacas et al. / Wild blueberries attenuate risk factors of the metabolic syndrome 231

Liver TNF-a AAT TNF-a Liver Nf-kB
4 4 4
=
3 3 3
+
8
E 2 2 2
= * -
g *
k-] 1 1 1 *
o
w
[¢] 0 0
LZR-C LZR-WB  OZR-C  OZR-WB LZR-C LZR-WB  OZR-C  OZR-WB LZR-C  LZR-WB  OZR-C  OZR-WB
AAT Nf-kB Liver IL-6 AAT IL-6
4 4 4 -2
E‘ 3 3 + 3
5
=2 2 2
s T *
5
o1 = 1 *__ 9
&
0 0 0
LZR-C LZR-WB OZR-C  OZR-WB LZR-C LZR-WB  OZR-C  OZR-WB LZR-C LZR-WB  OZR-C  OZR-WB
Liver CRP AAT Adiponectin Aorta iNOS
4 4 4
i 3 3 3
-+
s
2 2 2 2 *
2 *
>
° 1 * + ry 1 1 *
[ . . . - +
w
0 0 0
LZR-C  LZRWB  OZR-C  OZR-WB LZR-C  LZR-WB  OZR-C  OZR-WB LZR-C  LZR-WB  OZR-C  OZR-WB
Aorta eNOS Aorta COX-2
4 4
4

Fold variation (2¢1)
N

0
LZR-C LZR-WB OZR-C  OZR-WB LZR-C LZR-wB OZR-C OZR-WB

Fig. 1. Relative expression of inducible nitric oxide synthase (iNOS), endothelial nitric oxide synthase (eNOS), cyclooxygenase (COX)-2,
tumor necrosis factor (TNF)-a, adiponectin, interleukin (IL)-6, C-reactive protein (CRP) and Nuclear factor (Nf)-kB in the aorta, liver and
abdominal adipose tussue (AAT) of lean (LZR) and obese (OZR) Zucker rats following a control (C) or a wild blueberry (WB) diet. Values
are means + SEM, expressed as 2724 normalized to B-actin and relative to LZR-C. n=10 for each group. *, significant effects of diet
(P<0.05). +, significant effect of model (P <0.05).
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expression in LZR (+25%), but not in OZR. Expression of adiponectin in hepatocytes was too low to generate
usable PCR data, and was therefore not considered in the analysis (Fig. 1).

4.8. Expression of the inducible (iNOS) and endothelial (eNOS) nitric oxide synthase genes in the aorta

A significant effect of the animal model was observed for mRNA expression of both the eNOS and iNOS
genes, which were all higher in the aortic tissues of the OZR compared to LZR. While no interaction with the
diet was observed for eNOS, the wild blueberry diet resulted in a significant down-regulation of iNOS expression
both in the OZR and LZR aorta (Fig. 1).

4.9. Expression of the cyclooxygenase 2 (COX-2) gene in the aorta

A significant effect of the animal model was observed for mRNA expression of the COX-2 gene, which was
higher in the aortic tissue of OZR compared to LZR. Following wild blueberry consumption, COX expression
was significantly attenuated in the aorta of OZR (Fig. 1).

4.10. Phenylephrine-induced vasoconstriction and acetylcholine-induced vasorelaxation

The cumulative dose-response curves to phenylephrine (Phe) induced endothelium-dependent vasoconstriction
and to acetylcholine (Ach)-induced endothelium-dependent vasorelaxation are shown in Fig. 2.

Phe-induced vasoconstriction was significantly lower in OZR-C (Fmax 0.43 +0.02 g) compared to LZR-C
(Fmax 0.74 + 0.02 g). Wild blueberry feeding partially restored Phe-induced constrictor responses in OZR, with
significant increase in the maximal force developed (Fmax 0.55 £ 0.02 g, p <0.05). Constrictor responses in LZR
were unaffected by WB in response to all Phe doses.

The maximal relaxation in response to acetylcholine was significantly higher in OZR (97.62 £ 1.78%) com-
pared to LZR (80.26 &+ 1.66%). The WB diet did not have any effect in OZR, but resulted in enhanced relaxation
in LZR (maximal relaxation 90.73 &£ 1.80%).
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Fig. 2. Phenylephrine (Phe) and acetylcholine (Ach) concentration-response curves in lean (LZR) and obese (OZR) Zucker rats following
a control (C) or a wild blueberry (WB) diet. Values are means + SEM. *, significant effects of diet (P <0.05).
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5. Conclusions

The OZR is an excellent experimental model to study the metabolic syndrome because it presents many
similarities with the metabolic abnormalities and the natural history of this condition in humans [18]. The
alterations in lipid and glucose metabolism in these animals are accompanied by a profound pro-oxidant, pro-
thrombotic and pro-inflammatory state, which results in higher circulating levels of pro-inflammatory cytokines
[18]. This fact was confirmed by the present study, in which significantly higher circulating levels of CRP, IL-6
and TNF-q, and significantly lower levels of adiponectin, were measured in the OZR group compared to their
littermate controls (the LZR group).

Wild blueberry consumption exerted a significant overall anti-inflammatory effect in OZR. Plasma levels and
liver expression of CRP were significantly decreased, adiponectin plasma concentrations significantly increased,
and plasma levels of IL-6 and TNF-a were significantly decreased by down-regulating the expression of these
pro-inflammatory cytokines in both the liver and the abdominal adipose tissue. In fact, the increased liver and
adipose mRNA levels of IL-6 and TNF-« that were observed in OZR, were almost completely reversed following
wild blueberry consumption to levels comparable to those observed in their healthy lean littermates.

These findings are consistent with previous research suggesting that anthocyanins are able to exert important
anti-inflammatory effects. Feeding anthocyanin-rich extracts to mice on a high-fat diet resulted in decreased TNF-
a expression [19, 20], and the same outcome was observed in mice adipocytes when 4% whole blueberry powder
was added for 8 weeks to a high-fat diet [21]. In hypercholesterolemic humans, decreased levels of serum CRP
were measured in after 24 weeks of consumption of a purified anthocyanin mixture (320 mg twice a day) [22].

The most likely mechanism underlying the observed anti-inflammatory effect of anthocyanins and polyphenols
involves NF-kB activation [23, 24]. Karlsen and colleagues [25] documented that anthocyanin supplementation
inhibited NF-kB and decreased markers of inflammation both in human monocytes and in healthy adults. In this
study, mRNA expression of NF-kB was indeed significantly higher in OZR compared to LZR, which could explain
the overall pro-inflammatory environment observed in these animals, and wild blueberry treatment decreased
NF-kB expression both in the liver and abdominal adipose tissue of OZR. A similar outcome was observed by
Seymour and colleagues [26]: 1% freeze-dried whole tart cherry powder supplementation for 90 days decreased
NF-kB activity in OZR fed a high-fat diet, along with IL-6 and TNF-a expression. Activation of inducible nuclear
transcription factor NF-kB induced by oxidative stress leads to an up-regulation of pro-inflammatory molecule
expression, including TNF-a and IL-6, and possibly a down-regulation of anti-inflammatory molecules, such as
adiponectin [27].

Thus, it is safe to speculate that the anti-inflammatory effect observed for wild blueberry bioactives, is largely
dependent on the inhibition of NF-kB functional transcription activity, resulting in lower production of pro-
inflammatory cytokines and an increase of anti-inflammatory mediators. Nf-kB has been shown, in vitro and in
vivo, to be inhibited by bioactives including ACNs, likely via inhibition of kB inhibitor kinases [28, 29].

Nf-kB also represents an important link between inflammation and endothelial dysfunction, since several
genes which encode key proteins affecting endothelial function, including iNOS and COX-2, are also under its
transcriptional control [29].

The present study also examined the effects of a wild blueberry-enriched diet on vasoconstricting and
vasorelaxing responses in the OZR aortic vessel, which has been previously reported to show exaggerated
endothelium-dependent vasodilator responses and impaired endothelium-dependent vasoconstrictor responses
compared to their lean littermate controls [30, 31].

Indeed, in this study, OZR exhibited impaired vasoconstrictor responses to the a-1 adrenergic agonist phenyle-
phrine, developing a lower maximal force of contraction compared with LZR, vasorelaxant responses to
acetylcholine were found to be significantly higher in the OZR compared with LZR. However, wild blueberry
consumption significantly increased the maximal force of contraction in response to phenylephrine in OZR,
while not affecting vasoconstrictor responses in LZR. Acetylcholine-mediated vasorelaxation was enhanced in
LZR, while the effect of wild blueberry on vasorelaxation in the OZR tended to be in opposite direction.
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A similar response was reported by Andrews and colleagues [32], who observed enhanced vasodilator
responses in LZR and reduced vasodilator responses in OZR hindquarter vessel preparations following 4-week
supplementation with the antioxidant vitamin E. This suggests that the overcompensated endothelial response
of OZR may be the result of a protective adaptation to the increased levels of oxidative stress. A likely expla-
nation for the vascular hypo-responsiveness of OZR to phenylephrine in OZR and their exaggerated vasodilator
reactivity to acetylcholine is the up-regulation of the inducible, calcium-independent isoform of nitric oxide
synthase, caused in the endothelium and the smooth muscle by pro-inflammatory cytokines, including TNF-a
[33]. In turn, iNOS activation results in a pathologic release of nitric oxide, which has been shown in vitro to lead
to vascular relaxation that is resistant to vasoconstrictors [33]. The existence of an association between inflam-
matory conditions and overproduction of nitric oxide has been repeatedly established [34], and it is likely the
result of a compensatory adaptation to preserve blood flow in a pro-oxidant, pro-inflammatory, and dyslipidemic
environment. Under such conditions, however, most iNOS-derived nitric oxide does not undergo the physiologic
conversion to nitrite, and instead it reacts with superoxide anion to generate the highly reactive peroxynitrite
radical, which further exacerbates to oxidative stress and endothelial dysfunction [34]. The findings of the present
study are consistent with this model: OZR were found to have higher plasma levels of nitric oxide, and a 2.5-fold
higher expression of iNOS in the aortic tissue, compared with LZR. Following wild blueberry consumption,
nitric oxide concentrations decreased in OZR and aortic iNOS expression was significantly down-regulated.
Aortic expression of COX-2, which like iNOS is also under transcriptional control of Nf-kB, was also signifi-
cantly higher in OZR and down-regulated following wild blueberry diet, although PGI, and TXA in the aortic
effluent were not significantly different between OZR and their lean controls. Wild blueberry consumption did
not affect TXA, concentrations in the aortic effluent, possibly because its production is mostly controlled by
the constitutive COX-1 isoform. Interestingly, however, PGI, concentrations increased following wild blueberry
in spite of COX-2 downregulation, suggesting a shift in prostanoid production. Indeed, while the contribution
of PGI, to endothelium-dependent relaxation is limited, its effects on inhibition of platelet aggregation are
stronger and synergistic with nitric oxide [35]. Hence, the observed increase in prostacyclin may represent a
compensatory mechanism in response to the decreased availability of nitric oxide, to preserve anti-thrombotic
function [34].

In conclusion, the present study investigated the effects of wild blueberry consumption in the OZR model
of metabolic syndrome. In previous studies, we have already documented that wild blueberry consumption is
able to improve lipid profile and normalize some dysregulated parameters of glucose metabolism in the OZR
[36, 37].

In this study, wild blueberry consumption exerted an overall attenuation of the augmented pro-inflammatory
environment that is characteristic of OZR. A clear reduction in circulating levels of markers of inflammatory
status was observed, as well as their reduced expression levels, both in the adipose tissue and the liver.

Furthermore, wild blueberry consumption affected the aortic biomechanical function of the OZR by partially
restoring the impaired phenylephrine-induced constrictor responses, and attenuating the exaggerated response
to acetylcholine-induced vasorelaxation.

The documented anti-inflammatory and endothelium-protective effect of medium-term, dietary-achievable
wild blueberry consumption on the OZR model may have implications for the human metabolic syndrome, and
the possibility of a dietary-based, non-pharmacologic approach in preventing or reversing its related risk factors.
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